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PREFACE

In te re s t  in  c ry s ta l g ro w th  has increased  con sid erab ly  over th e  p a s t  30 
y ea rs . C h arac te rized  by  th e  in te ra c tio n  o f p ra c tic a l aim s a n d  scientific  cu rio ­
s i ty  since th e  beg inn ing , th is  f ie ld  o f research  has been an d  is still p rog ressing  
a t  a ra p id  pace. I t  w as n o t u n t i l  re cen tly  t h a t  we becam e aw are  of th e  fa c t  t h a t  
o u r fie ld  of re sea rch  is a fu n d a m e n ta l one, u n d e rly in g  severa l b ran ch es o f science 
a n d , co n seq u en tly , tech n ica l p rogress as w ell. T h is s ta te m e n t is especially  t ru e  
i f  we consider m a tte rs  in  a w id e r sense an d  ta k e  in to  acco u n t re la ted  p ro b lem s 
as w ell w hich, th ro u g h  th e  s tu d y  o f e.g. p h a se  tra n s itio n s , o f o rd er-d iso rd er 
p h en o m en a , e tc . cover a w ide ra n g e  o f c ry s ta l s tru c tu re s  fro m  am orphous m a te ­
ria ls , glasses a n d  hom ogeneous an d  heterogeneous p o ly c ry s ta l layers to  p u re  
a n d  doped single c ry sta ls . T h e  s tu d ied  c ry s ta l s tru c tu re s  co v er a sim ilarly  w ide  
ran g e  w ith  s tru c tu re s  b u ilt  o f  single e lem en ts  a t  one en d  o f  th e  ran g e  a n d  
m acrom olecu les a t  th e  o th e r. T h e  co m p lex ity  o f th e  p ro b lem  is still en h an ced  
b y  th e  fa c t th a t  a c ry s ta l sam p le  o f p resc ibed  q u a lity  u su a lly  undergoes fu r th e r  
processing  u n til  i t  is b u ilt in  in  a n  a p p a ra tu s  as com ponen t p a r t .  This p rocessing  
m a y  influence  u n fa v o u ra b ly  th e  p ro p erties  o f  th e  sam ple. T h u s  i t  is n o t su ff i­
c ie n t to  ta k e  care  o f th e  p u r i ty  o f th e  s ta r t in g  m ate ria ls  a n d  of th e  q u a li ty  
o f  th e  sam ples p ro d u ced  from  th e m , th e  q u a lity  con tro l m u s t be ex ten d ed  to  
th e  com ponen t p a r ts  p ro d u ced  from  th e  sam ples as w ell. These q u es tio n s  
ra ise  num erous research  p rob lem s.

C rysta l ph y sics  in  H u n g a ry  can  re ly  on  f irm  tra d itio n s  in  th e  s tu d y  o f  
c ry s ta l  g row th , w here  a n u m b e r o f  re su lts , b o th  th eo re tica l a n d  p rac tica l, h a v e  
so fa r  been ach ieved . W e are , how ever, re la tiv e ly  new com ers to  th e  f ie ld  o f  
in te rn a tio n a l conferences as co m p ared  to  n e ig h b o u rn in g  co u n trie s . I t  w as 
th e re fo re  an  h o n o u r fo r us to  o rgan ize  th e  2nd  H u n g a ria n  C onference on C ry s ta l 
G ro w th  w ith  in te rn a tio n a l p a r tic ip a tio n , M á tra fü red , 2 8 th —30th  M arch , 
1979. T he C onference gave, on  th e  one h a n d  a rev iew  of c u r re n t  w ork  in  H u n ­
g a ry , an d  on th e  o th e r  i t  o ffered  a p o ssib ility  fo r  in fo rm al d iscussions on re c e n t 
re su lts , w hich a re  p resen ted  in  th e  follow ing p apers.

(Prof. Dr. I. T a b já n )





Acta Physica Academiae Scientiarum Hungaricae, Tomus 47 ( 1 — 3)., pp. 5 — 11 (1979)

GROWTH OF SINGLE CRYSTALS AT THE 
RESEARCH LABORATORY FOR CRYSTAL PHYSICS

By

R . V o s z k a

RESEARCH LABORATORY FOR CRYSTAL PHYSICS OF THE HUNGARIAN ACADEMY OF SCIENCES,
BUDAPEST, HUNGARY

A review of the research programme of the laboratory and of some results in the field 
of crystal growth from the melt is given.

T he ac tiv itie s  o f o u r L ab o ra to ry , o rgan ized  in  1976 from  th e  m erg e r of 
tw o u n iv e rs ity  research  groups fo rm erly  led  b y  A cadem icians Z o l t á n  G y u l a i  
an d  I m r e  T a r j á n , cover a tra d itio n a l fie ld : th e  grow th o f  op tica l single c ry s ta ls  
from  th e  m e lt an d  in v es tig a tio n s  o f  th e ir  d efec t s tru c tu re .

T he g ro w th  of a lk a li halides has b een  in  progress since 1950. F ir s t  we 
used  th e  K yropou los m e th o d  p ro duc ing  c ry s ta ls  for re sea rch  and  o p tica l a p p li­
ca tio n . In  th e  course o f  our in v e s tig a tio n s  o f  colour c e n tre s  i t  becam e clear 
th a t  su b s titu tio n a l O H ~  ions in  th e  la t t ic e  are responsib le  for a n u m b e r  of 
u n w an ted  effects. F o r  th is  reason  we  se t ourselves th e  ta sk  of p ro d u c in g  
O H -free h ig h -p u rity  a lk a li halides. A fte r  a few  years’ w o rk  th is  p ro b lem  w as 
solved for chlorides |1 ] an d  brom ides [2] an d  sem ow hat la te r  also fo r f lu o r­
ides [3].

T he decisive s tep  in  th e  so lu tion  o f  th e  problem  is an  O H  e lim in a tio n  
p rocedure , in  th e  case o f  chlorides, fo r in s ta n c e , bub b lin g  CC14 v apour w ith  Ar 
ca rrie r gas th ro u g h  th e  m e lt co n ta in ed  b y  a q u a rtz  tu b e , u n til th e  su rface , 
o rig inally  concave becom es convex, in d ic a tin g  th a t  th e  m e lt no lo n g er w ets  
th e  tu b e  w all. A fte r sea ling  th e  q u a r tz  tu b e  an d  no rm al freezing , th e  m a te r ia l  
can  be p u rified  b y  a v e r tic a l zone-m elting  m eth o d  a t a 60 m m /hour r a te  an d  
pu lled  as a single c ry s ta l a t  a ra te  o f  2 m m /h o u r. N ot all im p u ritie s  can  b e  ge t 
rid  of b y  zoning. E .g . th e  d is tr ib u tio n  coeffic ien t of Ca in  N aC l equals 1, th u s  
zoning has no effect in  th is  case, an d  chem ica l p u rif ic a tio n  m ethods m usl be 
app lied  [4]. A n in te re s tin g  so lu tion  is th e  exchange of Ca2+ ions for B a2+ ions 
b y  ad d in g  10 -:! m ol/m ol B aC l2 to  th e  aq u eo u s so lu tion  o f N aC l w ith  su b se q u e n t 
p re c ip ita tio n  of B a2+ a n d  Ca2+ ions in  th e  form  of c a rb o n a te s  b y  N a 2C 0 3 
added  in  excess. NaCl p ro d u ced  in  th is  w a y  can  be p u rif ied  b y  zoning.

The v e r tic a l zone g ro w th  m eth o d  m a y  be applied  also  fo r bu ild ing  in  of 
ca tio n  d o p an ts  in to  th e  la tt ic e  w ith o u t u n w a n te d  O H -  io n s . O H  _ ions m a y  
in te ra c t w ith  d iv a len t ca tio n s  even in  th e  la t t ic e  fo rm ing  m e ta l h y d ro x id es . 
U pon annea ling  these  m a y  d issociate p ro d u c in g  d is tu rb in g  effects.

F luorides can  also be purified  a n d  g row n  as single c ry s ta ls  by  th e  v e r tic a l 
zoning m eth o d  using  g lassy  carbon  c ruc ib les an d  in e rt a tm o sp h ere  [3 ]. T h e
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e lim in a tio n  o f  O H -  ions is m o re  d ifficu lt in  th is  case because  o f  th e  lack  o f 
a  d ire c t O H  e lim in a tio n  m eth o d  av a ilab le  in  th e  case of ch lo rides an d  brom ides. 
O H  e lim in a tio n  occurs p a r tly  b y  sh ifting  o f th e  p H  tow ards a c id ity , p a r tly  b y  
re a c tio n  w ith  th e  glassy ca rb o n  crucible d u rin g  th e  m u ltip le  zoning ru n s . 
T h e  g row th  o f  O H -free d iv a le n t cation  d o p ed  crysta ls , h ow ever, is s till a 
p ro b lem , fo r O H  gets hound b y  th e se  ca tions.

T he d iv a le n t  cation  c o n te n t  o f our p u re  a lk a li halide sing le  c rysta ls  c an  
b e  c h a ra c te riz e d  b y  ionic c o n d u c tiv ity  m easu rem en ts  show ing  an im p u r ity  
c o n te n t  o f 2 X 1 0~ 7 m ol/m ol fo r  NaCl, 1 0 -8  fo r KC1, 2 X  1 0 -8 for R bC l, 
1 0 _e fo r CsCl, 1 0 -7 for K B r, a n d  10~8 fo r R b B r. O H -free h ig h  p u rity  sing le 
c ry s ta ls  d iffer b y  a num ber o f  p ro p ertie s  f ro m  nom inal p u re  single c ry s ta ls  
g ro w n  b y  th e  K yropou los m e th o d  b y  air. L e t  u s  see th e  case  of NaCl as an  
ex am p le . O ne o f  th e  crystals w as  grow n from  M erck  p .a . m a te r ia l  b y  th e  open- 
a i r  K y ropou los m e th o d , th e  o th e r  is an  O H -free  specim en o f 2 X Ю -7 m ol/m ol 
p u r i ty .

F ig . 1 show s th e  “ se lf” -ab so rp tio n  o f  b o th  crysta ls , sh ifted  to  sh o rte r  
w av e len g th s  in  th e  case of th e  p u re  c ry s ta l (cu rv e  a) an d  d isp lay ing  th e  O H  
b a n d  and  a  sm a ll Ojf b an d  in  th e  case o f  th e  nom inal p u re  one (curve b ).

Fig. 1. Absorption cu rve of NaCl. a) O H-free pure, b) nom inal pure

Fig. 2. A bsorption curve of NaCl a fte r electrolytical coloration, 
a) O H-free pure, b) nom inal pure
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F ig . 2 shows th e  ab so rp tio n  o f  such c ry s ta ls  a f te r  e lec tro ly tica l co loration  m ad e  
in  o rder to  p ro d u ce  F  c e n tre s . In  fac t in  th e  OH-free c ry s ta l  exclusively  F  
cen tres  are g en e ra ted , in  c o n tra s t  to  th e  n o m in a l pure c ry s ta l ,  w here so d iu m  
oxide and  h y d rid e  bands d u e  to  reac tio n s w ith  O H -  io n s an d  also th e  w ell 
know n  X  b a n d  due to  F  ag g reg a tio n  a p p e a r . U sing su ch  c ry sta ls  one n e v e r  
o b ta in s  clear effec ts, and  p re v io u s  l i te ra tu re  d a ta  have th e re fo re  to  be rev ised .

Fig. 3. The tim e-dependence of F  absorption in  NaCl. a) OH-free pure, b) nominal pure

Coloring th e  crysta ls  b y  X -irra d ia tio n  im p o rta n t d ifferences in  co lo ra- 
b il i ty  can be fo u n d  (Fig. 3). O H -co n ta in in g  c ry s ta ls  show fa s t  co loration  (cu rv e  
b ), in  c o n tra s t to  th e  slow co lo ra tio n  of p u re  ones (curve a). C oloration  cu rv es  
genera lly  m ay  be described as th e  sum  o f tw o  ex p o n en tia lly  sa tu ra tin g  a n d  
one lin ea r te rm s. I n  th e  case o f  p u re  c ry sta ls  th e  ex p o n en tia l te rm  due to  im p u ­
ritie s  is lack ing  [5]. C o lo ra tion  is there fo re  v e ry  stab le , to  th e  e x te n t t h a t  
F  cen tres  rem ain  s tab le  up to  250 °C and  m a y  be  co n v erted  to  X k cen tres b y  
b leach ing  lig h t. T h is fac t can  be used for p ra c tic a l pu rp o ses  by  develop ing  
a p h o toch rom ie  m em ory  b a se d  on th e  F  —*■ X k conversion . F o r sto rage  a t  
160 °C an energy  d en sity  o f l j / c m 2 is n ecessa ry  an d  ion izing  rad ia tio n  can  be  
u sed  fo r c learing  th e  in fo rm a tio n  [6]. The F  a n d  X k bands a re  well se p a ra te d  
as show n by  F ig . 4. R ead ing  w ith o u t d e s tru c tio n  and  in fo rm a tio n  sto rage  fo r  
in fin ite  tim e a t  ro o m  te m p e ra tu re  is possible.

T he rem easu rem en t o f th e  th e rm o d y n am ic  p a ram e te rs  o f  p o in t d e fec ts  
in  O H -free NaCl reso lved  a d isc rep an cy  e x is tin g  in  l i te ra tu re . One could n o t  
u n d e rs ta n d  w hy in  th e  series N aC l, KCI, R b C l, ordered acco rd in g  to  c a tio n  
rad iu s , KCI has th e  larg est e n th a lp y  for S c h o ttk y  defect fo rm a tio n  and  c a tio n  
m o b ility . O ur new  values o b ta in e d  on O H -free N aCl and  exceed ing  p rev io u s 
l i te ra tu re  d a ta , so lved  th e  p ro b lem  [7].

T here  is a fu r th e r  in te re s tin g  d ifference betw een  O H -free  and  n o m in a l 
p u re  specim ens fro m  th e  p o in t o f  view  of d am ag e  b y  laser l ig h t. OH -free N aC l 
h as  a dam age lim it th a t  is f iv e  tim es  h igher fo r  th e  w av e len g th s  of b o th  th e  
ru b y  an d  C 0 2 laser.
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Fig. 4. Absorption curves of Г and X|< centres in OH-free pure NaCl

T he c u to ff  of se lf-ab so rp tio n  is v e ry  a b ru p t  in th e  case  of O H -free high- 
p u r i ty  single c rysta ls . V ario u s im p u ritie s  reduce  its  s teep n ess  e x te n d in g  its  
ta il , p ro h ib itin g  th e  in v e s tig a tio n  of e x c ito n  bands in  m o s t cases. H ig h -p u rity  
N a F  single c ry s ta ls  gave a possib ility  to  s tu d y  exciton  b a n d s  due to  C l”  [8] 
an d  B r ”  [9] ions and  to  d e te rm in e  th e  b a n d  p a ram e te rs .

O nce m ore  i t  w as th e  O H -free g ro w th  th a t  e n a b le d  us to  d e te c t  in 
N aC l(N i) c ry s ta ls , c o n ta in in g  increasing  am o u n ts  o f N i, th e  fo rm a tio n  of 
N aN iC lj d o u b le  sa lt in  th e  course of th e  p re c ip ita tio n  s ta g e s  [10].

In  th e  fifties, our la b o ra to ry  w as dea lin g  w ith  a p ra c tic a lly  im p o r ta n t  
g roup  o f a lk a li halides, th e  sc in tilla to rs . N al(T l) an d  CsI(T l) single c ry s ta ls  
w ere grow n using  th e  S to ck b a rg e r m e th o d , using  f irs t  c losed  q u a rtz  crucib les 
an d  la te r  open  ceram ic crucib les. T he c ry s ta l  d im ensions were in c rea sed  up 
to  100 m m  b o th  in  d ia m e te r  an d  len g th . T echnology  fo r c ry s ta l p rocessing  and  
casing w as developed an d  tra n s m itte d  in  1960 for p ro d u c tio n  to  th e  G am m a 
W orks, B u d a p e s t. M eanw hile th e  G am m a W orks in tro d u c e d  a n u m b er o f  m od i­
f ica tio n s  o f  techno logy  re su ltin g  in  a g ra d u a l im p ro v em en t in  th e  q u a li ty  and 
in  an  in c rease  of c ry s ta l sizes. G am m a sc in tilla to rs  are  co m p e titiv e  on th e  w orld 
m ark e t.

R e c e n tly  our a t te n t io n  was d raw n  to  a new  sc in ti l la to r  m ateria l, b ism u th  
g e rm a n a te  (B i4Ge30 12) h a v in g  various p ro m isin g  a d v a n ta g e s . Due to  th e  high 
e ffec tive  a to m ic  n u m b er, d e tec to r m in ia tu riz in g  becom es possible w h ich  is
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especia lly  useful in  geological n u c le a r  m easu rem en ts . A s in  th is  case th e  scin­
tilla tin g  tra n s itio n  is n o t  co nnec ted  to  a n y  a c tiv a to r , p rob lem s a ris in g  from  
inhom ogeneous a c tiv a to r  d is tr ib u tio n  a n d  afterg low  do n o t  tu rn  up . T h e  m a te ­
ria l is m echan ically  s tab le  an d  ch em ica lly  in e r t, n o t hygroscopic  in  c o n tra s t 
to  N a l a n d  has a low  th e rm a l ex p an sio n  coefficient, th u s  no special h an d lin g  
is needed . The c ry s ta ls  are  grow n b y  th e  open-a ir C zochralski m e th o d  in  a 
P t  crucib le . A t p re se n t g ro w th  experience  is being g a th e re d .

A long w ith  d ev e lo p m en t in  la se r  te ch n iq u es  oxides show ing acu o sto -o p ti- 
cal, e lec tro -op tica l, p iezoelectric , e tc . p ro p ertie s  ga ined  special im p o rtan ce . 
In  our la b o ra to ry  we s ta r te d  in  th is  fie ld  b y  th e  g row th  o f  le ad  m o lib d a te  single 
c ry s ta ls  u sing  th e  K y ropou los m e th o d , b u t  changed  o v e r soon to  te llu r iu m  
dioxide h av in g  b e tte r  a cu o sto -o p tica l p a ra m e te rs . T e llu riu m  dioxide is a v e ry  
sensitive  m a te ria l d ifficu lt to  grow. W e use  fo r i t  th e  C zochralsk i m e th o d . The 
v isco sity  o f th e  m e lt depends h eav ily  on  its  p u rity . In s ta b ilitie s  g e n e ra te d  in 
th e  m e lt, v ib ra tio n s  o f th e  pu lling  e q u ip m e n t, d ev ia tio n s  of c e n tra li ty , all 
sen sitiv e ly  affect th e  g ro w th  process. S im ila r deficiencies easily  re su lt in  tw is ted , 
w inged an d  e v en tu a lly  in  cy lin d rica l c ry s ta ls . E ven  in  th e  case o f ex ce llen t 
pu lling  c ircum stances th e re  is s till a te n d e n c y  fo r th e  g en e ra tio n  of inc lusion  
an d  a g re a t sen s itiv ity  to  te m p e ra tu re  in s ta b ilitie s . A t p re se n t we use te m p e ra ­
tu re  p ro g ram m ers precise  to  0.1 °C a n d  care fu lly  avoid  a n y  in te rfe ren ce  w ith  
th e  a u to m a tic  process. T he shap ing  o f  th e  neck , th e  slow ness in  in c reasin g  th e  
d iam e te r also ap p ea r to  be im p o rta n t. W e are  able to  p ro d u ce  c ry s ta ls  w ith  a 
d iam e te r  o f 3 cm, th o u g h  v e ry  nice to  th e  b a re  eye b u t  v e ry  often c o n ta in in g  
inhom ogeneities and  m icro inclusions. U sing o u r c rysta ls  th e  R esearch  I n s t i tu te  
fo r C o m p u te r T echn ique an d  A u to m a tio n  o f  th e  H u n g a rian  A cadem y o f S cien­
ces developed  a 7 ch an n e l m o d u la to r  fo r i ts  lase r ru n  line p r in te r .

T he f irs t  p iezoelectric  c ry s ta ls  p ro d u ced  in  our la b o ra to ry  w ere q u a r tz  
single c ry s ta ls  growm h y d ro th e rm a lly  as e a r ly  as 1950 b y  th e  fo u n d e rs  of 
th e  la b o ra to ry , Z o l t á n  G y u l a i  an d  I m r e  T a r j á n . U n fo rtu n a te ly , p la n s  for

Research Laboratory for Crystal Physics

Fig. 5. The organisational p a tte rn  of the Laboratory
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th e  c rea tio n  o f a n  e x p e rim e n ta l p la n t  fo r p ro d u c tio n  on a la rg e r  th a n  la b o ra to ry  
sca le  could n o t b e  realised . A t p re se n t we w o rk  on th e  p ro d u c tio n  of p iezo­
e le c tr ic  c ry sta ls  ag a in . T hese a re  L iN b 0 3, B i12SiO 20 an<i  B i12G e 0 2o w hich  
c a n  b e  applied  in  SA W  filte rs . T h ese  m ateria ls  a re  grow n also b y  th e  C zochralski 
m e th o d , using re s is to r  h ea ted  fu rn a c e s  and  P t  crucib les. E sp ec ia lly  in te re s tin g  
is  L iN b 0 3 h a v in g  in  ad d itio n  to  i ts  p iezoelectric  b eh av io u r also  e lec tro -op tic , 
a co u sto -o p tic , p iro e lec tric , n o n lin e a r  op tic  a n d  p h o to re fra c tiv e  p ro p ertie s . 
T h is  c ry sta l h a s  th e re fo re  p ro sp e c tiv e  ap p lica tio n s  is v a rio u s  p rac tica l fie lds. 
L iN b 0 3 can be  u s e d  n o t only as a d y n am o m ete r , u ltra so u n d  g en era to r, a SA W  
o r  b u lk  filte r, d u e  to  its  p iezo ac tiv e  b eh av io u r, b u t  also, d u e  to  its  o th e r p ro ­
p e r tie s , as a m o d u la to r , d e flec to r o r sw itch  o f la s e r  lig h t, as a p a ra m e tr ic  a m p li­
f ie r ,  frequency  d o u b le r , h o lo g rap h ic  m em ory  a n d  in fra red  d e te c to r , e tc .

The g ro w th  o f  oxides ra is e  new  p rob lem s as com pared  to  a lkali h a lid es . 
S u ch  problem s a re  th e  p u rity  o f  th e  s ta rtin g  m a te r ia ls , th e  c ircu m stan ces u n d e r  
w h ic h  th e  ox ide com ponen ts h a v e  to  reac t, th e  s to ich io m e try  of th e  p ro d u ced  
o x id e , and  o r ie n ta tio n , p rocessing  an d  c h a ra c te riz a tio n  of th e  as grown c ry s ta ls .

F o r th e  so lu tio n  of th e se  p rob lem s an  a p p ro p ria te  g ro u p  schem e is be in g  
deve loped  in  o u r  la b o ra to ry . T h e  p lan n ed  schem e is show n in  Fig. 5. T h e  
C h em istry  G ro u p  deals w ith  th e  p ro d u c tio n , p u rif ic a tio n  a n d  ana ly tics o f th e  
m a te ria ls  and  a lso  w ith  s to ic h io m e try  p rob lem s. T he G roup fo r  C rystal G ro w th  
is in  charge o f  th e  grow th , a n d  th e  d ev e lo p m en t o f grow th m eth o d s an d  e q u ip ­
m e n t. T he O rie n ta tio n  and P ro cessin g  G roup  is responsib le  fo r  X -ray  o r ie n ta ­
t io n , c u ttin g  a n d  polish ing  o f th e  specim ens. C rysta ls  are ch a rac te rized  b y  th e  
C h a ra c te riza tio n  G roup  from  th e  p o in t o f  v iew  of ap p lica tio n . The L a ttic e  
D efec ts  G roup analyses th e  d efec t s tru c tu re  o f  c ry s ta ls , th e  p ro p ertie s  o f 
a rtif ic ia lly  g e n e ra te d  la ttic e  d e fec ts , the  g en era l physica l c h a rac te ris tic s  o f o u r 
m a te ria ls , a n d  th e  re la tio n  b e tw een  d o p a n ts  and  c ry s ta l p ro p erties  fo r  a 
th o ro u g h  u n d e rs ta n d in g  of m a t te r .

The L a b o ra to ry  is n o t in  charge  of th e  a c tu a l d ev e lo p m en t of e q u ip m e n t. 
T h is  is done b y  co o p era tio n  w ith  o th e r H u n g a ria n  in s ti tu te s . T he d eve lopm en t 
o f  SAW  filte rs  is  carried  o u t  b y  th e  R esea rch  In s t i tu te  fo r  T echnical P h y sic s  
o f  th e  H u n g a ria n  A cadem y o f Sciences. A t ig h t  co llab o ra tio n  betw een  te a m s  
fo r  c ry sta l g ro w th  and  fo r d ev e lo p m en t is ex trem e ly  im p o r ta n t , irre sp ec tiv e  
o f  th e  fa c t w h e th e r  th e y  w o rk  a t  th e  sam e in s t i tu te  or n o t .  A ny s tep  in  th e  
tech n o lo g y  m a y  change th e  d efec t s tru c tu re  an d  th e  p ro p e rtie s  o f m a t te r ,  
th e re fo re  a ll p h y s ic a l p ro b lem s arising d u rin g  techno log ica l processing h a v e  
to  be  solved jo in t ly ,  to  ach ieve  th e  com m on goal, i.e. p ro d u c tio n .
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Crystal growing activities started  a t the Research In s titu te  for Technical Physics just 
after the foundation of th e  Institu te  in 1958. In  the first period elem entary sem iconductor 
Ge and A 11 BVI compounds, mainly hulk ZnS and CdS crystals were grown. For A 11 B vl-s closed 
and open vapour phase tran sp o rt systems and  SSG methods have been developed and  used. 
After finishing the research on Destriau effect and related phenom ena our in terest tu rned  to ­
w ard the A,v BVI and AH B ,v C.y crystals and th e ir preparation by the above m entioned methods. 
A t the same tim e numerous hétéroépitaxial system s containing Si, Ge, A 'l Bvl-s, АШ B v-s, etc. 
were prepared and investigated. In  the las t decade our activ ity  was concentrated on I I I —V 
epitaxy using V PE and L P E  methods. As a resu lt different mono- and m ultilayer, homo- 
and hétéroépitaxial system s have been grow n for LED-s and m icrowave devices. T h e  firs 
period was devoted to the grow th of Ge and  I I  -V I compounds, especially bulk ZnS a n d  CdS

1. Introduction

T his p a p e r describes m ethods fo r  grow ing d iffe ren t sem ico n d u cto r and  
sem iin su la to r c ry sta ls  as well as m u lti la y e r  (hom o- or h é té ro ép itax ia l)  s tru c ­
tu re s  from  liq u id  or v a p o u r  phase u sed  in  th e  R esearch  I n s t i tu te  for T echn ica l 
P hysics (M F K I).

In  a sh o rt com m unica tion  i t  is im possib le  to  cover th e  fie ld  in ev e ry  d e ta il 
an d  in  a ll aspects  fo r a ll m ethods a n d  c ry s ta ls  or s tru c tu re s  grow n a t  th e  
In s t i tu te  d u rin g  th e  la s t  tw o decades.

T he research  a n d  in d u stria l tre n d s  in d ica te  th e  decisive role o f single 
c ry s ta ls  an d  e p itax ia l s tru c tu re s  in  e lec tron ics, especia lly  in  sem iconducto r 
techno logy . C onsequen tly , we will lim it ourse lves to  th is  f ie ld , neg lecting  n u m e r­
ous in te re s tin g  w orks d one  on “ in s i tu ”  E L M I in v es tig a tio n s  of n u c léa tio n  an d  
g row th  processes in  th in  film s. This co m m u n ica tio n  w ill describe how  th e  ac ­
t iv i ty  in  sem ico n d u cto r c ry s ta l g ro w th  s ta r te d , how  i t  developed  over th e  la s t 
tw e n ty  y ea rs  grow ing sem iconducto r co m p o u n d s and  w h a t we offer a t  p re se n t 
in  th e  fie ld  o f sem iconducto r m a te ria ls  a n d  device tech no logy .

2. Elem entary semiconductors and A 11 B v compounds

T he v e ry  f irs t ex p erim en ts  in  c ry s ta l  grow ing m ay  be associa ted  w ith  th e  
fo u n d a tio n  o f  our In s t i tu te  in  1958. A t  th e  beginning  as a com m on p ro je c t 
w ith  th e  In d u s tr ia l  R esea rch  I n s t i tu te  fo r E lec tron ics (H IK I)  we h a d  to

* Address: 1325 B udapest, Ú jpest 1, P.O . Box 76, H ungary.
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grow  Ge single c ry s ta ls  for sem ico n d u c to r tech n o lo g y  [1—3]. T h e  resu lts  were 
soon  a d a p te d  a n d  developed  b y  th e  T u n g sram  W orks for m a n u fa c tu rin g  th e  
f i r s t  sem ico n d u c to r ac tiv e  e lem en ts  in  H u n g a ry . W o rk  on Ge w as con tin u ed  on 
th e  am orphous a n d  th in  film  g ro w th .

Beside th e  Ge p ro jec t th e  G roups of o u r S em iconducto r D e p a rtm e n t 
d ev e lo p ed  techno log ies to  p ro d u ce  A U B V c ry s ta ls  for p h y sica l in v estig a tio n s 
(m a in ly  fo r e lec tro lum inescence). P a r tic u la r  e ffo rts  have b een  m ad e  to  grow  
e v e n  la rg e r size c ry s ta ls  and  to  p ro d u ce  ch em ica lly  and  s tru c tu ra l ly  p u re , as 
w e ll as d iffe ren tly  d o p ed  c ry s ta ls . W e h ad  to  choose tech n iq u es w hich  d id  n o t  
in v o lv e  th e  m e ltin g  o f high h a n d  g ap  m a te ria ls . I n  o rder to  p u t  th e  techn iques 
and  c ry s ta ls  d iscu ssed  here in to  a  w ider c o n te x t, i t  is w orth -w h ile  to  m en tion  
t h a t  fo r A u B - s  num ero u s im p o r ta n t  p rob lem s are  unso lved  so fa r, e.g. no  
p e r fe c t  and  p u re  Z nS  c rysta ls  a re  availab le  on la rg e  scale to -d a y , an d  even th e  
“ e a sy -to -p re p a re ”  com pounds, su ch  as CdS a n d  selenides a n d  te llu rides ra ise  
th e i r  ow n u n so lv ed  th e o re tic a l a n d  techno log ica l problem s.

F o r th e  p ro d u c tio n  of o u r  A U B VI sam ples chem ical t r a n s p o r t  in  closed 
a n d  open sy s tem s, as well as th e  SSG (sy n th es is , so lu tion , g row th ) m e th o d  
— orig inally  d ev e lo p ed  for A IU B v-s, b u t  ap p lied  f irs t fo r A u B VI-s in  ou r 
I n s t i tu te  — w ere  u sed  in  th e  p ro d u c tio n  o f Z nS , ZnSe, Z nT e, CdS and  CdTe 
as  i t  is seen in  T a b le  I .  U sing sp ec ia l closed t r a n s p o r t  sy stem s com bin ing  t r a n s ­
p o r t  an d  pu llin g , in  th e  period  1970—75 we succeeded  in  p ro d u c in g  cubic a n d  
h ex a g o n a l ZnS sing le  c ry sta ls  o f  rem ark ab le  size an d  a low  d e n s ity  of s tack in g  
fa u lts  and  d is lo ca tio n s. A t th e  sam e tim e  la rg e  sem iconducting  an d  sem iinsu- 
la t in g  CdS c ry s ta ls  of high p e rfe c tio n  were g row n. U sing Ge, In  an d  Sn m elts 
p u re  and  d o p ed  A U B V1 c ry s ta ls  w ere grow n b y  th e  SSG m e th o d . This la t te r  
te ch n o lo g y  w as sim ple  and  p e rm itte d  to  b ro a d e n  su b s ta n tia lly  th e  range  of 
g ro w th  m eth o d s  fo r  A В com pounds.

The c ry s ta ls  w ere in v e s tig a te d  p h y sica lly  an d  ch em ica lly  enab ling  th e  
d e te rm in a tio n  o f  d iffe ren t p o ly ty p e s  an d  fa u lte d  s tru c tu re s , m echan ical d e ­
fo rm a tio n s  a n d  d islocation  g e n e ra tio n  an d  m o v em en t. E x te n s iv e  re sea rch  w as 
c a rr ie d  o u t o n  th e  pho to -, a n d  elec tro lum inescence  of th e se  c ry s ta ls  (m a in ly  
o f  th e  ZnS c ry s ta ls ) . The c h a rg e  ca rrie r t r a n s p o r t ,  p h o to -a n d  acousto e lec trica l 
p h en o m en a  a n d  th e  ph o to -d eco m p o sitio n  w ere  also s tu d ie d  as a fu n c tio n  o f 
th e  doping  m a te r ia l  q u a lity  a n d  q u a n tity , a n d  m ore th a n  60 orig inal p ap e rs  
w ere  p u b lish ed  in  in te rn a tio n a l jo u rn a ls  a n d  books in  th e  m en tioned  fie ld s.

3. A IV B VI, A 11 B lv С /  compounds and hétéroépitaxial systems

In  th e  p e rio d  1966 — 75 th e  SSG m e th o d  w as also ap p lied  to  c ry s ta llize  
d iffe ren t A IV B v 1 com pounds. A s a sh o rt su m m a ry  of th is  a c t iv i ty  we shou ld  like 
to  m en tion  th e  g ro w th  of G aS , G aSe, GaTe a n d  In  chalcogenides. D a ta  on th e se  
w orks are  l is te d  in  T able  I , since  th e  m e th o d  fo r p re p a ra tio n  an d  th e  a p p a ra tu s
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Table I
M FK I publications on the grow th of A11 BVI single crystals

No. Author Published paper Reference

l P. K ovács, J .  Szabó Erfahrungen über die Her­
stellung von ZnS Ein­
kristallen

A cta Phys. H ung., 14, 131, 
1962

2 P. K ovács, J .  Szabó Erfahrungen über die Her­
stellung von ZnS Ein­
kristallen

»Zur Physik und Chemie der 
Kristallphosphoren« Berlin, 
Akad. Verlag, 1962

3 M. Somogyi, К . R ic h t e r Correlation between the me­
thods of preparation  and 
stoichiom etry of ZnS

A cta Phys. Pol., 26, 815, 1964

4 E. L en d va y On the nucléation in diffu­
sion crystal growing

A cta Phys. H ung., 17, 315, 
1964

5 I. B er t ó t i, E. L en d v a y , 
M. F arkas- J a h k n e , 
M. H ársy , P. K ovács

D endritic grow th of ZnS 
crystals

phys. stat. soi., 12, K l ,  1965

6 E. L en d v a y , P. K ovács Growth spirals on ZnS 
crystals

phys. stat. soi., 8 , K125, 1965

7 L en d v a y  Ö. On the diffusion method of 
crystal grow th (in Hun­
garian)

M agyar Fiz. Folyóirat, 13, 
231, 1965

8 E. L en d va y On the diffusion method of 
crystal growth

Office of Aerospace Res.
U . S. Airforce, Cambridge 
Res. Lab. 69—0275

9 I. B er t ó t i, E. L e n d v a y , 
M. F arkas- J a h n k e ,
P. K ovács, M. H á rsy

D endritic grow th of ZnS 
crystals

A cta Phys. Hung., 21, 121, 
1966

10 M. HÁRSY Growth of ZnS and CdS 
crystals from  Ga, In, T1 
and Sn melts

K rist. und Technik, 2, 447, 
1967

11 M. H á r sy , G. Ge r g e l y , 
J .  S chanda ,
M. Somogyi, P. Sv iszt , 
G. Szig eti

ZnS crystals grown from Ga 
and In  melts

Proc. In ti. Conf. of I I —VI 
Compounds ed. D.S. Thomas 
Benjam in, Inc. N .Y., 1967

12 H ársy  M., R ic h ter  К. Preparation of luminescent 
pure ZnS raw-materials 
and single crystals (in 
H ungarian)

Fiz. Szemle, 17, 214, 1967

13 P. K ovács, K . R ic h t e r , 
F . Gál

Some thermochem ical para­
m eters of grow th of ZnS 
single crystals from vapor 
phase

Proc. ICOL, Akadémiai 
K iadó, Budapest, 1968

14 E. L en d v a y , P. K ovács Luminescence and  im purity 
precipitation in  ZnS single 
crystals

Proc. ICOL, Akadémiai 
K iadó, Budapest, 1968
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Table I  (continued)

No. Author Published paper Reference

15 I. B ebtó ti, M. F arkas- 
J a h n k e , M. HÁRSY,
T. N é m e t h , К . R ichter

Preparation , composition 
and structures of mixed 
crystals in ZnS— G aP 
system s

Proc. ICOL Akadémiai 
K iadó, B udapest, 1968

16 M. HÁRSY Synthesis and grow th of 
ZnS, ZnSe, ZnTe, GaS, 
GaSe and InS crystals in 
Ga and In  m elts

Mat. Res. Bull., 3, K93, 1968

17 HÁRSY M. Crystallization of semicon­
ductors from non-stoi- 
chiom etric melts (in H un­
garian)

Fiz. Szemle, 19, 148, 1969

18 E . L en d v a y , P . K ovács Hollow single crystals of ZnS J .  Cryst. Growth, 7, 61, 1970

19 M. HÁRSY, P . Sv iszt ,
B. P ó'd ö r , J .  B alázs, 
E . Len d v a y

G row th and some physical 
properties of non-stoichio- 
m etric  CdS single crystals

J . Cryst. Growth, 9, 209, 1971

2 0 P .K ovács, L . V arga , 
E . L en d v a y

G row th of large dendritic 
ZnS crystals from th e  va­
por phase

J .  Cryst. Growth, 11, 6 8 , 1971

2 1 E . Len d v a y G row th of structurally  pure 
cubic and hexagonal ZnS 
single crystals

J .  Cryst. Growth, 10, 77, 1971

2 2 L endvay  Ö. S tudy  of crystal surfaces 
and  dislocations by  e tch­
ing (in Hungarian)

Magyar Fiz. Folyóirat, 19, 43, 
1971

23 Balázs J . Semiconducting CdS crystals 
and  their Electrical pro­
perties (in H ungarian)

H íradástechnika, 2 4 ,139,1973

24 E. Len d v a y Preparation  of ZnS single 
crystals by chemical trans­
p o rt reactions

A cta Techn. Hung., 80, 151, 
1975

25 L endvay  Ö. On the formation of secon­
d a ry  phases in solids (in 
H ungarian)

M agyar Fiz. Folyóirat, 24, 333, 
1978

w ere  th e  sam e as in  th e  case o f  I I —V I com pounds. In  th e  G a com pounds th e  
v e ry  in te re s tin g  hexagonal la y e r  s tru c tu re  w as in v es tig a ted . M ethods fo r G aSe 
chem ical t r a n s p o r t  were also developed  in  co opera tion  w ith  th e  L ab o ra to ire  
de  L um inescence  I I .  U n iv ersité  de P aris  V I, w hich su b s ta n tia lly  c o n tr ib u te d  
to  th e  m ore p ro fo u n d  u n d e rs ta n d in g  of th e  g ro w th  m ech an ism  of th is  m a te r ia l  
f ro m  th e  v a p o u r  phase  [4, 5]. A t th a t  tim e , accord ing  to  th e  orig inal ap p lica tio n  
o f  th e  SSG m e th o d , th e  sy n th e s is , dop ing  a n d  c ry s ta lliz a tio n  of G aP  w ere 
also  in v e s tig a te d  a t  th e  I n s t i tu te .  R esearch  on  th e  in je c tio n  lum inescence o f

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



CRYSTAL GROWTH -  RESEARCH INSTITUTE FOR TECHNICAL PHYSICS 17

Table II
M FK I publications on epitaxial grow th of heterojunctions

No. A uthor Published paper Reference

l I. B e r t ó t i, M. F arkas- 
J a h n k e , E. L en d v a y , 
T. N ém eth

Hétéroépitaxial grow th of 
ZnS on GaP

J . M ater. Sei., 4, 699, 1969

2 I. B ertó ti Hétéroépitaxial grow th of 
Si on ZnSiP2

J . M ater. Sei., 5, 1073, 1970

3 M. H á r sy , E. L en d va y H étéroépitaxial overgrowth 
of ZnS on GaS single 
crystals

J .  M ater. Sei., 5, 988, 1970

4 E. L en d v a y , J .  Balázs, 
M. Gá l , G. Ger g e l y , 
J .  Schanda

Preparation and properties 
of Si/ZnS heterojunctions

“ Proc. In ti. Conference on th e  
Physics and  Chem istry of 
Semicond. H etcrojunctions”  

A kadém iai Kiadó, 
B udapest, 1971. Vol. 1-, 
p. 263

5 I. B er t ó t i, L. Varga ,
M. F a rk a s- J a h n k e , 
T. N é m e t h ,
N. A. Goryunova

Heteroepitaxy involving
ZnSiP2, ZnGeP2 and 
CdSnAs2 Compounds

see (4), Vol. 1, p. 107

6 I. B er t ó t i, C. Sz é k e ly , 
G. St u b n y a , L . V arga , 
L. Gű ta i

Preparation, structure and 
some properties of Si/Ge 
and Si/Sij-xGex hetero- 
junctions

see (4), Vol. 1, p. 341

7 I. B ertó ti, T. N ém eth , 
G. St u b n y a ,
M. F a rka s- J a h n k e ,
T. Görög

Investigation of Si epitaxial 
growth on single crystal­
line quartz substrate

see (4), vol. I I I ., p. 191

8 L. G ű ta i, J .  P f e if e r , 
I. Markó

Some properties of Si/Ge 
heterojunctions obtained 
by  vacuum evaporation

see (4), Vol. IL , p. 301

9 M. H á rsy , N . Vargha , 
E. L e n d v a y , L . V arga

Preparation and structure of 
ZnS/GaS heterojunctions

see (4), Vol. I., p. 179

10 J .  R ónai-P f e if e r ,
E. H araszti-Szabó 
M. F a rka s- J a h n k e

Oriented growth of Si layers 
on ZnS single crystal sub­
strates

Thin Solids Films, 11, 71, 
1972

11 J .  R ónai-P f e if e r ,
L. Varga , B. Szen tpá li

Si/Ge hétéroépitaxial struc­
tures evaporated in  ultra- 
high vacuum

Thin Solid Films, 11, 59, 
1972

12 J .  R ónai-P f e if e r ,
E. H a r a s z t i - S z a b ó

The investigation of Ge/Si 
layer structures by means 
of the ERM

Thin Solid Films, 20, 31, 
1974
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A m B v-s, th e  d e ta iled  s tu d y  o f th e  ph y sica l p ro p ertie s  o f G aP  also b egan  an d  
le d  to  th e  p re se n t w ide a c tiv i ty  in  th e  I I I —V  field .

B e tw een  1965 an d  1970 ou r in te re s t  tu rn e d  to w a rd  h é té ro é p ita x ia l 
sy s tem s  a n d  te rn a ry  ch a lco p y rite s . In  th is  con n ec tio n  Si b e in g  genera lly  a v a il­
a b le  offered  us a good q u a li ty  su b s tra te  m a te r ia l, so h é té ro é p ita x ia l sy stem s 
b a se d  on silicon  as Si/ZnS w ere u n d e r in v e s tig a tio n . O rig ina l w orks p u b lish ed  
in  th is  f ie ld  a re  lis ted  in  T ab le  I I .  D u rin g  th is  period  b o th  th e  h é té ro é p ita x ia l 
sy s te m  o f Z n S /G aP  an d  th e  alloyed  p h ase  o f th e  tw o com pounds w ere d is­
covered . D iffe re n t m e th o d s fo r  grow ing th e  m en tio n ed  sy stem s co n ta in in g  ZnS 
a n d  G e/Si; Ge/G eSi a lloy ; SOS (silicon on  sapph ire) a n d  o th e r  system s w ere 
deve loped  a n d  s tu d ied .

O n th e  o th e r  h a n d , s im ila r in v e s tig a tio n s  h av e  b een  m ade on te rn a ry  
^ n ig iV ç V  cjla jCOpy r^ es as Z n S iP 2; Z n G e P 2 an d  Z nS nA s2, as well as h é té ro ­
é p ita x ia l sy s tem s w ith  Si a n d  th e  d iffe ren t A UB IVC^-s. P ro m isin g  ea rly  re su lts  
w ith  te rn a ry  ch a lco p y rite s  suggested  a w ide  fu tu re  ap p lica tio n , b u t  ow ing to  
th e  d ifficu lties  in  tech n o lo g y  th ese  hopes h a v e  n o t been  rea lized  so fa r . T he 
G roups o f o u r  S em ico n d u cto r D e p a r tm e n t se a rc h  for o th e r  m a te ria ls  a n d  a p p li­
ca tio n s.

4. A in B v compounds

In  th e  la s t  tw o  decades Si has becom e th e  basic m a te r ia l in  sem iconducto r 
tech n o lo g y . H ow ever, th e  n e x t im p o r ta n t  m a te ria ls  fo r sem ico n d u cto r a p p li­
c a tio n  a re  th e  A U IBV, m o s tly  th e  G a com pounds. I n  th e  cases of A 1UBV 
co m p o u n d s m eltin g  a n d  s to ich io m e try  p ro b lem s occur. Serious considera tions 
h a v e  led  to  th e  conclusion  th a t  these  p ro b lem s w ill be  solved on in d u s tr ia l 
scale u s in g  B rid g m an  a n d  L E C  (liqu id  en cap su la ted  C zochralski) m e th o d s, 
b u t  th e  e p ita x ia l processes w ill a t t r a c t  in creasin g  re sea rch  in te re s t. T h a t  is, 
i f  device d ev e lo p m en t a rr iv e d  a t  a c e r ta in  level, te c h n iq u e s  for g row ing  ep i­
ta x ia l  s tru c tu re s  w ith  d iffe re n t topo lo g y  ( la te ra l an d  v e r tic a l d im ensions, etc.) 
an d  o th e r  c h a rac te ris tic s  (co n cen tra tio n , d isloca tion  d e n s ity , etc .) w ill b e  re q u ir ­
ed . R ea lly , A 1 *BV e p ita x y  ra p id ly  becom es an  im p o r ta n t  an d  in h e re n t b ra n c h  
o f  th e  re se a rc h  an d  d ev e lo p m en t of d iffe re n t solid s ta te  elem ents as L E D -s  
as w ell as lase rs , m icrow ave an d  o th e r devices. T hese dev e lo p m en ts  o rig in a ted  
from  th e  n ew  po ssib ilities  offered b y  th e  ex tensive  re search  on A n l B v-s. 
A lth o u g h  m o st o f th e  e p ita x ia l p o ssib ilities , even m o lecu la r beam  e p ita x y  have 
been  recogn ized  fo r a lo n g  tim e , n u m ero u s  m od ifica tio n s o f v ap o u r p h a se  and  
liq u id  p h a se  ep ita x y  h a v e  been  d escrib ed . T hese im p ro v em en ts  o f e p ita x ia l 
m e th o d s  h a d  th e  m o st fa r  reach in g  im p a c t  on ou r c ry s ta l  g row th  ac tiv itie s . 
F irs t , w e grew  In S b  a n d  In S b  —N iSb c ry s ta ls  fo r p ro d u c in g  d iffe ren t m a g n e to ­
resis to rs . 10 years ago we b u ilt  u p  ou r f i r s t  У Р Е  an d  L P E  system s fo r A 111 B v-s, 
in  w h ich  G a P  an d  G aA sP  lay e rs  w ere grow n on to  G aA s su b s tra te s . O u r deve­

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



CRYSTAL GROWTH — RESEARCH INSTITUTE FOR TECHNICAL PHYSICS 19

lo p m en ts  in  b o th  V P E  an d  L P E  fie ld s, th e  know ledge o f  A l n B v e p ita x y  and  
th e  e q u ip m e n t designed enab led  us to  solve such p ro b lem s as th e  p ro d u c tio n  
o f G aP  an d  G aA sP  L E D -s o f d iffe ren t k in d s , IR  lig h t sources and  m icrow ave 
G un n  diodes. T hese in v es tig a tio n s  a n d  techno log ica l dev e lo p m en ts  fo rm  a 
solid basis fo r o u r p re se n t w ork  on A m B V technologies.

N ow ad ay s лее a re  w ork ing  on sev e ra l versions o f m icrow ave dev ices such 
as h igh -pow er G unn  diodes, S c h o ttk y  m ixers and  d e tec to rs . T he fam ily  of 
d iffe ren t L E D -s has b een  com pleted  usin g  L P E  m e th o d s ; red , g reen , orange 
a n d  I R  d iodes o f d iffe ren t k in d s w ere developed . To sa tis fy  th e  req u irem en ts  
im p o sed  on th e  design o f h igh -energy  lig h t sources a n d  m icrow ave devices i t  
w as o f p a r tic u la r  im p o rtan ce  to  develop  V P E  an d  L P E  m ethods p ro v id in g  
fa ir ly  w ell rep ro d u c ib le  an d  p recisely  co n tro lled  resu lts . I t  has been estab lish ed  
t h a t  oxygen  p lay s  an  essen tia l role as b a c k g ro u n d  im p u r ity  in  GaAs a n d  affects 
c ru c ia lly  th e  c o n d u c tiv ity  o f u n d o p ed  ep ilayers. So, to  ge t p u re  (1 0 ~ 14— 
1 0 ~ 15 c m -3 ) lay e rs , we h a v e  to  develop  m eth o d s to  p u r ify  our m a te r ia ls , es­
p ec ia lly  fo r m icrow ave p u rposes. S im ilarly , m icrow ave ap p lica tio n s re q u ire  v e ry  
d e fin ite  an d  th in  ep ilayers, th e  rep ro d u c ib le  p ro d u c tio n  o f  w hich is also  a v e ry  
co m p lica ted  p rob lem , s tro n g ly  co n n ec ted  w ith  th e  s ta b il i ty  an d  th e  precise  
re g u la tio n  o f th e  g row th  sy stem . I t  h as  a lw ays been im p o r ta n t  to  e lim in a te  
ra n d o m  v a r ia tio n s  in  te m p e ra tu re  or com position . T h u s , te m p e ra tu re  co n tro l 
a n d  p ro g ram  system s, as w ell as com ple te  gas m ixer s ta n d s , using m ass П олу 
co n tro lle rs , w ere  developed  in  our L a b o ra to ry .

O ne of th e  m ost e ffic ien t m ethods u sed  is th e  L P E . S ince th e  e a rly  N elson 
ex p e rim en ts  a g rea t n u m b e r o f h o riz o n ta l an d  v e rtic a l system s h a v e  been 
pu b lish ed . T h e  v e rtic a l d ip  tech n iq u es in  o u r L a b o ra to ry  gave u n sa tis fa c to ry  
re su lts , th e re fo re , h o rizo n ta l slider m e th o d s  an d  ro ta tin g  system s h a v e  been 
app lied . D u rin g  L P E  groAvth th e  rea l p rocesses involve m a n y  in te ra c tin g  m e­
chan ism s, an d  i t  is d ifficu lt to  decide w ith o u t ex p e rim en ta l d a ta  w hich  is sign i­
f ic a n t in  a g iven  case. To e lim in a te  u n d esired  effects, w e h av e  ex am in ed  th e  
ro le o f th e  co n stru c tio n s  an d  b o a t m a te r ia ls  in  su rface m orpho logy  a n d  in 
dop ing  o f th e  grow n lay e rs , th e  role o f u n d e r-  an d  su p e rsa tu ra tio n , th e  cooling  
ra te  a n d  th e  d iffe ren t possib ilities o f c o n ta c tin g  th e  m e lts  w ith  th e  w afers. 
As m o st o f th e  devices req u ire  p re d e te rm in ed  levels o f  d o p an ts , e x ten s iv e  
w ork  w as d ev o ted  to  th e  in v es tig a tio n  o f  d o p in g  processes an d  th e  d e te rm in a ­
tio n  of im p u r ity  d is tr ib u tio n  (la te ra l a n d  n o rm a l, th e  so-called  profile  m e a su ­
rem en ts).

T o  exclude  oxygen -co n ta in in g  a tm o sp h e re s , g a s -tig h t valves a n d  jo in ts  
w ere developed  fo r L P E  sy stem s, w hich c o n ta in  flow ing H 2 o r can  be e v a c u a te d . 
B o th  th e  ro ta t io n a l  an d  slider system s a re  th e  usual g ra p h ite  m u ltip le  b in  
sy stem s, because  th is  m e th o d  has ad v a n ta g e s  w hen  m u ltila y e r s tru c tu re s  are 
req u ired . T e m p e ra tu re  w as m easu red  b y  M F K I (R esearch  In s t i tu te  fo r T e c h n i­
cal P hysics) d ig ita l th e rm o m ete rs  of 0.1 °C accu racy , th e  reg u la tio n  a n d  prog-
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Table III
M FKI publications on crystal and epitaxial layer growth of A l,,B v-s

No. Author Published paper Reference

1

1
M. HÁRSY Separation of GaP crystals 

from  Ga
Krist. und  Technik, 3, K93 

1963

2 P a pp  E.,* PŐDÖR B., 1 
Zs in d e l y ,* S.
Legat* T.

Preparation  and properties 
of GaAs single crystals 
(in Hungarian)

H íradástechnika, 20, 369, 
1969

3 B ertóti I . ,  S om ogyi К. P reparation  and study  of 
G aP single crystals (in 

Hungarian)

Híradástechnika, 21, 133, 
1970

4 E . P a pp ,* B. PŐDÖR,
S. Zs in d e l y ,* T . L egat*

Preparation  and properties 
o f GaAs single crystals

Acta Techn. Hung., 65, 245, 
1970

5 P ödör В ., Z s in d e l y  S.,* 
P app  E.

Preparation  and properties 
o f doped semiconducting 
and  semiinsulating GaAs 
crystals (in H ungarian)

M FKI Közi., 0— 3, 43, 1971

6 Görög T., K o csis  Zs. P reparation  of epitaxial GaP 
layers and study of their 
electrical param eters (in 
H ungarian)

M FKI Közi., 0— 14, 47, 1974

7 Görög T. M ethod and apparatus for 
preparation of A 111 Bv se­
miconductor structures (in 
H ungarian)

Bp., 1974

8 L. Varga , A. T . N agy , 
T. Görög , E . L endvay

On the characterization of 
heterostructures by  X -ray 
diffraction

Acta Techn. Hung., 80, 293, 
1975

9 T. Görög , E . L endvay , E pitax ial growth of A111 
semiconductors from  vapor 
phase

Acta Phys. Hung., 44, 13, 
1978

10 J .  P f e if e r , L. Csontos,
B. SZENTPÁLI

Investigation of the doping 
level in overcompensated 
p-G aP layers grown by 
liquid phase epitaxy

Acta Phys. Hung., 44, 29, 
1978

11 V. V. J ev sztro po v ,
A. N. I m en k o v ,
B. N . K a l in in ,
J . P f e if e r , L. Csontos, 
Ju . P . J ako v lev

Ob oszobennoszt’áh elektro- 
ljumineszcencii p-n GaP- 
nGaAlP sztruktur

Elektronnaja Techn. szer. 6 ., 
M aterialü, 1978

12 V. V. J ev sztro po v ,
A. N. I m en k o v ,
B. N. K a l in in ,
J .  P f e if e r , L. Csontos, 
Ju . P . J akovlev

Szpektrii ljumineszcencii p- 
nGaP-nGaAlp-n n-pGaP- 
nG aP sztruktur legirovan- 
nüh  Si

FT P, 12, 1017, 1978

13 J . P f e if e r , B. P ödör, 
L. Cs o n to s , N . N ádor

Observations on residual do­
nors in GaP L PE

Revue de Phys. Applique, 
13, 741, 1978

*Coworkers o f Res. Inst. of Metals (FK I), B udapest
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ra m  w as also rea lized  b y  u sin g  M F K I eq u ip m en t. W e h av e  a lre a d y  discussed 
som e of th e  m a jo r  problem s in  th e  g ro w th  o f h ig h -q u a lity  e p ita x ia l layers, 
b u t  som e p rob lem s rem ain  to  be solved in  th e  V P E  processes, too .

T hus, e.g. in  L P E  system s th e  ran d o m  te m p e ra tu re  v a r ia tio n s  or d issipa­
tio n  processes, w h ile  in  Y P E  system s th e  co n cen tra tio n  v a r ia tio n s  in fluence 
th e  grow n m orph o lo g y  and  th e  doping  hom ogeneity .

F o r re g u la tio n  an d  th e  te m p e ra tu re  p ro g ram  also M F K I system s h av e  been 
a p p lied , b u t fo r flo w  ra te  m easu rin g  an d  gas m ix ing  m ass flow  con tro lle rs  are 
u sed . The gas u n i t  b u ilt  a t  ou r In s t i tu te  is able to  con tro l an d  re g u la te  th e  gas 
com position  (in vo lv ing  th e  d o p a n t lines) th ro u g h o u t th e  w hole e p ita x ia l p ro ­
cess. O ur resu lts  h a v e  been su m m arized  in  severa l p u b lica tio n s  lis ted  in  T ab le  I I I  
a n d  rep o rts  h av e  b een  p u b lished  concern ing  th e  g row th  processes. M ore th a n  
50 orig inal p ap ers  h a v e  been p u b lish ed  by  our cow orkers on th e  ap p lica tio n  of 
th e  sem ico n d u cto r system s m easu rin g  tra n s p o r t  an d  dom ain  p ro p ertie s , th e  
fo rm a tio n  and  p ro p e rtie s  of m e ta l sem iconducto r system s, reco m b in a tio n , 
deep  level sp ec tro sco p y  as w ell as device physics; th e  o p tica l, e lec trical and  
m icrow ave p ro p e rtie s  of solid s ta te  devices b u ilt  in our lab o ra to rie s .

As a closing re m a rk , we sh o u ld  like to  m en tio n  th a t  now , a fte r  te n  y e a rs ’ 
w o rk , we are  aw are  o f th e  p rob lem s of A В v techno logy , an d  in  som e im p o r ta n t 
cases have  solved th e  prob lem  o f g row th  layers w ith  d efin ite  p ro p ertie s . O ur 
p re se n t facilities m ak e  i t  possible to  focus ou r a t te n tio n  on th e  d iffe ren t fields of 
A 111 B v technologies. O ur c ry s ta ls  an d  m u ltilay e r s tru c tu re s  w ill su b seq u en tly  
b e  th e  sub jec t o f fu r th e r  in v es tig a tio n s  aim ed a t  th e  p ro d u c tio n  of d iffe ren t 
so lid  s ta te  devices.
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CRYSTAL GROWTH AT THE CENTRAL RESEARCH 
INSTITUTE FOR PHYSICS

By

G. K o n c z o s

CENTRAL RESEARCH INSTITUTE FOR PHYSICS, HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY

A short review of some results in crystal grow th is given.

A t our I n s t i tu te  c ry s ta l g ro w th  began  in  th e  ea rly  six ties w ith  th e  p re p ­
a ra tio n  o f m eta llic  single cry sta ls . T hese  c ry sta ls  w ere u sed  in  v a rious k in d s  of 
basic  s tu d ies , e.g. d e te rm in a tio n  o f  m agnetic  s tru c tu re , c ry s ta l a n iso tro p y  
an d  p h a se  tra n s itio n s . Single c ry s ta ls  o f p u re  m e ta ls  lik e  Cu, N i, P b  [1—3] 
an d  F e —Al, F e — N i [4] M n—As [5 — 6] alloys w ere grow n b y  th e  B rid g m an  
m ethod .

A  research  p ro je c t w as o rgan ized  in  1970 fo r  th e  s tu d y  o f m ag n e tic  
b u b b le  m em ories. F ir s t ,  ra re  e a r th  o rth o fe rrite s  [7] w ere grow n fro m  high  
te m p e ra tu re  so lv en ts  (flux  m ethod) betw een  1969 — 1972. In  an  en d eav o u r 
to  decrease  b u b b le  do m ain  d iam e te r, m agnetic  g a rn e t film s [8] w ere grow n 
b y  liq u id  phase e p ita x y  on g ado lin ium  gallium  g a rn e t (GGG) single c ry s ta l 
su b s tra te s  (1974). G G G  cry s ta ls  of 1" d iam ete r h a v e  b een  grow n b y  th e  Czoch- 
ra lsk i m e th o d  since 1973. F o r th e  im p ro v em en t o f  c ry s ta l q u a lity  a d iam e te r  
co n tro l w as developed  b y  th e  m easu rem en t o f w eigh t change of th e  m e lt (1976)
[9]. T h e  c u ttin g  a n d  po lish ing  o f GGG cry s ta ls  h av e  also been e lab o ra ted . 
C rysta l defects in  th e  su b s tra te  an d  in  th e  g a rn e t film s are d e te rm in ed  b y  
X -ra y  to p o g ra p h y , se lec tive  e tch in g , an d  b y  op tica l an d  m agnetic  m easu rem en t 
te ch n iq u es  [10—12].

C u rren t m ain  a im s are : p ro d u c tio n  of GGG c ry s ta ls  and  g a rn e t film s 
w ith  la rg e r  d ia m e te r  ( 2 "  an d  m ore), im p ro v em en t o f c y rs ta l q u a lity  b y  th e  
b e tte r  co n tro l of th e  en v iro n m en t (c lean  room s, la m in a ry  flow  boxes).
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SYNTHESIS AND CRYSTAL GROWTH 
OF A1UBV COMPOUNDS FROM ELEMENTS

By

T . G ö r ö g  and E . L e n d v a y

RESEARCH INSTITUTE FOR TECHNICAL PHYSICS OF THE HUNGARIAN ACAD EMY OF SCIENCES
BUDAPEST, HUNGARY»

Compact, inclusion-free GaAs and GaP ingots were synthetized  and crystalline boules 
were grown using modified B ridgm an and SSD methods. Prelim inary investigations showed 
th a t  in case o f GaAs using travelling boat system  after the synthesis sem iconductor grade 
m acrocrystalline ingots can be prepared by oriented  freeze. For G aP th e  modified SSD (Syn­
thesis Solution Diffusion) m ethod proved to be useful producing m acrocrystalline, pure m aterials.

1. Introduction

A IU B V com pounds a re  w idely  u sed  in  th e  e lec tron ic  device in d u s try . 
As ap p lica tio n s req u ire  good  q u a lity  c ry s ta llin e  m a te ria ls , th e re  is co n sid e r­
ab le  in te re s t  fo r syn th esis  a n d  c ry sta l g ro w th  in  the  l i te ra tu re . G rea t e ffo rts  
w ere  m ade p a r t ly  to  p ro d u ce  h igh p u r i ty  m ateria ls , p a r t ly  to  grow c ry s ta ls  
w ith  su ffic ien t surface a n d  q u a lity  fo r  m ass p roducing  devices as L E D -s, 
m icrow ave diodes, M E S F E T S , etc. As a s ta r tin g  m a te r ia l solid in g o ts  w ere 
sy n th e tiz e d  from  th e  e lem en ts  un d er h ig h  te m p e ra tu res  an d  pressures, and  
single c ry s ta ls  w ere p u lled  fro m  th e  ingo ts b y  L iquid  E n c a p su la te d  C zochralski 
(L E C ) or B rid g m an  m eth o d s.

T he p h y sica l p ro p e rtie s  o f A 1HBV c ry s ta ls  as well as th e  q u a lity  o f A 11̂ ' -  
based  devices are  s tro n g ly  affec ted  b y  th e  g ro w th  processes, i.e. by  th e  c ry s ta l  
pe rfec tio n . I t  is genera lly  k n o w n  e.g. t h a t  th e  h ighest q u a n tu m  effic iency  w as 
ach ieved  on L E D -s hav in g  a c tiv e  region grow n from  G a-rich  so lu tions (so lu tio n  
g row n, SG or liq u id  phase  e p ita x y , L P E ) [1]. In  LEC c ry s ta ls  th e  q u a n tu m  
effic iency  o f a p —n  ju n c tio n  is r a th e r  low [2] so one m u st b u ild  up  layers u sing  
e p ita x ia l m e th o d s . S im ila rly  to  rad ia tiv e  reco m b in a tio n  th e  noise p ro p e rtie s  
in  m icrow ave devices can  also  be a ffec ted  b y  choosing th e  p roper g ro w th  
m eth o d . L P E -g ro w n  s tru c tu re s  genera lly  h a v e  b e tte r  p ro p e rtie s  th a n  V P E - 
b u ilt  s tru c tu re s , e tc . F ro m  th e se  ex p e rim en ta l d a ta  and  th e o re tic a l c o n s id e ra ­
tio n s one can  s ta te  th a t  th e  effic ien t an d  econom ical so lu tio n  is to  grow  b u lk  
c ry s ta ls  fro m  G a-rich  so lu tio n  com bining sy n th es is  and  c ry s ta l  grow th . N u m e r­
ous a t te m p ts  have  been m ad e  to  p erfo rm  b u lk  grow th a n d  several m e th o d s  
h av e  been described , e.g. tra v e llin g  so lv en t [3], h o rizon ta l g rad ien t freeze [4] *
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a n d  B rid g m an  tec h n iq u e s  [5]. T h e  m o d ifica tio n s of th e  B rid g m an  m e th o d  
h a v e  p ro v ed  to  b e  th e  m ost u se fu l ones [6, 7 ]. B ecen t in c reas in g  in te re s t in  
sy n th es is  an d  g ro w th  is s tim u la te d  b y  th e  f a c t  th a t  ga llium  is an  in d u s tr ia l 
p ro d u c t  of th e  A jk a  A lum in ium  W orks (H u n g a ry ).

T he a im  o f th is  w ork is to  in v es tig a te  th e  m ethods o f syn th esis  an d  th e  
ro le  o f th e  d iffe re n t m a te ria ls  u se d  such as q u a r tz ,  g rap h ite , e tc . in  th e  im p u ­
r i t y  co n ten ts  o f  th e  sy n th e tiz e d  A n l Bv com pounds.

2. G eneral princip les and  g ro w th  m ethods

T he p re p a ra t io n  m eth o d s o f A n l Bv in g o ts  from  h ig h  te m p e ra tu re  G a 
m e lts  are b a sed  on  prev ious in v es tig a tio n s  o f  th e  phase d ia g ra m  as well as th e  
p a r t ia l  p ressu res  a long  th e  A n l B v liqu idus c u rv e  [8, 9]. I t  is w ell know n t h a t  
ab o v e  th e  G a-rich  m elts (in th e  case of h ig h  m ole frac tio n  o f  Ga) th e  equ ilib -

Ga at % ----------- ► As

Fig. 1. Phase d iagram  of the GaAs and  equilibrium pressures

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



SYNTHESIS AND CRYSTAL GROWTH OF АЩВУ COMPOUNDS 27

1200 1100 1000 900 800 C

700 600 500 C

Fig. 2. The liquidus curve of th e  GaAs and the corresponding vapour pressure values

r iu m  v a p o u r p re ssu re  is low , th e re fo re  th e  d ifficu lties cau sed  b y  th e  h ig h  
d issoc ia tio n  p re ssu re  o f A u l B v-s above sto ich io m etric  m elts  c a n  be av o ided . 
T h e  s itu a tio n  is i l lu s tra te d  in  F ig . 1, w here th e  phase  d iag ram  o f th e  G aA s is 
seen. A t G a m ole fra c tio n  X qa =  0.5 (the sto ich io m etric  com position) ab o v e  
th e  m e lt GaAs th e  eq u ilib riu m  p ressu re  is 0.9 a tm . T he m a in  com ponen ts o f 
th e  v a p o u r  are  A s , a n d  As4 m olecules, accord ing  to  Fig. 2. S ta r t in g  from  th e  
As side o f  th e  p h a se  d iag ram , a long  th e  liq u id u s  cu rve  th e  h ig h  pressure o f 
th e  У. co lum n e lem en t is d o m in a n t. In  th e  case of G aP  th e  s itu a tio n  is m ore  
p ro n o u n ced  b ecau se  a t  th e  m e ltin g  p o in t th e  equ ilib riu m  v a p o u r  pressure  o f  
th e  v o la tile  P  co m p o n en t is 35 a tm . A n o th er d ifficu lty  is t h a t  a t  ab o u t th e  
m e ltin g  p o in t of th e  A UIBV, b o th  th e  As and  P  are  ex trem ely  reac tiv e , so i t  is 
n ecessa ry  to  a p p ly  specia l m a te ria ls . F rom  th e se  fac ts  th e  a d v a n ta g e s  of th e  
G a-rich  m e lt are c le a rly  seen.

O f th e  v a rio u s  possib ilities th e  p ro p er m e th o d  of sy n th e s is  and  g ro w th  
can  be selected  b y  th e  chem ical c h a ra c te r  of th e  A UIB V co m p o u n d . F o r th e se  
sem iconducto rs b o th  h o rizo n ta l a n d  v e rtic a l m e th o d s  h av e  b een  developed . 
F o r  th e  m ost im p o r ta n t  co m p o u n d , GaAs, h o riz o n ta l te c h n iq u e s  have  b een  
ap p lied  u sing  tw o o r th re e  p rin c ip a l h e a t  zones: a low  te m p e ra tu re  region fo r 
th e  V. e lem en t source , an d  a h ig h -te m p e ra tu re  reg ion  fo r th e  G a. T he sy stem  
is closed, a n d  a fte r  co m p le tin g  th e  p ro ced u re  o f  sy n th es is , one c a n  grow “  in  s i tu ”  
m acro-, o r single c ry s ta llin e  in g o ts  from  th e  dense , inc lusion-free  p o ly cry sta l- 
line m a te r ia l using  a  th ird  tra v e llin g  zone along  th e  ingo t or p u llin g  th e  in g o t 
th ro u g h  th e  te m p e ra tu re  g rad ien t.

F o r  G aP  th e  v e r tic a l sy stem s p ro v ed  to  be  th e  m ost u sefu l. S im ilarly  to  
th e  G aA s, syn th esis  a n d  grow th  ta k e  p lace in  a closed system  c o n ta in in g  a p h o s­
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p h o ru s  source an d  th e  G a. In  th e  p a s t few  y ea rs  th e  m e th o d  called “ S y n th esis  
S o lu tio n  D iffusion”  (SSD ) h as  found  w ide ap p lica tio n .

In  SSD sy stem s, a lth o u g h  th e  g ro w th  ra te  is low , th e  e q u ip m en t a n d  th e  
p ro ced u re  a re  re la tiv e ly  sim ple an d  econom ical. A c o n ta in e r  w ith  gallium  is lo­
c a te d  a t  th e  u p p e r  p a r t  o f th e  re a c to r  tu b e . T h e  Ga su rface  is held  a t  a n  elev ­
a te d  te m p e ra tu re  T s (1200 °C), th e  b o tto m  is a t  a lo w er te m p e ra tu re  T c so 
th e re  is a te m p e ra tu re  g ra d ie n t along th e  G a colum n. T h e  P  source is s i tu a te d  
u n d e r  th e  G a in  a c o n s ta n t te m p e ra tu re  reg io n  a t  a b o u t 4 0 0 —420 °C. I n  th is  
a r ra n g e m e n t th e  co n tin u o u s  gen era tio n  o f  P  is m a in ta in e d . The p h o sp h o ru s  
re a c ts  w ith  Ga a t  th e  m e lt su rface  an d  d iffuses to w ard  th e  low er te m p e ra tu re  
reg ion . R each in g  th e  su ita b le  su p e rsa tu ra tio n  cond itions, n u c léa tio n  a n d  c ry s ta l 
g ro w th  begins a t  th e  b o tto m  o f th e  gallium . T he process ta k e s  place c o n tin u o u s­
ly  u n til  one o f  th e  co m p o n en ts  is e x h a u s te d .

3. Synthesis and growth o f GaAs and GaP

I n  o u r L a b o ra to ry  th e  h o rizo n ta l m e th o d  was u se d  fo r G aA s syn th esis . 
T h e  raw  m a te ria ls  w ere 6N  q u a lity  G a (A lu trö sz t — F K I , H u n g a ry )  and 
A s (F re ib e rg  S pure  M etall, G D R ). O u r m e th o d  w as p r in c ip a lly  b a sed  on th e  
R rid g m an  process, how ever, th e re  w ere d ev ia tio n s  an d  m o d ifica tio n s . T h e  closed 
q u a r tz  am poule ch arg ed  w ith  G a an d  A s w as p laced  in to  a tw o-zone sy stem  
in  w hich  th e  As source w as h e ld  in  a low  te m p e ra tu re  (610 — 640 °C) zone. This 
zone w as h e a te d  b y  a re s is tan ce  fu rn ace  reg u la tin g  th e  te m p e ra tu re  as w ell as 
th e  p a r t ia l  p ressu re  of th e  As in  th e  sy s te m  w ith  su ffic ien t ( +  1 °C) accuracy . 
T h e  gallium  co n ta in e r w as p laced  in  a h igh  te m p e ra tu re  zone (1250 °C). The 
h e a tin g  o f th is  zone w as n o t  perfo rm ed  b y  th e  u su a l re s is ta n c e  h e a tin g  b u t  by  
an  R F  g e n e ra to r  app lied  to  m a in ta in  ga lliu m  te m p e ra tu re  a t  a re la tiv e ly  high 
level (1200— 1500 °C). T h e  As source a n d  th e  am p o u le  itse lf  w ere  m ad e  of 
q u a r tz  (H ereau s O F H C  q u a lity ) , w hile fo r  th e  Ga b o a t  in  w hich th e  syn thesis  
to o k  p lace  O FH C  q u a r tz  a n d  h igh  p u r i ty  g rap h ite  ( ty p e  556 R in g sd o rf, FR G ) 
w ere used . T h e  am pou le  w as charged  in  a n itro g en  filled  box . R efore syn thesis  
a special t re a tm e n t w as in tro d u c e d ; a f te r  charg ing , th e  system  w as h ea t- 
t r e a te d  for 3 h ou rs a t  650 °C in  H 2 s tre a m  to  rem ove arsen ic  and  g a llium  oxide. 
A fte r  e v a cu a tio n  th e  am poule  w as closed b y  sealing  a n d  th e  G a source was 
h e a te d  u p  to  1245 °C an d  held  a t  th is  te m p e ra tu re  fo r fu r th e r  3 h o u rs . The 
v a c u u m  before sealing  w as 1 0 t or r .

F o r syn th esis  f ir s t  th e  Ga source  w as h ea ted  to  1250 °C a n d  th e n , in  
a second s tep , th e  As source  reach ed  a te m p e ra tu re  o f  610 — 640 °C. T he R F  
h e a tin g  p ro d u ced  a s tro n g  tu rb u le n c e  in  th e  Ga m e lt p ro m o tin g  th e  in tense  
re a c tio n  be tw een  th e  G a a n d  th e  As. T h is  is one of th e  m a in  d ev ia tio n s as com ­
p a re d  to  th e  classical B rid g m an  m e th o d . T he m ix in g  increases th e  reac tion
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A

Fig. 3. A pparatus for th e  growth of GaAs m acrocrystalline ingots by  synthesis and
orien ted  freeze

1. R eactor tube; 2.Ga container; 3. As container; 4. R esistance heated furnace; 5. Valve; 
6 . R otam eter; 7. Therm ocouple for the As source; 8 . R F  coil; 9. Thermocouple for the Ga 
source; 10. Q uartz plug; 11. Vacuum tig h t screw-cup; 12. H 2 ou tp u t valve; 13. V acuum  valve; 

14. L iquid N„ trap ; 15. Diffusion pum p; 16. Vacuum (ro tation ) pum p; 17. P iran i gauge

ra te  w hich  is n o rm a lly  a d iffu sion -con tro lled  p rocess. The sy n th es is  tim e  w as 
8 —24 h o u rs  d ep en d in g  on th e  q u a n t i ty  o f th e  Ga ch arg e . A n o th er m od ifica tio n  
w as t h a t  a f te r  th e  re a c tio n  was co m p le ted  th e  G aA s m elt was p u lled  th ro u g h  
th e  te m p e ra tu re  g ra d ie n t betw een  th e  reaction  reg ion  an d  th e  A s co n ta in e r 
p ro duc ing  an  o rien ted  freeze of th e  G aA s. The sy s te m  is seen in  F ig . 3.

I t  w as observed  t h a t  owing to  th e  strong  tu rb u le n c e  effect ev en  in  case 
of a sy n th es is  o f sh o rt d u ra tio n  th e  re su ltin g  GaAs in g o t w as a dense G a inc lu ­
sion-free m a te ria l. U sin g  for th e  sy n th es is  a tra v e llin g  b o a t a n d  o rien ted  
freezing, th e  ingo t co n sis ts  of c ry s ta llite s  of an  average  size o f  som e m m ;. 
B o th  q u a r tz  an d  g ra p h ite  were su ita b le  to  produce  sem iconducto r g ra d e  m a te ­
ria l as th e  p ho to lum inescence  an d  free  carrier co n c e n tra tio n  m easu rem en ts  
suggested  1017— 1018 cm  ~ 3 c o n c e n tra tio n . T he sy n th e tiz e d  ingots w ere 100 — 300 g 
in  w eigh t, a n d  th e y  co u ld  be app lied  fo r LEC grow ing.

F o r G aP  th e  SSD  system  re p re se n te d  in  F ig . 4 w as used in  o u r experi­
m en ts. T he G a w as h e a te d  sim ilarly  to  th e  GaAs b y  an  R F  coil a llow ing  th e  
Ga te m p e ra tu re  to  rise . T h e  surface te m p e ra tu re  o f  th e  G a w as 1240 — 1245 °C 
w hile th e  P  source w as h e ld  a t  420 — 440 °C by  a re s is tan ce  fu rnace . C o n tra ry  
to  th e  u su a l sy stem s b e tw een  th e  P  zone and  th e  G a colum n we ap p lied  a 
g rap h ite  cy lin d er to  p re v e n t  th e  co n d en sa tio n  of th e  P  vap o u r. T h is  g rap h ite  
w as also h e a te d  by  th e  low er p a r t  o f  th e  R F  coil, th e  co n stru c tio n  o f  w hich 
p roduced  a te m p e ra tu re  g rad ien t a long  th e  Ga co lum n .
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Fig. 4. Closed reactor system  for SSD growth of G aP  macrocrystalline ingots.

6N  q u a lity  G a (A lu te rv —F K I)  an d  red  P  (B D H  5N) w ere u sed . The P  
so u rce  te m p e ra tu re  w as reg u la te d  w ith  + 1  °C accu racy  using  a te m p e ra tu re  
p ro g ra m m e r dev e lo p ed  a t  th is  I n s t i tu te .  T h e  p re p a ra tio n  of th e  G a and  P  
so u rces  as w ell as th e  charg ing  p rocess and  p re p u rif ic a tio n  of th e  q u a rtz  a m ­
p o u le  an d  th e  m a te ria ls  w ere s im ila r  th e  G aA s syn th esis . A fte r  sealing th e  
am p o u le  th e  sy s te m  w as p laced  in  a  v e rtic a l c ry s ta l  grow ing a p p a ra tu s  (ty p e  
B C G  265 M etal R esearch  L td .)  a n d  h e a te d  u p  to  th e  syn thesis  te m p e ra tu re . 
A fte r  tw o hou rs  re a c tio n  th e  f i r s t  G aP  c ry s ta ls  a p p ea red  a t  th e  am poule t ip  
a n d  th e  low ering  o f  th e  sy s tem  s ta r te d . W ith  a  low ering ra te  a p p ro x im a te ly  
co rresp o n d in g  to  th e  ra te  o f th e  g row ing  c ry s ta l f ro n t  (5 —10 m m /h o u r) d ep en d ­
in g  on  th e  Ga v o lu m e  th e  m e ta l w as tran sfo rm ed  in to  G aP . T he re su ltin g  in g o t 
w as a m acro cry sta llin e , inc lu sion -free  m a te r ia l w ith  an  av e rag e  c ry s ta llite  
size o f  1 cm 3. C u ttin g  dow n slices fro m  th e  bo u le , a f te r  po lish ing , tra n s p a re n t , 
o p tic a lly  clear w afers  w ith  free  c a rr ie r  c o n c e n tra tio n  of ab o u t 1017— 1019 c m -3  
co u ld  be p ro d u ced . U sing th is  m a te r ia l  as a so u rce  of L P E  we o b ta in e d  e p ita ­
x ia l lay e rs  o f h ig h  p u r ity  show ing  lo w -tem p era tu re  (4 K ) p h o to lum inescence  
sp e c tra  c h a ra c te r is tic  of pu re  G aP  m ateria ls .
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QUICK AND AUTOMATIC DETERMINATION 
OF THE DOPANT CONCENTRATION PROFILE 

OF GaAs EPITAXIAL LAYERS
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T. S e b e s t y é n , E .  L e n d v a y  and T. G ö r ö g

RESEARCH INSTITUTE FOR TECHNICAL PHYSICS OF THE HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY*

An au tom atic  instrum ent called Post Office Profile P lo tter is used a t  th is In s titu te  for 
the quick estim ate o f th e  crystal quality  and the determ ination  of the im purity  profile between 
4 ■ 1014 and 4 • 1018 cm - 3  w ith an in -dep th  resolution of about 10 nm.

This equ ipm ent autom atically  and  continuously registers the dopan t concentration 
profile by  m easuring photo  capacitance, photo current and  photo voltage of a Schottky  contact 
form ed betw een th e  sem iconductor m aterial and a tran sp a ren t electrolyte during the photo- 
electrochem ical etching of the semiconductor.

In  this paper an assessment of th is m ethod as well as m easurem ent results on Y PE and 
L P E  n, n +-n, p+ -n  GaAs and GaAs,_x P x (c =  0.38) structures are presented.

Changes of th e  dopant profiles due to m echanical polishing or annealing were also 
m easured near the surface of the samples.

1. In tro d u c tio n

G aA s is th e  m ost w idely  u sed  I I I —V com pound  sem iconducto r because 
of its  w ell-developed  techno logy  an d  m an y  ad v an tag eo u s  p ro p ertie s . F o r m ost 
a p p lica tio n s  th e  ac tiv e  lay er o f th e  GaAs devices (e.g. G unn d iodes, S ch o ttk y  
d iodes, IM P  ATT diodes and  in fra re d  lig h t e m ittin g  diodes) is m ad e  b y  liqu id  
or v a p o u r  phase  e p ita x y  on h ig h ly  doped n  G aA s su b stra te s . W e also use b o th  
liq u id  an d  v a p o u r  p h ase  e p ita x y  [1, 2] fo r p re p a rin g  e p itax ia l G aA s, G aA sP 
an d  G aP  fo r m icrow ave and  o p to e lec trica l devices.

T he c h a ra c te riz a tio n  of e p ita x ia l layers h a s  an  im p o r ta n t ro le in  link ing  
c ry s ta l g row th  w ith  device m ak in g  b y  feeding b ack  in fo rm atio n  to  techno logy  
an d  co n s tru c tio n  a b o u t th e  s ta r t in g  and  fo rm ed  m ateria ls  o r in  checking 
th e  effects of dev ice  processing.

A ssum ing t h a t  th e  in trin s ic  p ro p e rtie s  (such  as b an d  s tru c tu re )  a re  know n, 
only  th e  ex trin sic  p ro p ertie s , su ch  as re s is tiv ity , d o p a n t co n cen tra tio n , ca rrie r 
m o b ility , th e  energ ies of th e  shallow  an d  deep accep to r and  d o n o r levels, th e  
life tim e an d  d iffusion  len g th  of th e  m in o rity  ca rrie rs , have  to  be cha rac terized .

T he re q u ire m e n t for th e  c h a ra c te riz a tio n  o f  th e  vario u s p ro p e rtie s  of 
sem ico n d u cto r m a te r ia ls  h ad  led  to  th e  d ev e lo p m en t of a v e ry  w ide range of 
m easu rem en t te c h n iq u e s  over th e  la s t  te n  y e a rs . A good rev iew  is given on 
th e se  tech n iq u es  in  a p ap er re c e n tly  pu b lish ed  b y  B lood an d  O rto n  [3].

* Address: 1325 B udapest, Ú jpest 1, P.O. Box 76 H ungary.
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In  o u r In s t i tu te  a n  au to m a tic  V an  d er P au w  m easu rin g  system  a n d  an  
a u to m a tic  angle d e p e n d e n t g eo m etrica l m ag n e to resis tan ce , M R, m easu rin g  
sy s te m  [4] are  u sed  fo r  ev a lu a tin g  th e  e p ita x ia l lay e rs  fo rm ed  on  sem i- 
in su la tin g  GaAs s u b s tra te s  and  fo r d e te rm in in g  th e  m o b ility  an d  th e  average  
d o p a n t c o n c e n tra tio n  in  ep itax ia l la y e rs  on  n + G aA s su b s tra te s , respective ly.

G enera lly , th e  d e p th  d is tr ib u tio n  o f  d o p a n t c o n c e n tra tio n  m u st b e  know n  
fo r  th e  th in  lay er s tru c tu re s  m ade b y  e p ita x y , d iffusion  or ion  im p la n ta tio n  
w h ere  th e  a b ru p tn ess  o f  th e  high-low  in te rfaces  a n d  th e  profile  shap es h av e  
im p o rta n c e  in  specific ap p lica tio n s. O n th e  o th e r h a n d , th e  d e te rm in a tio n  of 
th e  d o p in g  profile  is n ecessa ry  b o th  fo r a com plete  e v a lu a tio n  of th e  e p ita x ia l 
la y e r  a n d  fo r device m odelling .

B y  usin g  co n tin u o u s  e lec tro ly tic  e tc h in g  to  rem o v e  m a te ria l an d  a s im u l­
ta n e o u s  fix ed -b ias  C-V m easu rem en t to  d e te rm in e  th e  doping  level th e  tw o 
co m p o n en ts  in  th a t  p ro d u c t  are s e p a ra te d  an d  a w ide  range of dop ing  concen­
tra t io n s  can  be co n tin u o u sly  p ro filed  o v er an  u n lim ite d  d e p th  [5].

T h e  S c h o ttk y  b a rrie rs  fo rm ed  a t  a c o n ta c t b e tw een  an  e le c tro ly te  and  
a  sem ico n d u c to r h a v e  re c e n tly  fo u n d  w ide  in te re s t am ong  physic ists  because 
th is  ty p e  o f S c h o ttk y  b a rrie r  is easily  form ed. T hese S c h o ttk y  b a rrie rs  are 
su ita b le  n o t  only  fo r m a te ria l c h a ra c te riz a tio n  b y  C-V m eth o d  b u t  also  for 
g e n e ra tin g  p h o to v o ltag e  a t  illu m in a tio n  tro u g h  th e  tra n s p a re n t e lec tro ly te . 
S u ch  sy stem s have  b een  s tud ied  as co n v erte rs  o f so la r energy  in to  chem ical 
en e rg y  b y  p h o to e lec tro ly sis  of w a te r  o r as p h o to v o lta ic  pow er g en era to rs  
[6, 7, 8 ]. T h e  g rea te s t obstac le  for th e  p rac tica l a p p lica tio n  of such sy stem s is 
th e ir  su scep tib ility  to  p h o to e lec tro ch em ica l decom ponsition . T here  is am ple 
e x p e rim e n ta l ev idence show ing th a t  a ll non -ox ide , n -ty p e  sem iconducto rs 
u n d e rg o  p h o to an o d ic  decom position . T h e  reac tio n  r a te  is p ro p o rtio n a l to  th e  
su rface  c o n c e n tra tio n  o f  holes in  th e  n - ty p e  sem iconducto rs. In  w ide b a n d  gap 
n - ty p e  m a te ria ls  th e  q u a n t i ty  o f th e rm a lly  g en e ra ted  holes is neg lig ib le  and 
o th e r  e x ita tio n  e.g. b y  lig h t, is n eed ed  to  get anod ic  d isso lu tion . Tw o exam ples 
[7] a re  g iven  in  th e  fo llow ing anod ic  reac tio n s

G aA s -j- 6 h + 2 H 20  -f- s o lv —>-Ga3 + • solv +  A sO ^ - f  4 H + ■ solv
o r G aA s +  6h+  +  12 O H "  - > G a ( O H ) ^  +  A s(O H )*- 
a n d  G a P  -f- 61x+ + 3  H 20  -f- s o I v - > G a 3 + • so lv  +  H 2PO^" -f- 4 H + • solv

w h ere  h + denotes th e  positive  holes p a r tic ip a tin g  in  th e  anodic d isso lu tion . 
T h e  so lv en t m a te ria ls  used  in  p ro filin g  GaAs a re  0.1 M T iron  (1,2 d ih y d ro x y - 
benzene-3 ,5  disulfonic acid  d isod ium  sa lt, i.e. C6H 4N a 20 8S2) or 10%  K O H . 
T iro n  gives slower e tc h in g  ra te  b u t  b e tte r  area  c o n tro l th a n  th e  1 0%  K O H . 
T h e  co m p lex an t e le c tro ly te  T iro n  h as  a s tr ic t s ix -e lec tron  equ ivalence  w hich 
allow s th e  in te g ra te d  c u rre n t d e n s ity  to  be co n v e rted  a u to m a tic a lly  to  th e  
d isso lu tio n  d ep th  b y  m ak ing  use o f  F a ra d a y  law . T iro n  an d  K O H , to o , allows
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th e  e lec tro e tch in g  to  occur w ith o u t in te rfe ren ce  from  inso lub le  p ro d u c ts  a t  
th e  electrode su rface , in  c o n tra s t  to , say , su lfuric  ac id  so lu tions w hich  leave 
p re c ip ita te d  arsen io u s oxide [9].

Fig. 1. The electrochem ical cell of the P o st Office Profile P lo tter. The sample slice is pressed 
onto th e  sealing ring (Neoprem e or Polythene) having a d iam eter of 3.5 mm . Ohmic contact 
is m ade by a current pulse flowing th rough  the two back contac t wires. Light hav ing  a photon 
energy higher th an  th e  energy band gap of the sem iconductor illum inates th e  electrolyte- 

sem iconductor in terface by  passing th rough  the window and  the tran sparen t electrolyte

Fig. 2. Schematic represen tation  of the connections of the electrolyte cell shown in Fig. 1. 
The dissolution current is passed via a back contact and the carbon cathode, w hilst th e  poten­
tia l is m easured via th e  o ther back con tac t w ith respect to  a sa turated  calomel electrode. 
Capacitance m easurem ents are made via a back contact and an auxiliary cathode of platinum

wire [5]
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Fig. 3. The typical current-voltage characteristics of th e  Schottky diodes formed as the 
in terface between 10%  K O H  and n -ty p e  GaAs, according to  A m b r id g e  and F a k to r  [5]

T he e lec tro ly te  cell o f th e  P ro file  P lo tte r  is sch em atica lly  show n in  F ig . 1. 
T h e  schem atic  re p re se n ta tio n  o f  th e  cell conn ec tio n  is show n in  F ig . 2.

T he ty p ic a l v o lta g e -c u rren t cu rv e  for a rev e rse  b iased  ju n c tio n  form ed 
b e tw e e n  an  n - ty p e  G aA s sam ple a n d  a 10%  K O H  e lec tro ly te  is show n in  F ig . 3. 
acco rd in g  to  A m b r id g e  and  F a k t o r  [5].

F ig . 4. show s th e  energy b a n d  s tru c tu re  o f  n - ty p e  GaAs in  c o n ta c t w ith  
c o m p le x a n t T iro n  e lec tro ly te , as i t  w as suggested  b y  F a k t o r  a n d  S t e v e n s o n  
[9]. T he b u ilt- in  p o te n tia l  is a b o u t 1 У  in  eq u ilib riu m . The level R  in  T iron  is 
d e te rm in e d  b y  th e  re d o x  in te ra c tio n  ta k in g  p lace  betw een  th e  e lec tro ly te  an d  
th e  sem ico n d u cto r. T h e  level R  con incides w ith  th e  F e rm i level o f th e  sem icon­
d u c to r  in  e q u ilib riu m  (Fig. 4a). U n d er reverse  b ia s  th e  v o ltag e  d ro p , V q, in  
th e  dep le tion  la y e r  is added  to  th e  b u ilt-in  p o te n tia l , V bi, a n d  th e  dep le tion  
w id th  is in creased . I t  is supposed  th a t  th e  b a n d  edges, E c a n d  E v, are  p inned
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Tiron

— R

(a) equilibrium 
without bias 
and illumination

Fig. 4. The equilibrium  band  structu re  diagram  of the Schottky barrie r formed betw een the  
com plexant T iron electrolyte and  n-type GaAs [9]. (a) The band edges, E c and Ev, of GaAs 
are pinned relative to  level R  determ ined by  the redox interaction betw een the electrolyte and 
the sem iconductor, (b) The inciden t light excites electrons from th e  valence band in to  the 
conduction band. The holes created  move tow ards th e  interface and  prom ote th e  anodic

dissolution of the GaAs m aterial

re la tiv e  to  level R  u n d e r b ias , to o , as i t  is experienced  in  th e  case of m e ta l-  
GaAs ju n c tio n s . W e sha ll discuss elsew here th e  n a tu re  a n d  th e  ro le of leve l R .  
I t  is also illu s tra te d  in  F ig . 4 th a t  th e  in c id e n t lig h t w ith  a n  energy  of hv :> E g  
excites an  e lec tro n  in to  th e  co nduc tion  b a n d  an d  th e  h o le  c rea ted  is fo rced  
to w ard s th e  in te rface . T h is process p ro m o tes  th e  anodic d isso lu tio n  of n - ty p e  
GaAs.

2. A quick evaluation of the purity of epitaxial reactors

I t  is a  genera l experience  t h a t  th e re  is a self-cleaning effect d u rin g  th e  
f ir s t  few ru n s  of Y P E  an d  L P E  reac to rs  a f te r  th e ir  se t u p  o r cleaning. T h is  
effect could  be observed  v e ry  qu ick ly  b y  th e  profile  p lo t te r  an d  th e  d o p a n t 
c o n cen tra tio n  range of th e  n e x t  ru n  could be  p red ic ted . T h is  p red ic tio n  can  be 
used  for a p ro p e r choice o f  th e  lay e r th ick n ess  to  th e  d o p a n t c o n c e n tra tio n  
expec ted , o r to  avoid  th e  w astin g  o f a large q u a n t i ty  of good su b s tra te  m a te r ia l  
if  th e  ex p ec tab le  d o p a n t c o n c e n tra tio n  ra n g e  is good fo r n o th in g .
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Fig. 5 show s th e  self-clean ing  effect fo u n d  w ith  our Y P E  reac to r. D o tte d  
lin e  shows th e  im p u r ity  co n cen tra tio n s  o b ta in e d  a fte r th e  f i r s t  set up  to  th e  
V P E  re a c to r . A s can  be seen in  th e  F igu re , th e  self cleaning ta k in g  place d u rin g  
th e  f irs t six  ru n s  w as follow ed b y  th re e  ru n s  w ith  a r a th e r  un iform  d o p a n t 
c o n c e n tra tio n  o f  a b o u t 8 • 1015 c m -3 . B eg in n in g  w ith  th e  t e n th  ru n  th e  d o p a n t 
c o n c e n tra tio n  in creased  again  a n d  a c lean ing  process w as necessary .

A fte r th e  f i r s t  c lean ing  o f  th e  re a c to r  tu b e  th e  c o n c e n tra tio n  decreased  
v e ry  qu ick ly  fro m  a h igh  v a lu e  o f above 1019 c m -3 , as i t  is show n by  th e  solid  
lin e . T he u se fu l ran g e  of ru n s  w ith  d o p a n t co n cen tra tio n s  o f  ab o u t 1015 c m -3  
w as  ra th e r  la rg e  s ta r t in g  a t  th e  3 rd  ru n  a n d  en d in g  a t  th e  9 th  ru n . T hen , a fa s t  
r ise  o f th e  d o p a n t co n c e n tra tio n  to o k  p lace , w hich  n e cess ita ted  a new c lean ing  
p rocess ag a in . T h e re  are  a n u m b e r o f possib ilities  to  m ake use  o f  these  m easu rin g  
re su lts . Tw o o f th ese  w ere m en tio n ed  a t  th e  beg inning  o f  th is  p a ra g h ra p h . 
A n o th e r  p o ss ib ility  is to  m ak e  “ p h a n to m  ep itax ie s”  w ith  n o  or v e ry  sm all 
sam ples. I t  c a n  be  also seen in  F ig . 5 t h a t  in  th e  second ru n  (deno ted  b y  ®) of 
a  g iven  d ay  sam p les  w ith  low er d o p a n t c o n c e n tra tio n  can  g en era lly  be o b ta in e d . 
A ll these  su g g est th a t  a c o n tin u o u s  o p e ra tio n  o f th e  e p ita x ia l reac to rs  can  p ro ­
d u ce  p u re r  e p ita x ia l  layers, th a n  e p ita x ia l ru n s  w ith  long in te rv a ls .

T h e  e x p la n a tio n  of th e se  effects can  b e  based  on th e  follow ing. B efore 
th e  f irs t  se t u p  ev e ry th in g  is th o ro u g h ly  c lean ed  and  b ak ed  o u t. T here  is a s tro n g  
in te ra c tio n  b e tw een  th e  c leaned  in te rn a l su rfaces an d  th e  tra n s p o r t  m ed iu m ,
i.e . th e  v a p o u r  o r liq u id  p h ase  from  w hich  th e  ep ita x y  ta k e s  p lace. As a re su lt 
o f  th is  in te ra c tio n  th e  t r a n s p o r t  m ed iu m  becom es c o n ta m in a te d  an d  th e  
u n in te n tio n a l d o p a n t co n c e n tra tio n  w ill be  h ig h . D uring  a few  ru n s , how ever, th e  
in te rn a l su rfaces  becom e p a ss iv a te d  a g a in s t th e se  in te ra c tio n s , and  th e  q u a n ­
t i t y  of c o n ta m in a tio n  g e ttin g  in to  th e  t r a n s p o r t  m ed ium  is sm aller th a n  th a t  
o f  th e  c o n ta m in a tio n  g e ttin g  o u t o f it. I f  a d y n am ic  eq u ilib riu m  can be reach ed  
a t  a low c o n ta m in a tio n  level fo r m an y  ru n s , th e  ra tio  o f  th e  useful ru n s  to  
th e  to ta l  n u m b e r  of ru n s  b e tw een  tw o c lean ings can  be h ig h  an d  th e  c lean ing  
b efo re  th e  cycle  o f th e  ru n s  is successful, as in  th e  case o f  th e  second cycle 
show n in  F ig  5. T here  m u st b e , how ever, o th e r  fac to rs  cau sin g  o th e r ty p e s  of 
c o n ta m in a tio n s  ab le  to  accu m u la te  in  th e  tra n s p o r t  m ed iu m  an d /o r on th e  
in te rn a l su rfaces . T hese c o n ta m in a tio n s  c a n  arise  e.g. fro m  th e  flu sh in g  gases, 
th e  s u b s tra te  su rfaces, source  m a te ria ls , th e  b ack -d iffu sion  of th e  re a c tio n  
p ro d u c t a c c u m u la tin g  a t  th e  o u tp u t  side o f  th e  reac to r. T h ese  accu m u la tio n s 
o f  th e  c o n ta m in a tio n  re su lt in  an  increase  o f  th e  u n in te n tio n a l d o p an t co n cen ­
tra t io n  a t  th e  en d  of th e  cycle o f ru n s b e tw een  tw o c lean ings, as can  be  seen in  
F ig . 5. A f te r  th e  n e x t c lean ing  th e  in te rn a l  surfaces can  again  in te ra c t w ith  
th e  t r a n s p o r t  m ed ium  b u t  th e  a c c u m u la ted  c o n tam in a tio n s  are rem oved  and  
th e  p h en o m en a  re p e a t th em selv es  in  th e  n e x t  cycle. I t  is in te re s tin g  to  n o te  
t h a t  b o th  cycles show n in  F ig . 5 consist o f  ab o u t 10—11 ru n s. T his m eans 
th a t  th e  accu m u la tio n  of th e  co n ta m in a tio n  is in d e p e n d e n t o f th e  m in im u m
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Fig. 5. The dopant concentration as a function of run  No. during the first and second cycle 
after setting  up  the Y PE reactor. In the first p a r t of a cycle betw een two cleaning processes 
the concentration decreases. A t the end of the cycle a fast rise of th e  concentration takes place, 

w hich necessitates a new  cleaning process.

level o f c o n ta m in a tio n  an d  th e  n u m b e r of ru n s w ith  low  d o p a n t concen ­
tra t io n . T h e  steep  rise  o f  co n cen tra tio n  a t  th e  end  o f th e  second cycle show n 
in  F ig . 5 d em o n stra te s  t h a t  a d rastic  e ffec t is responsib le  for th e  en d in g  of 
th e  cycle.

A ll th is  w as re la te d  to  ru n s p ro d u c in g  7 —8 pm  th ic k  ep itax ia l lay ers . 
I f  th e  th ick n ess  o f Y P E  layers is d iffe ren t th e  accu m u la ted  lay e r th ick n ess  
can be  u sed  in s tead  o f ru n  No.

3. M easurement results on epitaxial GaAs layers

F ig . 6 show s som e re su lts  o b ta in ed  b y  m easuring  G aA s layers p re p a re d  
b y  v a p o u r  ph ase  e p ita x y  [2] on GaAs su b s tra te s . As can  be  seen in  th e  F ig u re , 
th e  ho m o g en e ity  of th e  d o p a n t co n c e n tra tio n  an d  th e  rep ro d u c ib ility  o f lay e r 
th ick n ess  w ere ra th e r  good. Sam ple GB 56/11 h ad  th e  m o st inhom ogeneous 
d o p a n t c o n cen tra tio n  o f th e  four sam ples. This ty p e  o f  p ro file  show ing  a 
decreasing  d o p a n t c o n c e n tra tio n  to w ard s  th e  surface m ig h t be a t t r ib u te d  to  
a self-clean ing  effect d u rin g  th e  e p ita x ia l g row th . T he s teep ly  decreasing  ta il 
n ea r th e  su rface  of th is  sam ple  w as also ty p ic a l for such  ty p es  of p ro files. I t  
m ay  be considered  to  b e  due to  a n o n -sto ich io m etric  (arsenic-poor) p o s t­
g row th  a t  th e  en d  o f th e  process. On th e  o th e r h an d , th e  in d ica ted  d o p a n t 
co n c e n tra tio n  in  such sam ples shows a dependence  on th e  lig h t in te n s ity  an d  
th e  b ias  v o ltag e  app lied  d u rin g  th e  m easu rem en t.
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Fig. 7 show s a m ore co m p lex  profile  o b ta in e d  b y  m easu rin g  an  n  +—n 
G aA s m u ltila y e r s tru c tu re  m ad e  b y  liqu id  p h ase  e p ita x y  [1] on  a GaAs su b ­
s t r a te .  T he n + la y e r  a t  th e  su rface  w as grow n fo r  p ro m o tin g  th e  fo rm atio n  o f 
a  good  ohm ic c o n ta c t d u rin g  p re p a rin g  G u n n  diodes from  th is  s tru c tu re .

Fig. 6. M easurem ent results obtained on  GaAs layers prepared in  our labora to ry  by vapour
phase epitaxy [2 ]

Fig. 7. M easurem ent result ob tained  on n +-n L P E  layers made in  our laboratory
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T he ac tiv e  lay e r show s a decrease  of d o p a n t co n cen tra tio n  to w ard s  th e  su rface  
of th e  sam ple. T h is  is a d v an tag eo u s  in  re sp ec t o f dom ain  fo rm a tio n  and  e x tin c ­
tio n  as well as th e  te m p e ra tu re  d is tr ib u tio n  a n d  th e  e ffic iency  o f G unn d io d e .

4. M easurement of p -n  structures

A m b r id g e  a n d  F ak to r  [5] did n o t p ro p o se  to  p ro file  p -ty p e  GaAs in  a 
s im ila r w ay  as t h a t  used  fo r n - ty p e  GaAs. F o r  profiling  p - ty p e  GaAs a r e p e a t ­
ed  sw itch ing  fro m  anodic p o te n tia l  to  c a th o d ic  one w as app lied  b y  th e m . 
C athod ic  v o ltag e  o f  —1.3 Y  re la tiv e  to  th e  s a tu ra te d  ca lom el electrode, w ith  
a d u ra tio n  of sm alle r th a n  1 : 100 o f th e  sw itch in g  cycle, w as ap p lied  to  m easu re  
th e  cap ac itan ce  o f  th e  w ell-defined  S c h o ttk y  b a rrie r re v e rse  biased b y  th is  
vo ltag e . A fte r sw itch ing  b a c k  th e  d isso lu tion  to o k  place d u r in g  th e  re s t o f th e  
sw itch ing  cycle a t  th e  u su a l ano d ic  p o te n tia l. T h e  values o f  ca rr ie r  c o n c e n tra ­
tio n  o b ta in ed  b y  th e m  agree to  w ith in  the  u su a l to lerance  lev e ls  (abou t + 2 0 % ) ,  
w ith  va lu es  d e riv ed  from  H all-e ffec t m easu rem en ts .

W e h av e  m ad e  p ro filing  in  b o th  GaAs a n d  G aA si_x P x (x  =  0.38) p  + — n  
s tru c tu re s  w here th e  p + la y e r  w as form ed b y  Zn d iffusion. B u t we d id  n o t  
sw itch  th e  p o te n tia l  to  a ca th o d ic  one. T h e  m easu rem en t w as m ade u n d e r  a 
co n tin u o u sly  m a in ta in e d  an o d ic  cu rren t, as in  th e  case o f  n -ty p e  G aA s. 
O ne o f th e  profiles o b ta in ed  b y  us is show n in  F igs. 8 an d  9. T h e  p -ty p e  la y e r  
w as d issolved in  d a rk . D uring  app roach ing  th e  p —n  ju n c tio n  th e  c u rren t d e ­
creased  to  zero (F ig . 9c). T his m ad e  possible a v e ry  co n v en ien t m easuring  p ro ­
cess since th e  d isso lu tion  s to p p e d  a u to m a tic a llv  w hen th e  p - ty p e  lay er w as

junction

1 1.5 2 2.5 d [ p m ]

Fig. 8. Profile obtained on p-n GaAs0-62 Рол8 structure shortened by alloyed In  beads. The 
p layer was made by  Zn diffusion. In sert shows schem atically the s tru c tu re  measured
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Fig. 9. (a) Scheme of the s tru c tu re  measured, (b) Profile shown in  Fig. 8 . (c) The curren t 
m easured during profiling, (d) The “ phase angle” , dC/dV, m easured  during profiling

e tch ed  o ver. T herefo re , th e re  w as no n e e d  to  w ait fo r th e  m om ent w h en  th e  
p —n  ju n c tio n  w as reach ed . O n th e  o th e r  h a n d , a se lf-delineation  in  re sp e c t of 
th e  e tch in g  f ro n t  to o k  p lace  a t  th e  p —n  ju n c tio n .

To im p ro v e  th e  re su lts  w e m ade a sh o rt-c ircu it a t  th e  p —n  ju n c tio n  by  
a lloy ing  in d iu m  beads d e e p ly  enough in to  th e  e p ita x ia l layer. As is k now n , 
th e  I n  g ives ohm ic c o n ta c t to  b o th  n -  a n d  p -type  G aA s, G aA sP, G a P , etc., 
th e re fo re  i t  m ak es a sh o rt-c irc u it a t  th e  p —n  ju n c tio n .

T h e  “ p h ase  angle” , dC /dY , c h an g ed  also v e ry  a b ru p tly  n e a r th e  p —n 
ju n c tio n  (F ig . 9d). T his is  su sp ec ted  to  b e  due  to  o v e rlap p in g  of th e  tw o  de­
p le tio n  la y e rs .

T h e  c ircu m tan ces fo r  p ro filin g  p - ty p e  GaAs an d  o th e r  I I I —У  com pounds 
a re  w orse th a n  th o se  fo r n - ty p e  m a te r ia ls  because th e  S c h o ttk y  b a rr ie r  h e igh t 
in  p - ty p e  sem ico n d u cto r is in h e re n tly  lo w er in  eq u ilib riu m  th a n  th a t  in  n -ty p e  
m a te ria l. B u t in  sp ite  o f th is  d isa d v a n ta g e , th e  p - ty p e  sem iconducto r can  be 
p ro filed  b y  C —Y  m e th o d  even  in  th e  s lig h tly  fo rw ard  b iased  ran g e . D uring  
e lec tro ch em ica l p ro filing  th e  n -ty p e  m a te r ia l  can be  also  a s ligh tly  fo rw ard
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b ia sed  b y  illu m in a tio n  alone or ev en  b y  ap p ly in g  fo rw ard  b ias, to o . W ith  w ell­
b eh av in g  sem iconducto rs th e  v a lu e  o f  th e  d o p a n t co n cen tra tio n  does n o t change 
w hen  th e  b ias is changed  from  2 У  reverse b ia s  to  a fo rw ard  b ias  h av in g  a 
v a lu e  o f a few te n th s  o f vo lt.

W ith  p - ty p e  sem iconducto rs anod ic  d isso lu tio n  can be ach iev ed  b y  m a in ­
ta in in g  a sm all fo rw ard  bias w ith o u t using lig h t. The w id th  o f  th e  dep le tion  
la y e r  an d  re s t o f th e  b u ilt-in  p o te n tia l  ( ^ 0 .3  V) in  th is  s ligh tly  fo rw ard -b iased  
s ta te  can  be s till enough  to  acco m m o d ate  th e  50 mV RMS 3 k H z  te s t  signal 
m o d u la te d  a t  30 H z, 100 mV R M S, an d  to  g ive re su lts  of rea so n ab le  accu racy  
fo r th e  “ w ell-behav ing”  crysta ls .

R ev e rtin g  to  o u r m easured  p ro file  show n in  Fig. 8 th e  d e p th  of th e  p — n  
ju n c tio n  d e te rm in ed  from  th e  p ro file  was th e  sam e w ith in  0.1 pm  as th a t  
o b ta in e d  b y  SEM  m easu rem en ts on  c leaved  an d  e tch ed  surfaces. T h e  co n cen tra ­
tio n  o f th e  su b s tra te  o b ta in ed  b y  th e  profile  w as also  th e  sam e as t h a t  o b ta in ed  
from  H all-effect m easu rem en t. I t  is n o t  clear y e t ,  how ever, w h e th e r  th e  fe a ­
tu re s  d en o ted  b y  A  an d  В in  Fig. 9 h a v e  an y  p h y s ica l sense or th e y  a re  a rtifa c ts .

S im ilar re su lts  h av e  also been  o b ta in ed  o n  GaAs p —n ju n c tio n s  w here 
b o th  th e  p- an d  th e  n - ty p e  layer w ere  m ade b y  m u ltila y e r  v ap o u r p h ase  ep itax y .

5. Dopant profiles near the substrate surface

P h o to e lec tro ch em ica l p ro filin g  can  help  th e  ep itax ia l tech n o lo g y  in  
assessing th e  s u b s tra te  surface o n to  w h ich  th e  e p ita x ia l  lay er is to  be deposited . 
Tw o exam ples are  g iven  in  th is  p a ra g ra p h .

distance from the surface

Fig. 10. Change of the dopan t concentration near the surface of a bulk n-type GaAs polished 
mechanically and chemically before profiling. The bulk value of concentration determ ined by 

V an der Pauw  m easurem ent is shown by  dashed line
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Fig. 11. D opan t concentration near the surface of an epitaxial GaAs0 62 P0 38 layer before and 
after annealing a t  700 °C for 3 hours in sa tu ra ted  As4 vapour

D o p a n t d is tr ib u tio n  pro file  in  a b u lk  GaAs n e a r  th e  surface po lish ed  firs t 
m ech an ica lly  and  th e n  chem ically  is show n in  F ig . 10. As can he seen  in th e  
F ig u re  th e  d o p a n t c o n c e n tra tio n  o b ta in e d  by  H a ll-e ffec t m easu rem en t is th e  
sam e as t h a t  o b ta in ed  b y  th e  elec trochem ical p ro filin g , b u t on ly  fo r  regions 
b e ing  w ell (a t  leas t 0.6  pm  deep) b e n e a th  th e  su rface . In  th is  case th e  surface 
p re p a ra tio n  of th e  s u b s tra te  w as n o t  good.

In  a n o th e r case w e w an ted  to  sep a ra te  th e  effect o f an n ea lin g  on 
G aA s0.62P 0.38 e p ita x ia l lay e r. T he h e a t  cycle s im u la te d  th a t  used fo r  Zn diffu­
sion (700 °C fo r 3 h o u rs  in  s a tu ra te d  A s4 v ap o u r. A s can  be seen in  F ig . 11 th e  
d o p a n t p ro file  changed  d ra s tica lly  d u e  to  an n ea lin g  only  in  a reg io n  a few 
te n th s  o f  m icro m eter b e n e a th  th e  su rface . In  reg io n s m ore th a n  1.5 pm  deep 
b e n e a th  th e  surface th e  d o p a n t c o n cen tra tio n  p ro file s  coincide.
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N DOPING IN THE LIQUID PHASE EPITAXIAL  
GROWTH OF GaP : N LIGHT EMITTING DIODES

By

J .  P f e i f e r , L . C s o n t o s  and  M. G á l

RESEARCH INSTITUTE FOR TECHNICAL PHYSICS OF THE HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY*

G aP:N  green ligh t emitting p — n junction  diodes w ith  quantum  efficiencies a t 20 mA 
d.c. of 0.1% have been reproducible grown in a modified L P E  slider system. A correlation be­
tw een grow th defects caused by  solid G aN  traces present in  th e  m elt and lg I — V  and r/q - I  
characteristics of th e  diodes has been found.

In tro d u c tio n

R eco m b in a tio n  a t  th e  isoelec tron ic  t r a p  n itro g en  occupying  p h o sphorus 
sites sig n ifican tly  increases th e  e x te rn a l q u a n tu m  efficiency o f green  em ittin g  
e lec tro lu m in escen t ju n c tio n s  fo rm ed  in  G aP  [1, 2].

T he m ost e ffic ien t green lig h t e m ittin g  d iodes u tilize  liq u id  p h ase  e p ita ­
x ia l (L P E ) lay ers  grow n from  G a m elts  doped w ith  N  b y  ad d in g  N H 3 to  th e  
gas a m b ie n t [3 —16].

O w ing to  th e  chem ical re a c tio n

N H f +  G a1 ;± G aN 1 +  — H |
2 2

G aN  is fo rm ing  in  th e  grow th so lu tio n . T he solid so lu b ility  lim it o f N  in  G aP  
is h ig h e r th a n  th e  v a lu e  co rrespond ing  to  th e  p a r t ia l  p ressu re  o f N H 3 over 
liq u id  Ga in  eq u ilib riu m  w ith  solid G aN  [17].

N itrogen  c o n cen tra tio n  in  th e  grow n lay ers  is con tro lled  b y  th e  co n cen tra ­
tio n  o f  G aN  in  th e  Ga solution . I t  increases lin e a rly  w ith  P n h  u n til  P n h  
equals th e  above m en tio n ed  lim it a t  w hich  tim e  th e  N  co n cen tra tio n  reaches a 
c o n s ta n t va lue . T h e  m orphology  o f th e  L P E  lay e rs  becom es d is tu rb e d  a t  th is  
an d  h ig h er values o f P n h , [18]. In  th is  aspec t i t  m ak es no sense to  increase  th e  
p e rcen tag e  of th e  N H 3 in  th e  in le t gas over th e  equ ilib riu m  va lu e . T h ere  are, 
how ever, a rg u m en ts  in  fav o u r o f a n  in le t o f N H 3 pressures h ig h er th a n ^ th e  
e q u ilib riu m  in to  th e  g ro w th  system . N H 3 is n o t s ta b le  a t  th e  g ro w th  te m p e ra ­
tu re s . Q u a rtz  an d  g ra p h ite  h av e  c a ta ly tic  effect on N H 3 decom position  [19]. 
T he a c tu a l va lue  o f P n h , over th e  g ro w th  so lu tion  can  be su b s ta n tia lly  low er

* Address: 1325 B udapest, Ú jpest 1, P.O. Box 76 H ungary.
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th a n  th e  v a lu e  c a lc u la te d  from  th e  re la tiv e  in le t N H 3 a n d  H 2 flow  ra te s  [18]. 
T h e re fo re  an  e x p e rim e n ta l o p tim a liz a tio n  is n eeded  in  ev e ry  g ro w th  system .

I n  th is  p a p e r  w e re p o rt on th e  e ffec t o f N H 3 p ressu re  v a ried  in  th e  range 
o f  th e  G aN  so lu b ility  lim it on th e  g ro w th  of G aP  L P E  layers an d  on som e of 
th e  d iode  p a ra m e te rs  e.g. q u a n tu m  effic iency  an d  lg  I — V  ch a rac te ris tic s .

Experim ental procedure

T h e  L P E  m e th o d  used to  grow  ju n c tio n s  show n in  F ig . 1 u tilizes the  
s lid e r  sy s tem  in  w h ich  a  (111) B n - ty p e  S -doped L E C  su b s tra te  is m o v ed  u n d er 
a  G a -rich  so lu tio n  o f  G aP . T he d o p a n ts  w ere S fo r th e  n -ty p e  layers orig inally  
p re s e n t  in  th e  m e lt as a b a ck g ro u n d  im p u r ity  a n d  Zn fo r th e  p - ty p e  layers

H2 + NH3

melt source substrate 
seed

Fig. 1. Schem atic representation  of the slider boat used for the grow th of GaP ligh t em itting
junctions

in tro d u c e d  from  th e  gas phase d u rin g  th e  cooling cycle. D eta ils of th e  Zn dop- 
in g  h a v e  been  p u b lish ed  elsew here [20].

T h e  g ro w th  ru n s  were s ta r te d  ty p ic a lly  a t  990 °C a fte r  th e  desired  period 
o f s a tu ra t io n  w ith  N H 3 a t th e  sam e te m p e ra tu re . Cooling ra te s  o f 1 °C m in -1 — 
3 °C m in -1  w ere u se d  and  th e  la y e rs  w ere grow n over te m p e ra tu re  in te rv a ls  of 
140 °C. T he g ro w th  tech n iq u e  used  h ere  is s im ilar to  t h a t  described  b y  [10 — 15]. 
H o w ev er, fo r th e  diodes describ ed  in  th is  p a p e r, tw o  v a r ia n ts  o f th e  Ga 
m e lts  w ere u sed . S evera l g ro w th  ru n s  w ere m ad e  using  n e a r eq u ilib riu m  solu­
tio n s  of G aP . In  a n o th e r series o f  g ro w th  ru n s  tw o  seeds w ere u sed . T he f irs t 
seed  is used  as th e  source to  e q u ilib ra te  th e  b o tto m  of th e  m e lt s a tu ra te d  w ith  
n itro g e n  b u t  co n ta in in g  no p h o sp h o ru s  an d  th e  second seed as th e  su b s tra te  
fo r  th e  desired  g ro w th . The le n g th  o f th e  tim e  w hen  th e  slider is p o sitio n ed  so 
t h a t  th e  source seed  in  u n d e r th e  m e lt is n o t long  enough to  en su re  th e  to ta l  
s a tu ra t io n  o f th e  m elt. I t  rem a in s  q u a s i-sa tu ra te d .

F igs. 2 a n d  3 show  th e  sch em a tic  re p re se n ta tio n  o f th e  b o a t a n d  th e  con­
c e n tra tio n  p ro file  o f p h o sphorus fo r  g row th  ru n s  w ith  q u a s is a tu ra te d  m elt. 
A fte r  th e  co m p le tio n  of th e  g ro w th  cycle th e  slices w ere rem oved  fro m  th e  fu r­
n ace , c leaned , th in n e d  an d  p ro v id e d  w ith  e v a p o ra te d  gold a llo y  co n tac ts  
(n - ty p e : A u —Ge — N i, p -ty p e : A u —Be) w hich  w ere alloyed  in to  th e  c ry s ta l
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a t  600 °C an d  500 °C, resp ec tiv e ly . Chips w ere th e n  o b ta in ed  fro m  th e  c o n tac ted  
slice b y  scrib ing  on th e  p su rface  and  b reak in g . T he chips w ere th e n  b o nded  to  
d iode headers a n d  th e  p-side c o n ta c t was m ad e  b y  therm ocom pression  of gold 
w ire.

A fte r a l ig h t e tch ing  th e  d iodes were covered  b y  an  ep o x y  resin . H ow ever, 
th e  fab rica tio n  o f  th e  diodes w as iden tica l fo r ev e ry  slice. T h e  cleav ing  p rocess 
does n o t ensu re  th e  s ta n d a rd iz e d  sam ple g eo m e try  necessary  fo r a m ean ingfu l 
com parison  o f th e  ex te rn a l q u a n tu m  efficiency o f in d iv id u a l diodes. T herefore 
g roups of n onselec ted  diodes w ere  m easured an d  com pared.

t i g .  2. Junction  s tructu re  with m etal contacts of a green LED. Double epitaxial layers of 
n- and p-type G aP are grown on n -type  GaP substrate.

Fig. 3. The d istribution  of phosphorus in  the melt being in  contact w ith the source seed (a). 
The d istribution of phosphorus in th e  m elt being in con tac t w ith the su b stra te  during the 
copling cycle (b). Profile 2 is more developed in time th a n  profile 1. CP liquidus concentration

of phosphorus
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R esults and discussion

F ig . 4 show s th e  q u a n tu m  efficiencies o f th e  devices w h ich  w ere fa b ric a te d  
fro m  d iffe ren t ru n s  as a fu n c tio n  o f d iode  c u rren t. I n  F ig . 4a th e  re su lts  o f 
n o n -n itro g en -d o p ed  devices are  p re se n te d  fo r com parison . I n  Fig. 4b th e  re su lts  
o f v e ry  h ig h ly  doped  devices are  p re sen ted . T he n itro g en  co n cen tra tio n  in  these  
sam p les  w as e s tab lish ed  b y  m a in ta in in g  a p a r tia l  p re ssu re  of N H 3 over th e  
m e lt h ig h e r th a n  su ffic ien t to  fo rm  G aN . A  one-step  g ro w th  process o n to  th e  
s u b s tra te  seed w as u sed  in  th is  ru n . M oving th e  m elt over th e  su b s tra te  acco rd ­
in g  to  th e  one-step  p rocess th e  se p a ra te d  solid  pa rtic le s  o f  G aN  orig inally  f lo a t­
in g  on th e  to p  o f th e  so lu tion  w ould  g e t in to  co n ta c t w ith  th e  su rface o f th e  
s u b s tra te  an d  give rise  to  g ro w th  defects show n in F ig . 5. T h is ty p e  o f g ro w th  
d e fec ts  b eh av e  like sh o rt-c ircu its  in  th e  p —n  ju n c tio n . T h e  leakage c u rre n t 
o f  th e  sh o rt c ircu its  is h igh , as show n in  F ig . 6a, an d  a sign ifican t p o r tio n  of 
th e  d iode  c u rre n t gives no  c o n tr ib u tio n  to  th e  em ission (F ig . 4b, in itia l p a r t  of 
th e  rjq — I  curves).

H ow ever, som e o f th e  devices o f th is  g ro w th r u n  a re  efficient. T h e  g row th  
fro m  n itro g e n -sa tu ra te d  an d  p h o sp h o ru s-q u a s isa tu ra te d  m elt, i.e. th e  use of 
a tw o -s te p  p rocess e lim in a tes  th e  g ro w th  defects an d  th e  h igh  leakage c u rre n t

Fig. 4. The quan tum  efficiency for groups of diodes from different growth runs as a function 
of current, a) K428: w ithout N addition; b) K423: uncontrolled JNH3 flow, d is tu rbed  layer; 
c) N K609: N  concentration: 1.1017 c m - 3; d) NK1102: N concentration: 5.1018 cm -3 , saturation  

tim e: 15 m in; e) NK1108: N  concentration: 5.1018 cm -3 , sa tu ra tion  tim e: 60 min
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Fig. 5. G rowth defects caused by  GaN in G aP :N  epitaxial junctions, a) Optical m icrograph; 
b), c) SEM m icrographs. The cleaved junctions are delineated in a 

K O H —K 3(Fe(CN)6) etchant

o f th e  ju n c tio n s  (F ig . 6b an d  c) and  in creases  th e  av e rag e  q u an tu m  efficiency 
o f th e  devices.

T he m easured  dependence  of th e  q u a n tu m  effic iency  upon d iode c u rre n t 
an d  n itro g e n  doping  level fo r devices fa b r ic a te d  from  ru n s  b y  tw o -s tep  g row th  
process is show n in  F igs. 4c, 4d an d  4e. T h e  in crease  in  th e  e ffic iency  was 
ach ieved  b y  v a r ia tio n  o f th e  p ercen tag e  o f N H 3 in  th e  gas am b ien t a n d  the  
sa tu ra tio n  tim e  used  in  th e  lay er g ro w th . N itrogen  co n cen tra tio n  w as d e te r­
m ined  b y  th e  m easu rem en t of th e  o p tica l ab so rp tio n  [21] in  th e  lay e rs . L ittle  
is know n on th e  d is tr ib u tio n  of in c o rp o ra te d  n itrogen  in  th e  layers an d  th e  v alue  
o f th e  n itro g e n  c o n c e n tra tio n  a t  th e  p —n  ju n c tio n  cou ld  on ly  be e s tim a te d  from  
th e  e lec tro lu m in escen t sp ec tra .

T h e  m ax im u m  v a lu e  o f ex te rn a l q u a n tu m  effice incy  (0.1% ) w as o b ta in e d  
w ith  d iodes from  ru n s  ch a rac te rized  b y  a sa tu ra tio n  tim e  o f 60 m in u te s  in
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Fig. 6. Ig / — V  characteristics for groups of diodes from  different g row th  runs, 
a) K423 uncontrolled N H 3 flow, d is tu rbed  layer; b) N K1108 N concentration: 5 • 1018 cm -3 ; 

c) NK1102 N concentration: 5 • 1018 cm - 3

a  0 .1 %  N H 3 c o n ta in in g  am b ien t (F ig . 4e). T h e  av e rag e  n itro g e n  co n cen tra tio n  
fo r  th e  devices sh o w n  in  Fig. 4e w as 5 • 1018 c m - 3 . Low er p e rc e n ta g e  of N H 3 
(F ig . 4c) an d  s h o r te r  sa tu ra tio n  t im e  (Fig. 4d) y ie lded  low er q u a n tu m  effici­
en c ies . H ow ever, th e  average  n itro g e n  c o n c e n tra tio n  fo r th e  dev ices p resen ted  
in  F ig . 4d w as 5 • 1018 c m -3  likew ise.
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THIN PHASE EPITAXY OF I I I - V  COMPOUND 
SEMICONDUCTORS »
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The m ain point of sim ilarity betw een Solid Phase E p itax y  (SPE) and T hin Phase 
E p itax y  (TPE) developed by the au tho r et al for making good ohmic contac ts to  low-doped 
n -type GaAs is th a t b o th  have a th in  (- 1 /tin) phase from which the epitaxy of a sem iconduct­
or m aterial takes place. However, in con trast to  solid phase epitaxy an additional vapour, 
“beam ”  or solid phase is involved, too. The role of the additional phase is to  p reven t the loss 
o r to supply an excess of the volatile com ponent(s), such as arsenic and phosphorous, during 
the epitaxial growth. The non-volatile com ponent, such as Ga, A1 or In , is deposited into 
the th in  phase prior to  T PE.

The basic concepts and realizations of SPE  and T P E  are summarized. A fter reviewing 
th e  experim ental results of T P E  on m aking ohmic contacts to  GaAs and In P  th e  application 
of T P E  in the GaAs M OSFET technology is described. Then, re la ted  experim ents and  processes 
as well as alloying w ith  short-duration, spike-type heat cycles by using furnace heating or 
pulsed laser or electron beam s are reviewed.

1. In tro d u c tio n

C om pound sem iconducto r devices, such  as l ig h t em ittin g  d iodes, field 
effect tra n s is to rs  an d  G unn d iodes, p rov ide  effic ien t an d  long-life opera tio n  
o n ly  i f  th e y  h av e  low -resistance  ohm ic co n tac ts  w ith  h igh  m e ta llu rg ica l s ta b i­
li ty . T h e  m ost re liab le  devices can  be o b ta in ed  b y  ohm ic c o n ta c ts  h av in g  a 
h ig h ly  doped an d  su ffic ien tly  th ic k  sem iconducto r c o n ta c t lay er b e tw een  the  
c o n ta c t m e ta l an d  th e  ac tiv e  sem ico n d u c to r reg ion . F o r m an y  devices th e  
th ic k n e ss  of th e  sem ico n d u cto r c o n ta c t lay e r has to  be in  th e  ran g e  o f 0.01 — 
1 /tm . T he d o p a n t co n cen tra tio n  in  th e  c o n ta c t lay e r m u st be above 1019 c m -3 
fo r m o st device ap p lica tio n s . Such c o n ta c t layers are  n o t p roduced  b y  v ap o u r 
p h ase  ep itax y  (V PE ) or liqu id  p h ase  e p ita x y  (L P E ) w hich  are g en era lly  used 
fo r th e  p ro d u c tio n  o f th e  ac tive  e p ita x ia l layers. O ne of th e  u su a l w ays is to  
p re p a re  L P E  or V P E  c o n ta c t lay e rs  so th in  and  h ig h ly  doped as possib le  (e.g. 
w ith  a th ickness o f a few  te n th s  o f m icrons an d  w ith  a co n c e n tra tio n  o f ab o u t 
1018 c m -3 ;) an d  th e n  to  ra ise  th e  c o n cen tra tio n  n e a r  its  surface b y  alloy ing  a 
su itab le  co n tac t m e ta l on i t .  T his c o m b in a tio n  of e p ita x y  and  a lloy ing  genera lly  
gives v e ry  good re su lts , h u t  as a process i t  is som etim es to o  so p h is tic a ted  for 
p ra c tic a l app lica tio n s because o f th e  m u ltilay e r e p ita x y  and  th e  sep ara te  
c o n ta c tin g  process inv o lv ed . T his is w h y  th e re  is an  in te re s t  in  p ro d u c in g  bo th

* Address: 1325 B udapest, Ú jpest 1, P.O. Box 76 H ungary.
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th e  c o n ta c t m e ta l a n d  th e  h igh ly  d o p ed  c o n ta c t la y e r  in  one p rocessing  si ep. 
T h is  c a n  be done b y  th in  phase e p ita x y  described  in  th e  follow ing.

T h e  o th e r u su a l w ay  of m ak in g  ohm ic c o n ta c t is th e  well k n o w n  c o n ta c t 
a llo y in g . T his is a lso  good for co m p o u n d  sem ico n d u c to r m a te ria l h av in g  a n o t 
to o  low  d o p a n t c o n c e n tra tio n . T h e  a lloy ing  is, h o w ever, a v e ry  c ru c ia l p rocess­
in g  s te p  since th e  o p im u m  alloying te m p e ra tu re  ra n g e  is narrow  a n d  depend ing  
o n  m a n y  processing  p a ram e te rs . L o n g  alloying tim es  or te m p e ra tu re s  differing 
f ro m  th e  o p tim u m  one re su lt in  h ig h  specific c o n ta c t res is tan ce  d u e  to  incom ­
p le te  a lloy ing  or b ecau se  of th e  v o la tile  com ponen t e v a p o ra tin g  o u t o f th e  m e ta l 
sy s te m . T he e v a p o ra tio n  loss o f th e  vo la tile  co m p o n en t o f th e  com pound  
sem ico n d u c to r p re v e n ts  th e  re g ro w th  of a su ffic ien tly  th ick  sem iconducto r 
c o n ta c t  layer.

In  th e  th in  p h a se  ep itax y  th e  loss of th e  v o la tile  com ponen t is p rev en ted  
b y  a p p ly in g  an  en c a p su la tio n  o r/a n d  an  overp ressu re  o f th e  v o la tile  com ponen t. 
I n s te a d  of h av in g  e v a p o ra tio n  loss even  a co n tin u o u s  supp ly  o f th e  vo la tile  
co m p o n e n t is possib le  in  th is  w ay . I f ,  before a lloy ing , th e  n o n v o la tile  com po­
n e n t  is deposited  in to  th e  m eta l sy s te m , a syn th esis  o f th e  sem ico n d u cto r m ate-

a) Ge substrate I A1 layer at room temp, 
before SPE

b) heating upGe Al+ Ge

c) 1 Ge AH- Ge annealing

d) 1 Ge \: Al + Ge \ SPE during 
1 cooling down

^ G e(R )t-A l

e )  I Ge I Al +  Ge П at room temp. 
J  after SPE

Fig. 1. Illustration  of th e  several phases a, b, c, d, e of solid phase epitaxy (SPE ) of a simpl ■ 
eu tec tic  system  (f). In  th is case S P E  is a  separation of a crystalline Ge layer, Ge(R), from 

the A1 +  Ge solid solution. SPE  occurs during cooling down (d).
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substrate deposited layers

at room 
temperature 
before SPE

after the 
annealing 
start

near the end 
of the 
annealing

at room 
temperature 
after SPE

Fig. 2. Iso therm al SPE for making thick (*« 1 /mi) regrown layer, p + Ge(R), due to  the  tran s­
port of am orphous Ge layer, Ge(a), through th e  A1 layer. The tran spo rt process consists of 

dissolution of Ge(a) by  Al, the diffusion and the precip itation  of Ge atom s.

l iai is possib le  from  th e  sep ara te ly  su p p lied  e lem en ts. T h is sy n th esis  is ta k in g  
place as an  e p itax ia l p rocess p ro m o ted  b y  th e  m e ta l-sem ico n d u c to r in te rface . 
T h e  th in  ph ase  e p ita x y  (T P E ) is in  som e respec ts  s im ila r to  solid p h ase  e p ita x y  
(S P E ) a n d  also to  th e  o th e r  ep itax ies. T P E  is som etim es confused w ith  S P E  
because o f  th e  s im ila rities.

T herefo re , before  rev iew ing  th e  deve lopm en ts in  T P E  th e  m ain  concep ts 
an d  rea liza tio n s  of S P E  w ill be sum m arized  to  m ake c lea r  th e  a sp ec ts  fo r th e  
com parison  of T P E .

2. Solid phase epitaxy (SP E )

T he basic  goal o f S P E  is to  ach ieve ep itax ia l g ro w th  b y  m eans o f solid- 
s ta te  reac tio n s  a t m uch  low er te m p e ra tu re s  th a n  tho se  n eed ed  fo r th e  fo rm a tio n  
o f e u tec tic  or com pound  com positions [1, 2].

S P E  can  be rea lized
— b y  using t r a n s p o r t  m edium , su ch  as th in  e lem en ta l o r com p o u n d  

m e ta l layers, or
— b y  app ly ing  no  m e ta l tr a n s p o r t  m edium .
In  th e  f irs t  case, e.g . a th in  Al la y e r  (100 —1500 n m ) on a Ge single c ry s ta l 

S P E  is basica lly  a sep a ra tio n  process o f c ry s ta ls  ou t o f  solid so lu tion  (F ig . 1).
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at room 
temperature 
before SPE

after annealing 
at 280 °C for 
20 min

SPE during 
annealing 
at 600°C

at room 
temperature 
after SPE

Fig. 3. To rem ove th e  th in  oxide layer P d  is used for m aking SPE on Si substrates. PdS i2 is 
easily  formed th ro u g h  silicon oxide, too. Palladium  silicide PdxSiy can serve as a transport 
m edium  during iso therm al SPE. D uring SPE  am orphous silicon, Si(a), dissolved and tran s­
p o rted  through th e  P d xSix layer and as a result a silicon layer, Si(G), is grown on the crystalline

substra te , Si(xtal).

I f  th e  solid so lu tio n  is fo rm ed  b y  d isso lu tion  o f th e  sem iconducto r in to  th e  
m e ta l layer d u r in g  th e  h ea tin g  u p  o r th e  an n ea lin g  p a r t  of th e  h e a t  cycle, up o n  
cooling  th e  m e ta l  lay e r becom es su p e rsa tu ra te d  and  re c ry s ta lliz a tio n  a t  th e  
m e ta l-se m ic o n d u c to r in te rface  ta k e s  place. I n  th is  case S P E  is v e ry  sim ilar 
to  th e  w ell-know n alloying p rocess. The m ain  d ifferences a re  th a t  th e  te m ­
p e ra tu re  is low  a n d  no m eltin g  ta k e s  p lace, i.e . in stead  of a lloy ing  th is  is a 
s in te rin g  p rocess. H ow ever, to  g e t an  ep ita x ia l g row th  a slow cooling ra te  and  
th e  p ro p er cho ice  o f th e  m e ta l la y e r  are n eed ed . G enerally , th is  sim plest re a l­
iz a tio n  of S P E  re su lts  in  a v e ry  th in  reg row n la y e r  because o f  th e  low so lub i­
l i ty  lim it.

To get th ic k e r  S P E  lay e rs  a n  excess o f th e  sem ico n d u cto r m a te ria l m u s t 
b e  supp lied  d u r in g  th e  ep itax ia l g row th . A n ingenious so lu tion  o f th is  p rob lem  
w as to  d ep o sit th e  sem ico n d u cto r m a te ria l in  am orphous s ta te  on to  th e  to p  
o f  th e  m e ta l la y e r  (F ig. 2). In  th is  case th e  m e ta l lay e r ac ts  b o th  as a so lv en t 
a n d  as a t r a n s p o r t  m edium  b e tw een  th e  am o rp h o u s and  th e  c ry s ta llin e  p h ase  
o f  th e  sem ico n d u c to r m ateria l. S ince th e  am o rp h o u s phase of th e  sem iconducto r 
h a s  a h ig h er free  energy th a n  i ts  c ry sta llin e  p h ase , a tra n s p o r t  process m ay  
ta k e  place fro m  th e  am orphous to  th e  c ry s ta llin e  phase  a t  a constant (e levated) 
te m p e ra tu re , to o  [3].

The su rfaces  of silicon s u b s tra te s  g en era lly  co n ta in  a th in ,  n a tiv e  oxide 
la y e r  even a f te r  carefu l c lean ings. This ox ide la y e r  p rev en ts  u n ifo rm  in te ra c -
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tio n s  (i.e. a good w e ttin g ) be tw een  th e  su b s tra te  a n d  th e  m e ta l la y e r. This 
re su lts  in  an  is land  s tru c tu re  of th e  S P E  layer. A n ex ce llen t so lu tio n  of th is  
p ro b lem  is based  on th e  choice o f c o n ta c t m e ta l ab le  to  in te ra c t w ith  silicon 
su b s tra te  even th ro u g h  th e  in te n tio n a lly  grow n oxide la y e r  m ade b y  boiling 
th e  Si S u b s tra te  in  H N 0 3 or H 20 2. T he b es t choice fo r  th is  aim  is a th in  Pd 
lay e r (F ig . 3). The in te ra c tio n  b e tw een  P d  and  Si re su lts  in  a P d 2Si silicide layer 
w hich  allow s the  tra n s p o r t  o f Si a to m s th ro u g h  itse lf  [4]. T h e  Si(a) — P d —Si(xtal) 
s tru c tu re  becom es a S i(a )—P d 2Si— S i(x ta l)  s tru c tu re  d u e  to  an  an n ea lin g  process 
a t  280 °C fo r 20 m in u te s  an d  th e  in c rea se  of te m p e ra tu re  of 600 °C fac ilita te s  
th e  Si tra n s p o r t  th ro u g h  th e  silicide lay e r and  th e  S P E  grow th  on th e  silicon 
su b s tra te , as i llu s tra te d  in  Fig. 3.

I f  oxide-free in te rfaces  are p ro d u ced  b y  u sin g  an  u ltra h ig h  v acu u m  
system  or b y  h ea tin g  th e  su b s tra te s  to  h igh  te m p e ra tu re s  hom o- o r h é té ro ­
é p ita x ia l g row th  can  be m ad e  b y  w ell-know n m ethods, such  as v a cu u m  ev ap o r­
a tio n , pyro lysis o f silane, ion  sp u tte r in g . Io n  im p la n ta tio n  offers a new  w ay 
fo r g e ttin g  in terfaces free  o f any  o x ide  or d ir ty  lay e rs . B ipo lar s tru c tu re s , 
b u ried  collector lay ers  an d  g rea te r  th ro u g h p u t in  p ro d u c tio n  ru n s  requ ire  
h igh-dose (1015 to  1016 c m -2) ion im p la n ta tio n  w hich  p roduces an  am orphous

before ion 
implantation

d)
SPE during 
annealing

e) after SPE

Fig. 4. A morphous Si layer, Si(a), produced by  high-dose im plantation  has a very pure in te r­
face w ith the substrate. The regrown Si layer, Si(R), is readily form ed w ithout any  tran sp o rt 

medium. SPE  is in this case an  interface crystallization process.
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la y e r  on th e  su rface  o f  th e  sem ico n d u c to r m a te ria ls . In  th is  case, th e  in terface  
b e tw een  th e  am o rp h o u s  and  th e  cry sta llin e  p h ase  is in h e re n tly  clean , free of 
a n y  oxide or d i r ty  lay e rs  since i t  is never exposed  to  a m b ie n t. D uring  th e  
a n n e a lin g  fo llow ing  th e  ion im p la n ta tio n  an  S P E  process ta k e s  p lace (Fig. 4).

3. The basic concepts o f thin phase epitaxy (T PE )

To overcom e th e  techno log ica l difficulties in  g e ttin g  good ohm ic con tac ts  
to  low -doped  n - ty p e  GaAs, th e  a u th o r  e t a l dev e lo p ed  a p rocess in  1974 w hich 
is  o ften  co n sid ered  to  be a sp ec ia l case o f S P E  [5, 6]. W e h a v e  called th is  
p rocess T h in  P h a se  E p ita x y  (T P E ) because i t  w as proposed  fo r b o th  th in  solid 
p h a se  an d  th in  liq u id  phase. In  com parison  w ith  liq u id  phase e p ita x y  th is  nam e 
em phasizes t h a t  th e  phase  fro m  w hich  th e  e p ita x y  tak es  p lace  is th in . Some-

regrown layer

Fig. 5. Illu stration  of the disadvantage of solid phase ep itaxy  in the case of GaAs and o ther 
I I I —Y or I I —V I compound sem iconductors having a volatile com ponent. A t elevated tem ­
peratures the volatile  component evaporates out of th e  th in  m etal layer having a high surface 
to  volume ratio . D uring cooling dow n only a very th in  regrow n layer, GaAs(R), can be obtained 
because in  the  m etal layer no arsenic oversaturation can be achieved a t  elevated tem pera­

tures suitable for effective regrowth.
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Fig. 6. One of the first m easurem ent results illustrating th e  excess arsenic loss over the usua 
con tac t m etal systems of GaAs [8 ]. F or comparison the arsenic evaporation ra te  over the pure

GaAs is also shown.

tim es  th is  process h as  also been  reg a rd ed  as th in  film  e p ita x y  (H a r t n a g e l  
a n d  co-w orkers [7]). T he te rm  th in  film  e p ita x y  is, how ever, a d en o m in a tio n  
fo r an y  k in d  o f e p ita x ia l g ro w th  involved  in  th in  film  tech n o lo g y , e.g. an  
e p ita x ia l g row th  o f m e ta l film s on sem ico n d u cto rs , in su la to rs , e tc . d u ring  or 
a f te r  deposition .

F ig . 5 illu s tra te s  th e  consequence of th e  excess arsen ic  loss during  th e  
an n ea lin g  process. T h e  arsenic loss has been m easu red  b y  u s  in  s itu  using  a 
q u ad ru p o le  m ass sp ec tro m ete r. F ig . 6 shows som e o f th e  f ir s t  re su lts  o b ta in ed  
[6]. A regrow n c o n ta c t lay e r th in n e r  th a n  th e  screening le n g th  resu lts  in  a 
non -ohm ic  b e h av io u r [9]. To g e t a th ic k e r reg ro w n  lay e r th e  excess arsenic 
loss m u st be  avo ided  b y  using  v e ry  sh o rt alloy ing  tim e , as w ill be d iscussed  la te r , 
or b y  p rev en tin g  th e  ev ap o ra tio n  of th e  v o la tile  com ponen ts.

F ig . 7 sch em atica lly  show s th e  versions o f T P E . The en cap su la tio n  show n 
in  F ig . 7a can be b ased  on silicon oxide, a lu m in iu m  oxide or silicon  n itr id e  e tc . 
lay e rs  dep o sited  on th e  to p  of th e  m e ta l sy stem s. T h is can be re g a rd ed  as IM S 
en cap su la tio n . Such in su la tio n  lay e rs  are w idely  u sed  for p re v e n tin g  th e  arsenic 
loss d u rin g  an  e p ita x ia l reg ro w th  o f am orphous com pound  sem ico n d u cto r 
lay ers  m ad e  b y  h igh  dose im p la n ta tio n  or d u ring  th e  p ost im p la n ta tio n  an n ea l­
ing  to  m ake th e  im p la n te d  species e lec trically  ac tiv e . This v e rs io n  of T P E  can  
easily  be realized  in  a ll lab o ra to rie s  w here p o s t- im p la n ta tio n  an n ea lin g  of th is  
ty p e  is fac ilita ted . T h em  ain d isa d v a n ta g e  of th is  m e th o d  is t h a t  i t  is a r a th e r  
so p h is tic a ted  one a n d  needs g en era lly  an  excess h ig h -te m p e ra tu re  process to  
d eposit th e  in su la tin g  layer. T h e  anod ic  o x id a tio n  of th e  m e ta l lay e r to  be  
d iscussed  la te r  is, how ever, a low  te m p e ra tu re  process fo r in su la to r  lay e r 
p ro d u c tio n .
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a)

su b stra te  deposited  lovers
contact SÍO2 ° r

GaAs metal Si?N? or
sy stem A120 3 etc
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sy s tem s
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d)
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liquid
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dynam ic 
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Fig. 7. The versions of T P E  avoiding the excess arsenic loss a t e levated  tem peratures by apply­
ing: (a) solid phase, (b, c) vapour phase and (d) “ beam  phase” over the  contact m etal system. 
The epitaxial synthesis on th e  GaAs substrate takes place from Ga deposited into th e  contact 
m etal and from  As supplied by  the vapour (b, c) phase or “ beam ”  (d) phase a t  elevated

tem peratures.

Sealed  q u a rtz  am pou les are w id e ly  used  fo r th e  diffusion o f com pound  
sem iconducto rs. T he rea liza tio n  o f  T P E  w ith  a sealed  q u a rtz  am poule 
(F ig . 7b) is a s tra ig h tfo rw a rd  possib ility  in  any  la b o ra to ry  w here d iffusion  is 
m ade in  th is  w ay. T h e  m a in  d ifferences are  th a t  in s te a d  of a n a k e d  c ry s ta l 
a m e ta l-co v ered  sam ple  is used an d  low er te m p e ra tu re  is needed. W e p lan  to  
use th is  version  of T P E  in  th e  n e a r fu tu re  since o u r L a b o ra to ry  is equ ipped  
w ith  all facilities.

T he rea liza tio n  o f T P E  b y  th e  m e th o d  i l lu s tra te d  in  Fig. 7 a n d  Fig. 8 
was m ad e  b y  th e  a u th o r  e t al in  1974 [5, 6]. In  th is  m e th o d  th e  sea ling  is m ade 
b y  d ip p in g  th e  openings o f  th e  am pou le  in to  liq u id  In  or Ga. D ip p in g  in to  or 
ou t o f liq u id  m eta l is m ad e  b y  ro ta tin g  th e  push  rod  v ia  a W ilson seal. A n o th er 
b u t  v e ry  sim ilar re a liz a tio n  of T P E  w as la te r  described  by  H a r t n a g e l  [10]. 
F ig. 7d show s a d y n am ic  sealing sy s tem  w hich can  be  realized  in  lab o ra to rie s  
w here m o lecu lar b eam  techno logy  is u sed . In  th is  v e rs io n  of T P E , in s tead  o f
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Fig. 8. The system  used in the first realization of T P E  [5, 6]. The sample holder is shown in
detail in  Fig. 7c.

Fig. 9. The newest realization of T P E  corresponding to Fig. 7d [12]
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Table I

A sum m ary of the main characteristics and

Epitaxial
process Phases involved

Type phase 
thickness 

(cm)
Type semicond. Type temperatures

(°C)

L PE Liquid 0 . 1 - 1 I I I - V 7 0 0 -8 0 0

V PE Vapour 1-10 Si
I I I - V 7 0 0 -8 0 0

MBE “ Beam” 1-1 0 I I I - V 350—450

SPE Thin solid 0 1 Cn 1 i—
1 

О
 1 * Si

Ge 3 5 0 -6 0 0

Thin solid or liquid 10-5—1 0 -4

T PE
A dditional solid vapour or 

“ beam ”
10- 5- 1 0 - 4

or
1-10

I I I - V 3 5 0 -6 0 0

arsen ic  v a p o u r , a n  arsen ic  m o lecu la r b eam  is u sed  to  p re v e n t th e  a rsen ic  loss 
fro m  th e  th in  m e ta llic  phase . T h is m e th o d  o f T P E  h as been  d ev e lo p ed  a t  our 
I n s t i tu te  in  1978 [11, 12] an d  is i l lu s tra te d  in  m ore d e ta il in  F ig . 9. T h e  d iffer­
ence  b e tw een  m o lecu la r b eam  e p ita x y  an d  th is  vers io n  of T P E  is t h a t  M BE 
is a  su rface  p rocess since no t r a n s p o r t  m ed ium  is used . T P E  is, how ever, an  
in te rfa c e  process since  a liq u id  o r so lid  tra n s p o r t  m ed iu m  is used.

F ig . 10 sch em atica lly  show s th e  versions o f T P E  an d  th e  a b b re v ia tio n s  
p ro p o sed  fo r  th e m .

4. A comparison o f the epitaxial processes

T ab le  I  g ives a su m m ary  of th e  m ain  c h a rac te ris tic s  and  th e  im p o r ta n t 
p a ra m e te rs  o f th e  e p ita x ia l process. L P E  an d  У Р Е  are well deve loped  and  
w ide ly  u sed  e p ita x ia l processes in  th e  fa b ric a tio n  o f sem ico n d u c to r devices. 
M B E  is now  u n d e r  d eve lopm en t fo r  so lv ing  special p roblem s en co u n te red  in  
sem ico n d u c to r tech no logy . M B E  h a v e  been  also successfully  used  fo r  nonalloyed  
ohm ic c o n ta c ts  b y  m ak in g  v e ry  h ig h ly  doped  (^>1019 c m -3 ) sem ico n d u cto r 
c o n ta c t lay e rs  a n d  depositing  in  s itu  th e  c o n ta c t m e ta l layer, to o  [13, 14].
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im portan t param eters of epitaxial processes

Type thickness 
of epilayer 

(fUn)
Contamination

No. of dimen­
sions

controllable
Formation of ohmic 
contacts on epilayer Typical applications

10-100 low l difficult or easy
layers or multilayers for GaP, 

GaAsP, GaP, GaAlAs 
devices

2 -2 0 low l

_

difficult or easy layers or multilayers for Si, 
GaAs, In P  devices

0 . 0 1 - 1 not bad l very difficult or 
very easy

very th in  m ultilayers ohmic 
contacts

0 . 0 1 - 1 high
3

during SPE ohmic contacts to Si; Schottky 
diodes shallow p-n junctions

photo­
lithography

0 .0 1 -0 .5 high during TPE
ohmic contacts to I I I —У and 

I I —VI semiconductors; 
shallow p-n junctions3

S or V or В

L or S
V/////////777?

(xtal)

■ additional phase

-thin phase  
-TPE layer

-substrate

notation thin phase additional phase

TlPE(S) liquid solid

Ts PE(S] solid (Fig. 7a)

TlPE(V) liquid vapoudFig. 8)

TSPE(V) solid (Fig.7.b o re)

TlPE(B) liquid "beam" (Fig. 9.)

TS PE(B) solid (Fig. 7 d )

Fig. 10. Sum m ary of the realization  possibilities and notations of T P E
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T h e  o th e r p rom ising  ap p lica tio n  of M B E  is to  p rep a re  a v e ry  th in  m u ltila y e r 
s tru c tu re  to  ge t a su p p e rla ttic e . S P E  is re c e n tly  u n d er in v es tig a tio n  to  u n d e r­
s ta n d  th e  m e ta llu rg ica l processes in v o lv ed  an d  to  look fo r  its  cap ab ilitie s  [2]. 
T h e  T P E  process h a s  n o t been th o ro u g h ly  in v es tig a ted  y e t.  Some d em o n stra tiv e  
e x p e rim e n ts  an d  resea rch  w ork  w ill be  rev iew ed  in  th e  follow ing.

T ab le  I  show s th a t  th e  m o st d is tin c tiv e  fea tu re  o f T P E  is th e  co m p lex ity  
a n d  v a r ie ty  o f phases  th a t  can  be in v o lv ed . T he th ick n ess  of th e  p h ase  from 
w h ich  th e  e p ita x y  ta k e s  p lace is in  th e  sam e range  as t h a t  w ith  S P E , an d  is 
m a n y  orders of m a g n itu d e  sm aller th a n  th a t  used  in  th e  o th e r  ep itax ia l process. 
T P E  m akes no  sense fo r Si an d  Ge an d  o th e r  sem iconducto rs hav ing  n o  vo la tile  
co m p o n en t e.g. SiC, since T P E  is needed , an d  can be ap p lied , only  fo r  sem i­
co n d u c to rs  such as I I I —У or I I —Y I com pound  sem iconducto rs, h a v in g  vo la­
tile  co m p o n en t. I t  is a t t r ib u t te d  to  T P E  th a t  e ith e r one o f com ponen t is sup­
p lied  from  an  a d d itio n a l v a p o u r  o r beam  p h ase  d u ring  th e  ep itax ia l deposition  
or th e  vo la tile  co m p o n en t loss is p re v e n te d  by  an  a d d itio n a l so lid  phase. 
T h e  te m p e ra tu re s  an d  th e  th ick n ess  o f th e  ep itax ia l la y e r  are a b o u t th e  sam e 
as w ith  S P E  an d  M B E  an d  are  w ell low er th a n  th o se  w ith  L P E  a n d  Y P E . As 
re g a rd s  th e  co n ta m in a tio n  of e p ita x ia l lay e rs  T P E  a n d  S P E  are  in fe rio r to  
M B E , L P E  an d  V P E . T his fe a tu re  lim its  th e  ap p lica tio n  of T P E  an s S P E  to  
th e  p re p a ra tio n  of h ig h ly  doped  th in  c o n ta c t layers o r a sy m m etrica lly  doped 
shallow  p —n  ju n c tio n s . In  re sp ec t of th e  d im ension  co n tro l th e  T P E  an d  th e  
S P E  are  su p erio r to  th e  o th e r e p ita x ia l processes, since  th e y  a re  co m p a tib le  
w ith  p h o to lith o g ra p h y  an d  a th ree -d im en sio n a l co n tro l o f  th e  g eo m e try  of th e  
e p ita x ia l  lay e rs  can  easily  be rea lized  w ith  th e m  T his offers good p ro sp ec ts  for 
th e ir  ap p lica tio n  in  IC tech no logy . O hm ic c o n tac ts  can  be read ily  o b ta in ed  
w ith  S P E  an d  T P E . T he d iff icu lty  o f g e ttin g  ohm ic c o n ta c t to  L P E , V P E  and  
M B E  layers dep en d s on th e  sem ico n d u c to r an d  th e  d o p a n t c o n c e n tra tio n  n ear 
th e  su rface o f th e  e p ita x ia l lay e rs . U sing  m u ltilay e r tech n iq u es , a h ig h ly  doped 
th in  c o n ta c t la y e r  can  be m ad e  on th e  to p  o f a low -doped  e p ita x ia l lay e r by  
V P E , L P E  o r M B E  processes to  fa c il i ta te  th e  fo rm a tio n  of an  ohm ic  m eta l 
c o n ta c t. T his is one of th e  u su a l so lu tions of th e  c o n ta c tin g  p ro b lem . As it  
w as m en tio n ed , especially  good ohm ic c o n ta c t layers h a v e  been re c e n tly  o b ta in ­
ed  b y  M B E follow ed b y  in  s itu  m e ta lliz a tio n  [13, 14]. W ith o u t u s in g  m ulti 
la y e r  tech n iq u es , th e  fo rm a tio n  of ohm ic c o n tac ts  to  low -doped Y P E , L P E  
a n d  M B E lay ers  m a y  be v e ry  d ifficu lt. I t  is especia lly  so w ith  G aA s, G aP , 
e tc . sem ico n d u cto r m a te ria ls .

5. The first dem onstrative experiments of TPE

T he f irs t  ex p erim en ts  d e m o n s tra tin g  th e  p o ss ib ility  of th e  th in  phase 
e p ita x ia l p rocess w ere perfo rm ed  in  1974 [5, 6]. A n alloy ing  fu rn ace  w as rede­
signed  fo r th e  p u rp o se  o f T P E  as is show n in Fig. 8. T h e  am poide sealed  w ith
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liq u id  m e ta l show n in Fig. 7c also  h ad  an o u ts id e  pocket fo r a con tro l sam ple . 
T he influence o f th e  arsenic v a p o u r  can be seen  b y  com paring  th e  p a ra m e te rs  
o f th e  sam ple in sid e  th e  am poule  co n ta in in g  arsen ic  v ap o u r a n d  o f th e  sam ple  
in  th e  ou tside p o ck e t co n ta in in g  no  arsenic v a p o u r . O f course, th e  con tro l sam ple  
o rig in a ted  from  th e  sam e slice an d  was h a n d le d  in  e x a c tly  th e  sam e w ay  
as th e  sam ple in  th e  T P E  p rocess. The ch a ra c te ris tic s  o f th e  h ea tin g  cycle 
em ployed  b y  us w ere th e  fo llow ing: 

h ea tin g  r a te :  60 °C/m in, 
annea ling  tim e  a t  620 °C: 5 m in,
cooling ra te  d u ring  T P E : 2 °C m in -1  (from  620 °C to  580 °C), 
cooling a f te r  T P E : very  q u ick  (quenching).

T he co n ta c t m e ta l system  w as a lay e red  s tru c tu re  deposited  in  th e  order an d  
th ick n ess:

20 nm  In  +  20 nm  Ga 4  100 nm  Ge 4~ 200 nm  Ag.
C ontrol sam ples w ith o u t G a w ere also p rep a red . T he q u a lita tiv e  effects 

show n in T ab le  I I  a re :
1. b o th  Ga an d  As are needed to  g e t good ohm ic con tac ts;
2. th e  effect o f G a an d  As can b e  based  on th e  fo rm atio n  of a su ffic ien tly  th ic k  

c o n ta c t lay e r fo rm ed  by  th e  e p ita x ia l p rocess;
3. good ohm ic c o n ta c ts  can be o b ta in ed  w ith  an  alloying tim e  m uch longer 

th a n  th e  u su a l one m in u te .

Table II
Q ualitative effects obtained in the firs t dem onstrative experiments of T PE  using n-type GaAs 
epitaxial layer w ith a dopant concentration of about 5 • 1015 cm - 3  and the equipm ent shown in

Figs. 7c and 8

Metal system In +  Ga + Ge +  Ag In +  Ge 4- Ag

Placing of the sample in  the rig (in­
side the ampoule is arsenic vapour, 
in the outside pocket is no arsenic 
vapour)

in the
arsenic
vapour

ou t o f the
arsenic
vapour

in the
arsenic
vapour

out of the
arsenic
vapour

Sample No. 1 2 3 4

Ohmic character after the first heat 
cycle good

\

bad

/

bad

\

bad

/

Change of the place of the samples
/

2
\

1

\ \
3

Ohmic character after the second 
heat cycle good good good bad
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S am ple  N o. 1 show s th a t  T P E  can  be  rep ea ted , since th e  pro longed  h ea t 
cycle does n o t  h a rm  th e  ohm ic c h a ra c te r  o f  th e  sam ple . ( I t  is tr iv ia lly  so w ith  
Ge an d  Si b u t  n o t w ith  GaAs, G aP , e tc . sem ico n d u cto r m ateria ls  h a v in g  a 
v o la tile  co m p o n en t).

I t  w as d e m o n s tra te d  b y  Sam ple N o. 2 and  4 t h a t  th e  sam ples c a n  even 
be “ re p a re d ,£ a fte r  an  unsuccessfu l a llo y in g  b y  re a llo y in g  th em  in  arsen ic  
v a p o u r  !

T he b a d  re su lt o b ta in ed  w ith  sam p le  No. 3 a f te r  th e  f irs t h e a t  cycle 
cou ld  be  d u e  to  th e  excess arsenic d iffu sed  in to  th e  m e ta l system . B ecause 
o f th is  a rsen ic  s a tu ra tio n  no or v e ry  l i t t le  Ga m ay  be  d issolved (a rsen ic-rich  
b u t  G a-poor m e ta l system ). On th e  o th e r  h an d , th e  a rsen ic  ev ap o ra ted  o u t of 
th e  m e ta l c o n ta c t an d  Ga dissolved in to  th e  m eta l sy s tem  (becom ing arsenic- 
p oo r b u t  G a-rich) d u rin g  th e  second h e a t  cycle w hen  th e  sam ple w as p laced  
o u t of a rsen ic  v ap o u r. T herefo re , th e  m e ta l system  c o n ta in e d  a t  th e  sam e  tim e 
both G a a n d  As in  n e ith e r  case su ffic ien t fo r T P E .

T h e  c o n ta c t lay e rs  m ade b y  T P E  w ere an a ly zed  b y  several m eth o d s. 
M icroprobe analysis o f cleaved  edges o f GaAs sam ples con ta in in g  th e  cross- 
sec tion  o f  ohm ic co n ta c ts  has show n th e  com plex  d is tr ib u tio n  of th e  fiv e  e lem ents 
in v o lv ed  [15, 16]. T w o co inciden t G a, A s and  In  p eak s  w ere also fo u n d . This 
suggested  t h a t  a te rn a ry  com pound  of I n 0 4 G au 6 As p re c ip ita te d  in  th e  co n ta c t 
m e ta l sy s tem  [16]. A ccum ulation  o f  Ge n ea r th e  m etal-G aA s in te rfa c e  was 
also observed . I t  w as concluded  th a t  h e te ro ju n c tio n  effects could p la y  a role 
in  th e  fo rm a tio n  o f th e  ohm ic co n ta c ts .

I t  w as show n th a t  th e  oxide g ro w th  or th e  d isso lu tion  due to  a n  anodic 
c u rre n t can  be m ade over th icknesses o f  ab o u t 10 to  70 n m  a t  a c o n s ta n t ra te , 
c h a ra c te r is tic  of th e  m a te ria l com position  anod ized , if  carefully  co n tro lled  
co n d itio n s are  em ployed  [7]. This m e th o d  w as also ap p lied  for ana lysing  th e  Ga 
c o n te n t in  th e  c o n ta c t m e ta l on a G aA s sam ple. T h e  sam ple w as t r e a te d  as 
S am ple N o. 2 in  T ab le  I I  and  w as an a ly zed  a fte r b o th  th e  f irs t and  th e  second 
h e a t  cycles. Less gallium  w as found  in  th e  m eta l sy s te m  a fte r th e  second  h ea t 
cycle th a n  a f te r  th e  f ir s t  one. T h is w as acco u n ted  fo r b y  th e  T P E  process w hich 
could  c o n v e rt Ga in to  GaAs.

T h e  p o ss ib ility  o f a T P E  process w as also d e m o n s tra te d  w ith  I n P  [17]. 
A  la y e re d  s tru c tu re  o f c o n ta c t m e ta ls , i.e.

20 n m  In  -|- 75 n m  Sn 255 n m  Ag

an d  an  a m b ie n t co n ta in in g  h y d ro g en  a n d  p h osphorous v ap o u r as w ell as an  
a lloy ing  sy s tem  sim ila r to  th a t  show n in  F ig . 8 w ere u sed  for th e  ex p erim en ts  
[10, 17]. T h e  p rob lem s w ith  In P  a re  sim ilar to  th o se  w ith  GaAs. T h e  phos­
p h o ro u s is v e ry  v o la tile  an d  can  be  su p p lied  from  v a p o u r  phase d u rin g  T P E . The 
In  d ep o sited  in to  th e  c o n ta c t m e ta l sy stem  before th e  T P E  process is m uch
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less v o la tile . T h e  c o n ta c t p ro d u ced  h a d  an  ohm ic c h a ra c te r  an d  low  specific 
c o n ta c t resistance . B y  using T P E  c o n tac ts  G unn  diodes w ith  an  in s ta n ta n e o u s  
effic iency  of a b o u t 3 %  could b e  p ro d u ced , to o  [17].

6. TPE in the MOSFET technology

GaAs M O SFE T s are ad v an ta g e o u s  fo r m icrow ave ana logue  an d  d ig ita l 
ap p lica tio n s because  o f th e  h igh  e lec tron  m o b ility  an d  th e  h igh  v a lu e  of th e  
d r if t  ve locity  a t  s a tu ra tio n . T P E  w as also used  fo r m ak in g  th e  d ra in  an d  source 
is lan d s  of en h acem en t-ty p e  M O S F E T  devices [10, 18, 19].

20 nm  In  -f- 100 nm  Sn -f- 50 n m  A1 m e ta l sy stem  w as deposited  on 
p - ty p e  GaAs. T h en , th e  surface o f  G aA s an d  th e  A1 lay e r on th e  to p  of th e  con­
ta c t  m e ta l sy stem  w ere anod ica lly  oxidized. T h e  role of th e  A120 3 lay e r o b ta in ed  
b y  ox ida tio n  of th e  A1 layer w as to  p re v e n t th e  arsenic loss du ring  alloying.

before  alloying 

AuGe

after  alloying  

AuGe+Ga

before TPE 

AuGe+Ga

a fter  TPE 

AuGe+As n* GaAs

MESFET

structure

Fig. 11. GaAs M ESFET structu re  (e) and  th e  details of the  source region before (a) and after (b) 
a usual alloying process as well as before (c) and after (d) a T P E  process obtained by  Otsu bo

e t al [2 0 ]
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T h is  s tru c tu re  w as an  IM S sy stem  il lu s tra te d  in  F ig . 7a. T h e  alloying w as p e r­
fo rm e d  in  an  N 2 a m b ie n t a t  600 °C fo r  5 m in u te s . A t th is  te m p e ra tu re  th e  con­
t a c t  m e ta l is a m e lt a n d  dissolves a th in  lay e r of G aA s. D u rin g  cooling dow n 
a  re g ro w th  of GaAs d isso lved  in  th e  m e ta l ta k e s  p lace. B y  th e  n o ta tio n  in tro ­
d u c e d  in  F ig . 10 th is  p rocess can  he  reg a rd ed  as a T lP E (S ) process (i.e. th in  
liq u id  p h ase  e p ita x y  w ith  an  a d d itio n a l so lid  phase). T he n +G aA s lay e r regrow n 
d u rin g  th e  T P E  process fo rm ed  an  n  + —p  ju n c tio n  w ith  th e  p -ty p e  su b s tra te  
a n d  a n  ohm ic c o n ta c t w ith  th e  In S n  c o n ta c t m e ta l. C om pleting  th e  p re p a ra ­
tio n  b y  o th e r  su itab le  processing  s tep s  M O SFE T  devices w ith  good p ro p ertie s  
co u ld  b e  fa b ric a ted . T h e  e lec trical ch a ra c te ris tic s  w ere b e t te r  w ith  M O SFE T  
dev ices m ade b y  using  T P E  th a n  th o se  w ith  devices fa b r ic a te d  b y  em ploy ing  
a Y P E  la y e r  [10, 18, 19].

T h e  use o f T P E  w as p roposed  also fo r th e  cases, w here  v e ry  th in  Y P E  
la y e rs  h av in g  a th ick n ess  o f a b o u t a few  te n th s  of m ic ro m ete r w ere u sed  to  
p re p a re  G aA s M O S F E T  devices, as i l lu s tra te d  in  F ig . l i e  [20]. T he v e ry  th in  
n - ty p e  ep itax ia l ac tiv e  lay e r on sem i-in su la tin g  su b s tra te  can  be d isso lved  by  
th e  c o n ta c t m a te r ia l consisting  of A u —Ge, an d  due to  th e  incom plete  reg ro w th  
o f  G aA s disso lved  b o th  th e  reg row n  n +G aA s an d  th e  ac tiv e  n  GaAs la y e r  w hich 
re m a in e d  und isso lved  becom e to o  th in  (F ig . 11a a n d  b ). T his re su lts  in  an  
in c rease  in  source an d  d ra in  resis tan ces  an d  gives devices w ith  poo rer m icro- 
w av e  perfo rm ances [20]. On th e  o th e r  h a n d , th e  T P E  process re su lts  in  th ic k  
n +  G aA s on th e  to p  o f th e  ac tiv e  n  G aA s la y e r  an d  a g eo m e try  m ore a d v a n ta ­
geous in  v iew  o f low er specific c o n ta c t re s is tan ce , as i t  is illu s tra te d  in  F igs. 
11c a n d  d.

7. Further prospects

T P E  is s till in  i ts  in fan cy . F u r th e r  w ork  is s till n eed ed  to  revea l th e  m e ta l­
lu rg ic a l processes an d  to  exp la in  th e  p h en o m en a  in  d e ta il. T P E  seem s to  be a 
u se fu l to o l for m ak in g  ohm ic c o n ta c ts  fo r good q u a lity  an d  h igh  re liab ility  
I I I —V  an d  I I —V I com pound  sem ico n d u c to r devices. O f course, T P E  has to  
c o m p e te  w ith  o th e r processes, especia lly  w ith  th e  p u lsed  la se r or p u lsed  e lec tron  
b e a m  tech n iq u es  b e in g  also ca n d id a te s  fo r  im p ro v in g  th e  q u a lity  an d  re lia b ility  
o f  th e se  devices. T h e  re su lts  o f th is  co m p e titio n  w ill d ep en d  v e ry  m uch  on 
eco n o m ica l fac to rs . T P E  is n o t an  expensive  process w here  th e  fac ilities  are  
d ev e lo p ed  fo r o th e r  pu rposes e.g. fo r d iffusion, M B E  or p o s t- im p la n ta tio n  
an n ea lin g .
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OPTICAL EXCITATION OF ELECTRONS BOUND 
TO SHALLOW DONORS IN GaP

By

B. PŐDÖR and  Z. L a CZKÓ

RESEARCH LABORATORY FOR INORGANIC CHEMISTRY OF THE HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY

Infrared  transmission measurem ents of G aP  w ith  S, Те and Si donor im purities revealed 
absorption lines due to the excitation of electrons bound to lower lying Is like states to  higher 
lying p like sta tes. Is ->- 2p+ transitions were observed for S, Те and Si donors as well as tran s­
itions to o ther p 0 and p+ sta tes. Optical ionization energies of S, Те and  Si were determ ined 
as 891 ± 5  c m -1, 776 ±  5 c m - 1  and 713 ±  5 c m -1, respectively, using the effective mass 
approxim ation.

1. Introduction

D ue to  th e  e x c ita tio n  of e lec trons fro m  ground s ta te s  of donors to  th e  
h igher ly in g  ex c ited  s ta te s  of th e  sam e im p u r i ty  cen tres, c h a ra c te ris tic  a b so rp ­
tio n  lines can  be  observed  in  th e  energy  ra n g e  beyond th e  ion iza tio n  en e rg y  of 
th e  im p u ritie s . As th e  io n iza tio n  energies o f  shallow  donors and  accep to rs  of 
th e  d iffe ren t sem iconducto rs are m o stly  in  th e  range fro m  10 to  1000 meV, 
th e se  a b so rp tio n  lines fa ll in to  th e  in fra re d  sp ec tra l reg ion , w ell beyond  10 pm  
w aveleng ths.

T he in fra re d  ab so rp tio n  sp ec tra  o f  d iffe ren t shallow  donors (S, Se, Те 
an d  Si) in  G a P  have been  rep o rted  b y  v a rio u s  au th o rs  [1 — 9]. N everthe less 
th e re  ex ists  no  ag reem en t e ith e r in th e  assig n m en t of th e  observed lin es , or 
in  th e ir  th e o re tic a l in te rp re ta tio n . The fo rm e r is caused b y  th e  fac t th a t  in  th e  
sp ec tra l reg ion  o f in te re s t, i.e . from  a b o u t 400 to  800 c m -1 , s tro n g  tw o -p h o n o n  
ab so rp tio n  b a n d s  are p re se n t, whose a ss ig n m en t is also b y  no  m eans u n a m b i­
guous [10— 14]. The th e o re tic a l in te rp re ta t io n  is m ade m ore  d ifficu lt b y  th e  
co m plica ted  s tru c tu re  o f th e  co n duc tion  b a n d  m in im um  o f G aP  [6, 7, 9].

In  th is  p ap e r some p re lim in ary  re s u lts  concerning in fra re d  a b so rp tio n  
due to  th e  ex c ita tio n  o f e lec trons from  d o n o r ground s ta te s  to  h igher ly in g  
exc ited  s ta te s  o f  S, Те an d  Si donors in  G a P  are p resen ted , to g e th e r w ith  th e  
resu lts  o f a te n ta t iv e  th e o re tic a l in te rp re ta t io n  based  on th e  effective m ass 
th e o ry  (E M T ), a n tic ip a tin g  all of th e  sho rtco m in g s of th e  ap p lica tio n  o f  th is  
m odel to  o u r  case.

2. Experim ental results

T he in fra re d  tran sm issio n  m easu rem en ts  w ere p erfo rm ed  on liq u id  p h a se  
ep itax ia l G a P  lay ers  grow n on sem iin su la tin g  G aP  su b s tra te s . These la y e rs  
co n ta in  p re d o m in a n tly  S o r  Si donors [15]. B u lk  grow n G a P  sam ples d o p ed  
w ith  Те or S w ere also in v es tig a ted .
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D o m in an t donors w ere id en tified  b y  th e ir  th e rm a l io n iza tio n  energ ies 
o b ta in e d  from  H a ll effect m easu rem en ts  [15]. In fra re d  tran sm iss io n  sp ec tra  a t  
ro o m  te m p e ra tu re  w ere reco rd ed  on a P e rk in -E lm e r 225 g ra tin g  sp ec tro p h o to ­
m e te r  be tw een  1000 and  400 c m -1  w ith  a reso lu tio n  o f b e t te r  th a n  1 c m -1 .

In  F igs. 1 an d  2 ty p ic a l in fra red  tran sm iss io n  sp ec tra  are  p resen ted . In  
th e  sp ec tru m  show n in F ig . 1 th e  b ro ad  b a n d  b e tw een  a b o u t 750 and  700 c m -1  
is due  to  tw o -p h o n o n  ab so rp tio n  involv ing  lo n g itu d in a l a n d  tran sv e rsa l zone- 
edge phonons a t  th e  X  an d  L  p o in ts  o f th e  B rillou in  zone. A bsorp tion  lines 
a t t r ib u te d  to  th e  ex c ita tio n  o f  e lectrons b o u n d  to  S an d  Si donors are m a rk e d

800 750 700 650  cm'1

Fig. 1. In frared  transm ission spectrum  of bulk grow n S-doped G aP  containing also Si
as residual donor
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Fig. 2. Infrared  transm ission spectrum  of L P E  G aP layer. The dom inan t donor is S w ith 
.Y(> =  9 X 1016 cm -3 , b u t some Si is also present.

accord ing ly . T he s tro n g est lines belong  to  th e  Is  2 p ± tra n s it io n  [16, 17]. 
T h ree  lines due  to  S an d  fiv e  lines due to  Si a re  id en tified  on th is  sp ec tru m .

In  F ig . 2 a sp ec tru m  ta k e n  on a L P E  la y e r  is p re se n te d . A ccord ing  to  
th e  H a ll e ffect an d  pho to lum inescence  m easu rem en ts  [15] th e  d o m in an t d o n o r 
in  th is  sam ple  is S. B u t besides lines due to  S, ab so rp tio n  lines belonging  to  
Si a re  also p re se n t in  th is  sp ec tru m . All o f  th e  observed ab so rp tio n  lin es , in

Table I
Observed absorption lines for S and Те donors

Line Assignment
Excitation energy (cm-1)

S Те

7 ls(A ,) — 5p0 — —

6 ls(A ,) -*■ 3P± 826 —
5 ls(A ,) -  4f0 808 —
4 ls(A j) — 2P± 781 6 6 6

3 ls(A ,) — 4p0 774 —
2 ls(A ,) — 3p0 — —
1 ls(A i) 2p0 571 454
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Table II
Observed absorption lines for Si donors

Line Assignment Excitation 
energy (cm-1)

7 ls(7’„) -  5Po 653
6 b (T 8) — 3p± 647
5 l s ( r 8) - 4 f 0 630
4 Ь (Г 8) -  2 P± 603
4' ь ( Г 7) -  2 P± 599
3 ls ( f 8) -  4p0 —

2 ls (T8) — 3Po 539
2 ' ь ( А )  3Po 534
1 lS(^ s) 2p0 —

analogy  w ith  th e  hyd rogen  sp ec tru m , can  be  classified  as be long ing  to  th e  L y m an  
sp ec tru m .

In  T ab les  I  and  I I  we sum m arize  th e  observed  a b so rp tio n  lines o f S a n d  
Т е donors, a n d  th a t  of Si d onors, re sp ec tiv e ly , as well as th e  proposed  a ss ig n ­
m en ts  b ased  on  th e  EM T [9, 16, 17]. T he re la tiv e  in ten s itie s  of th e  a b so rp tio n  
lines ro u g h ly  correspond  to  th e  th e o re tic a l e s tim a tio n s  [17] th u s  lend ing  su p ­
p o r t  to  o u r a ssignm en ts.

3. D iscussion

In  th e  effective m ass a p p ro x im a tio n  th e  b in d in g  energies o f p -lik e  
ex c ited  s ta te s  should  n o t d ep en d  on th e  d o n o r species. T h e  d a ta  p re sen ted  in  
T ab le  I I I  show  th a t  th e  po sitio n s of th e  o bserved  a b so rp tio n  lines re la tiv e  to  
th e  2 p ± lines do n o t d ep en d  on th e  d o n o r species in  th e  lim its  of th e  p re se n t 
ex p erim en ts .

A te n ta t iv e  f i t  using  th e  EM T o f F a u l k n e r  [16] w h ich  in  tu r n  is b a sed  
on a m u lti-e llip so id a l m odel o f th e  c o n d u c tio n  b an d  m in im um , re su lte d  in  
th e  th e o re tic a l line  sep a ra tio n s  also given in  T ab le  I I I .  T he follow ing p a ra m e te r  
va lues w ere o b ta in ed : e ffec tive  m ass a n iso tro p y  p a ra m e te r  y ~ 1 =  m j m t  =  
=  22 +  2, e ffective R y d b e rg  c o n s ta n t R *  =  301 +  10 c m -1 . The a n iso tro p y

p a ra m e te r  agrees well w ith  th e  value of 20
+ 10 
-  6 deduced  fro m  recen t cy c lo tro n

resonance  m easu rem en ts  [17]. A ll of th e  s ix  id en tified  line sep ara tio n s  belong ing  
to  d iffe ren t donors agree w ith  th e  th e o re tic a l p red ic tio n s. T he th e o re tic a l f i t  
re su lted  in  th e  b in d ing  en erg y  of th e  2 p + s ta te  a value o f  110 +  4 c m -1 . T h is 
ad d s up  w ith  th e  observed  I s  —*- 2p tra n s i t io n  energies o f  th e  d ifferen t donors 
(see T ab le  IV ) to  give th e  follow ing g ro u n d  s ta te  io n iza tio n  energies fo r S, Те 
an d  Si, re sp ec tiv e ly : 891 +  5 c m +  776 +  5 cm -1 an d  713 +  5 c m -1 . T hese
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Table III
Separation between the donor lines (cm -1)

Assignment Effective mass 
theory

Experiment

S Те Si

4p± — 2p± 63 ±  3
5f0 — 2 p ± 60 ±  3
5p0 — 2p± 54 ±  3 50
3p± — 2p + 44 ±  2 45 44

1 to Ъ 1+ 31 ±  3 27 34
2p+ — 4p0 4 ±  3 7
2 P± — 3p„ 67 ±  6 65
2 p± — 2 p 0 211 ±  5 2 1 0 2 1 2

y - 1  =  22 ±  2 R* =  301 ±  10 cm - 1

values a re  a b o u t 2 meV higher th a n  th e  c u rre n tly  suggested  o p tic a l io n iza tio n  
energies [7, 9], a n d  th e y  are a b o u t 2 to  5 m eY h ig h e r th a n  th e  th e rm a l io n iza­
tio n  energies d e riv ed  from  o u r H a ll effect m easu rem en ts  [15].

Table IV
Binding energy of the 2p± s ta te , and donor ground state ionization energies

Donor Transition
Observed

energy
(cm -1)

2p+ binding 
energy 
(cm -1)

Ground state 
ionization energy 

(cm-1)

s is(A i) 2 p ± 781 ±  1 110 ±  4 891 ±  5
Т е ls(A j) 2p± 6 6 6  A 1 110 ±  4 776 ±  5
Si Ь (Г 8) -  2 p± 603 ±  1 110 ±  4 713 ±  5

F in a lly  we sh o u ld  like to  d is cussan  in te re s tin g  fea tu re  of th e  Si sp ec tra . Si, 
be ing  a G a site  d o n o r has a g ro u n d  s ta te  sy m m e try  d ifferen t from  t h a t  o f th e  P  
site  donors, S an d  Т е. I ts  g round  s ta te  is sp litte d  in to  tw o Is  s ta te s  h av in g  sy m ­
m etries of Fg an d  F 7, resp ec tiv e ly . A ccording to  pho to lum inescence  m easu re ­
m en ts [18] th is  sp littin g  am o u n ts  to  ab o u t 4 .0  c m -1 . Closer ex am in a tio n  of 
o u r sp ec tra  (see F ig . 1) has show n th a t  th e  Si 2 p ^  line as w ell as th e  3 p 0 line 
seem s to  be a d o u b le t. A  se p a ra tio n  of ab o u t 3 — 5 c m -1 can  be in fe rred  from  
our m easu rem en ts , in  ag reem en t w ith  th e  e x p ec ta tio n s .

G rateful acknowledgements are due to  Dr. J . P f e if e r  for providing the  GaP samples 
and to  D r. S. D obos for making available the infrared m easuring equipm ent.
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RESIDUAL DONORS IN LIQUID PHASE 
EPITAXIAL GaP*

By

B . PŐDÖR
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BUDAPEST, HUNGARY

and

J .  P f e i f e r
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BUDAPEST, HUNGARY

Identification  of th e  n a tu re  and sources of residual im purities in in tentionally  non- 
doped A111 BV ty p e  sem iconductor epitaxial layers is of great im portance in order to grow high 
purity  or controllably doped epitaxial layers. In  th is paper results of a system atic stu d y  of the 
electrical properties and n a tu re  of residual donors in  liquid phase ep itax ial GaP layers grown 
under different conditions are  presented. S and Si were found as m ain residual donors in  L PE  
layers. E lectrical properties o f S, Si and Те in G aP are discussed, and  m ethods of the electrical 
characterization  of donors are presented.

1. Introduction

In  th is  p a p e r som e resu lts  concern ing  th e  e lec trical p ro p erties  of donor 
im p u rities  in  liqu id  p h a se  e p itax ia l G aP  lay e rs , as w ell as som e resu lts  as to  
th e ir  n a tu re  an d  sources w ill be p re sen ted . T he id e n tif ic a tio n  of th e  n a tu re  
an d  sources o f chem ical im p u rities  in  in te n tio n a lly  n o n -d o p ed  A IU B V-ty p e  
sem ico n d u cto rs  is of g re a t im p o rtan ce  in  o rd e r to  grow h ig h  p u rity  or c o n tro l­
lab ly  doped  e p ita x ia l la y e rs . This applies especially  to  th e  case of G aP , w here 
th e  m ain  re s id u a l donors a re  believed to  be  S and  Si.

W e h a v e  carried  o u t a system atic  s tu d y  on th e  c h a ra c te riz a tio n  o f donors 
and  m ore genera lly  of e lec trica lly  ac tiv e  im p u ritie s  in  G a P  e p itax ia l la y e rs , as 
well as on th e  in c o rp o ra tio n  o f residual im p u ritie s  in to  th e  e p ita x ia l layers u n d e r 
d iffe ren t co n d itio n s. B ased  on these  re su lts  G aP  e p ita x ia l layers w ere grow n 
w ith  to ta l  co n c e n tra tio n  o f  e lectrically  a c tiv e  im p urities as low  as 3 X 10le cm  3 
an d  w ith  e lec tro n  m o b ility , m easured  a t  l iq u id  n itrogen  te m p e ra tu re , as h igh  
as 1900 cm 2/Vs [1].

B ecause o f lack  o f  space  and  tim e , o n ly  a lim ited  se lection  of p ro b lem s 
can be d ea lt w ith  here. A  m ore d e ta iled  acco u n t of ou r re su lts  can  be fo u n d  
in  ou r p ap ers  a lread y  p u b lish e d  [1, 2], a n d  u n d e r p re p a ra tio n  [3].

* W ork performed a t th e  Research In s titu te  for Technical Physics of the H ungarian  
Academy of Sciences, B udapest.
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In  th is  p a p e r  th e  fo llow ing  sub jec ts  a re  d e a lt w ith :
i) A n a ly sis  o f donor im p u ritie s  using  e lec trica l m e th o d s;

ii) Som e re su lts  concern ing  th e  in c o rp o ra tio n  of S an d  Si donors in to  G a P  
e p ita x ia l la y e rs .

2. Analysis o f  donors using electrical m ethods

To id e n tify  th e  donors in  G aP  e p ita x ia l layers, e lec tro n  co n cen tra tio n  
v e rsu s  te m p e ra tu re  curves d ed u ced  from  H a ll effect d a ta  w ere  analysed . T h e  
id e n tif ic a tio n  o f  im p u ritie s  w as also g re a tly  a id ed  b y  low  te m p e ra tu re  p h o to ­
lum inescence  sp e c tra  m easu rem en ts .

T he d o m in a n t donors ca n  be id en tified  w ith  th e  he lp  o f th e ir  th e rm a l 
a c tiv a tio n  energ ies deduced  fro m  th e  analy sis  o f  e lectron  c o n cen tra tio n  v e rsu s  
te m p e ra tu re  cu rv es , like th o se  show n in F ig . 1. All H all e ffec t m easu rem en ts

¥
, u ,

c.

Fig. 1. E lectron concentration versus reciprocal tem perature  in  G aP containing S, Те and  
Si donors. Full lines are theoretical curves calculated w ith the param eters indicated.
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w ere ca rried  o u t using th e  V an  der P a u w  m eth o d  in  th e  te m p e ra tu re  ran g e  
from  77 to  400 K . The e s tim a te d  erro r o f  th e  m easured  e lec trical p a ra m e te rs  
(H all c o n s ta n t, co n d u c tiv ity , m obility ) w as less th a n  10 p e r  cent.

B ecause of chem ical sh ifts , th e  d ifference in th e  d o n o r g round  s ta te  
energies of S, Т е and  Si, th e  donors w hich  are  dea lt w ith  in  th is  w ork , d iffer 
by  ab o u t 10 meV, m ore e x a c tly  E d(S) >  E D(Te) >  -Ed (Sí ) and E D(S) — 
— -Eo(Te) 14 meV an d  £ D(Te) — F D(Si) ^  8 meV (va lues derived  from  
p u b lished  o p tica l d a ta  [4, 5, 6]). T he an a ly sis  is com plica ted  b y  th e  fa c t  th a t  
th e  observed  th e rm a l io n iza tio n  energies show  a c o n cen tra tio n  dependence, 
w hich we fo u n d  to  be a b o u t 10 meV for ion ized  donor co n cen tra tio n s  o f a b o u t 
1016 c m -3 , q u ite  com parab le  w ith  th e  d ifference in  th e  ion iza tion  energ ies 
them selves.

In  o rd e r to  be  able to  id e n tify  re s id u a l donors only  w ith  th e  h e lp  o f  th e  
m easu red  th e rm a l io n iza tio n  energies, w e h av e  s tud ied  th e  d ependence  of 
ion iza tio n  energies of S, Т е a n d  Si in  fu n c tio n  of th e  ionized d o n o r co n cen tra tio n  
in  G aP . T h e  m easu rem en ts  w ere carried  o u t on carefu lly  se lec ted  and  c h a ra c te r ­
ized L P E  lay e rs  grown b y  us (S and  Si donors). LEC c ry s ta ls  (Те donors) and  
SG c ry s ta ls  (Si donors). M ethods of sam ple ch a ra c te riz a tio n , e tc . are d esc rib ed  
in  [3].

T he dependence  o f  th e rm a l io n iza tio n  energies on th e  ionized donor 
c o n c e n tra tio n , as e s tab lish ed  b y  us, is p re sen ted  in  Figs. 2 an d  3. T yp ical s ta n d a rd  
erro rs of th e  p o in ts  are also in d ica ted . F o r single donors, th e  th e rm a l io n iza tio n  
energy  shou ld  depend  lin e a r ly  on th e  cubic ro o t of th e  ion ized  donor c o n c e n tra ­
tio n , as fo u n d  here . F ro m  th e  d a ta  p re se n te d  in  these  F ig u re s  we can  d ed u ce  
th e  follow ing re la tio n sh ip s  (energies are in  m eV, co n cen tra tio n s  are in  c m -3 )

E d(S) =  (105 ±  2) -  (3.8 ±  0.7) X 1 0 -5 N% 3 

E d (Те) =  (94.5 ± 2 ) -  (3.8 ±  0.4) x  10~5 N T  

E D(Si) =  (83.5 ±  2) — (4.6 +  0.2) x  Ю “ 5 ЛГд/3

T h e  th e rm a l io n iza tion  energies (E D), d o n o r and  ac c e p to r c o n cen tra tio n s  
( N о an d  N a) w ere deduced  from  th e  e lec tro n  co n cen tra tio n  v e rsu s  te m p e ra tu re  
cu rves u sing  a non -linear le a s t-sq u a re s  f i t  to  a single donor — single a c c e p to r  
m odel [1, 3] (d e ta ils  of th e  m odel are to  b e  found  in  th e  A ppend ix ). T h e  
s ta n d a rd  e rro rs  are  +  (2— 3) m eV for F D, + ( 1 0  — 20) p e r  c en t for IVo an d  
+  (20—50) p e r  c en t for N A, re spec tive ly .

As such  re la tio n sh ip s  o b ta in e d  on w ell ch a rac te rized  sam ples a re  n o t  
ava ilab le  fro m  th e  l i te ra tu re , ex cep t th o se  o f V i n k  e t al [7] o b ta in ed  fo r  Si 
donors in  G aP , we should  lik e  to  assess th e i r  re levance.

T he io n iza tio n  energ ies e x tra p o la te d  to  in fin ite  d ilu tio n  agree w ith in  
ex p e rim en ta l e rro rs  w ith  th e  o p tica l io n iza tio n  energies o f ab o u t 107 m eV ,
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Fig. 2. P lo t of donor ionization energy (Ец) versus cubic root of ionized donor concentration 
(iVA) of Те donors in  GaP. Circles are our data, bars represent th e  standard  errors. Squares

are the data  from  [9]

Fig. 3. P lo t of donor ground s ta te  ionization energies versus cubic roo t of ionized donor con­
centrations of S, Те and Si donors in  GaP. Bars represent typ ical standard errors. Arrows 

indicate the  corresponding op tica l ionization energies

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



RESIDUAL DONORS IN LIQUID PHASE EPITAXIAL GaP 79

93 meV a n d  85 m eV, re spec tive ly , re p o r te d  in th e  c u r re n t l i te ra tu re  [5, 6]. 
B u t p re lim in a ry  re su lts  o f  in fra red  e x c ita tio n  sp ec tra  m easu rem en ts  on  these  
donors [8] re su lted  in  o p tica l ion iza tio n  energies fo r S , Те an d  Si, w h ich  are 
ab o u t 2 to  3 m eV h ig h e r  th a n  those  re fe rred  to  above.

W e th in k  th a t  th e  re su lts  for Те a re  th e  m ost re a lia b le  am ong o u r  th e rm a l 
io n iza tio n  energies. I t  seem s to  be v e ry  im p ro b ab le  t h a t  b o th  S an d  Si shou ld  
be p re se n t in  th ese  c ry s ta ls  in  such co n cen tra tio n s  as to  cause a  fo rtu ito u s  
coincidence o f th e  a p p a re n t  ion iza tion  energies w ith  th o se  of Те. T h e  io n iza tio n  
energies o b ta in e d  fo r S donors seem to  b e  a little  low in  th e  lig h t of th e  o p tica l 
d a ta . T h is could  be a t t r ib u te d  to  a m in u te  Si c o n ta m in a tio n  of th e  S c o n ta in in g  
L P E  lay e rs , w hich is q u ite  p lausib le  acco rd in g  to  ou r experience. T h e  d a ta  for 
Si donors are  th o u g h t to  be th e  le a s t re liab le , b ecau se  m ost of th e m  were 
o b ta in ed  on SG sam ples, n o t so well ch a rac te rized  as th e  o ther ones.

3. B eh av io u r of residual donors in  L P E  layers

N ow  w e will d iscuss th e  o b serv a tio n s concern ing  th e  beh av io u r o f  re s id u a l 
im p u ritie s  in  in te n tio n a lly  non-doped  G aP  layers. T hese  e p itax ia l la y e rs  were 
grow n on sem iin su la tin g  G aP  su b s tra te s  w ith  s ta r t in g  te m p e ra tu re s  and  
cooling ra te s  co rresp o n d in g  to  th e  v a lu es  used  to  p re p a re  green lig h t e m ittin g  
diodes. H o rizo n ta l g ra p h ite  slider b o a ts  w ere used  [1]. T he doped  c ry s ta ls  
w ere used  as source m a te r ia l  a t th e  e p ita x ia l  grow th. T h ree  k inds o f g ra p h ite  
m a te ria ls  w ere used, b u t  m o st o f th e  m easu rem en ts  w ere m ade on lay e rs  grow n 
in  m o rg an ite  g rap h ite  s lider b o a ts . M ass sp ec tro m etric  analysis show ed traces  
of S in  th is  m a te ria l. N&  — ЛГд of th e  layers ra n g e d  from  2 X 10le cm  3 
to  4 X 1017 c m -3 , e le c tro n  m ob ility  m easu red  a t  77 К  ranged  fro m  600 to  
1900 cm 2/Vs.

T he d o m in an t re s id u a l donors w ere found  to  be S o r Si depend ing  on th e  
g row th  cond itio n s. P h o to lu m in escen ce  m easu rem en ts  perfo rm ed  a t  liq u id  
helium  te m p e ra tu re s  on  sam ples id e n tif ie d  as S -doped, show ed s tro n g  donor- 
accep to r p a ir  b an d  a t  2 .200 eV a t t r ib u te d  to  Zn — S p a ir s  as well as a se t of 
s tro n g  Zn — S p a ir  lines. N evertheless in  sam ples w here th e  e lectrical p ro p e rtie s  
w ere d o m in a te d  b y  Si d o nors, w eak Z n — S p a ir  lum inescence b an d  an d  lin esw ere  
also d e tec ted .

Те w as n o t id e n tif ie d  in  th e  e p ita x ia l  layers ev en  if  th e  source c ry s ta ls  
w ere doped  w ith  Те to  a level o f (3 — 5) X 1017 c m -3 . T h is  s ta te m e n t n eed s  som e 
specifica tions. In  th e  g re a t m a jo rity  o f  cases th e  e lec trica l p ro p erties  o f L P E  
layers cou ld  be u n d e rs to o d  on th e  basis  o f in co rp o ra tio n  of a single species of 
donor, e ith e r  S or Si. In  som e cases in te rm e d ia te  d o n o r energies w ere  seen, 
w hich a t  f i r s t  sigh t cou ld  be assigned to  Т е ; b u t  these sam p les  could b e  re in te r ­
p re ted  e ith e r  as c o n ta in in g  Si, or i t  w as concluded  th a t  tw o  donor species are 
p resen t, fo r w hich case  o u r m odel does n o t  apply .
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T he m ain  sou rce  of th e  S c o n ta m in a tio n  o f  th e  layers w as  th e  g rap h ite  
m a te r ia l  o f th e  b o a ts  used. B u t som e of th e  S do n o rs  comes fro m  th e  gallium  
m e lt . F ro m  b o a ts  m ad e  from  m o rg a n ite  g ra p h ite  th e  f irs t lay ers  grow n c o n ta in ­
ed  S a t  th e  level o f  (2 — 5) X Ю 17 c m -3 . W ith  increasin g  cu m u la tiv e  annealing  
t im e  a t  th e  g ro w th  te m p e ra tu re  (tw o  series a t  900 and  990 °C) in  consecutive 
ru n s  th e  S c o n ta m in a tio n  g ra d u a lly  decreased  to  a level be low  of som ew hat 
1017 c m -3 . T h e n  in  th e  su b se q u e n t runs a lre a d y  Si appeared  as m ajo r donor 
d o m in a tin g  th e  e lec trica l p ro p e rtie s  [1].

T he second  k in d  of g ra p h ite  m a te ria l re su lte d  in  residual S co n cen tra tio n s  
a t  th e  level o f (1 — 2) X Ю17 c m “ 3, and  th is  v a lu e  has also show n a g rad u a l 
d ec rease  in  co n secu tiv e  g row th  ru n s , w itnessing  also  th e  dep le tio n  o f S c o n ten ts  
o f  th e  g ra p h ite  m a te ria l.

In  b o th  cases th e  accep to r co n cen tra tio n  deduced  fro m  th e  H all d a ta  
ra n g e d  from  (1 — 5) X Ю16 cm - 3  a n d  (1 — 2) X Ю 16 c m -3 , re sp ec tiv e ly . I t  d id  
n o t  show  sy s te m a tic  changes in  th e  d ifferen t ru n s . A ccording to  th e  low te m ­
p e ra tu re  pho to lu m in escen ce  re s u lts  th e  m ain  accep to r is Z n . I t  is possib le, 
h o w ev er, th a t  also  Si acts as acc e p to r in  ou r sam ples, b u t  i t  does n o t a ffec t 
th e  pho to lu m in escen ce  sp ec tra .

F ro m  th e  b o a t  m ade fro m  a th ird  g ra p h ite  m a te ria l la y e rs  w ere grow n 
w ith  v e ry  low  S c o n te n t. T he e lec trica l p ro p ertie s  w ere d o m in a te d  b y  Si donors 
re a c h in g  a lev e l less th a n  3 X 1016 c m -3 .

S um m ing u p  we can conc lude  th a t  th e  m a in  residual do n o rs  in  non doped  
G a P  are  S a n d  Si. M ost of th e  S com es from  th e  g rap h ite  b o a ts , and  its  co n ­
c e n tra tio n  can  b e  stro n g ly  dec reased  w hen an n ea lin g  th e  b o a t  an d  m elt p rio r  
to  g row th . A fte r  su ffic ien tly  lo n g  annealing  tim e , or u sing  g raph ite  b o a ts  
d ep le te d  o f S, th e  m a jo r d onor im p u ritie s  in  th e  layers are  Si.

C areful an a ly s is  of e le c tr ic a l m easu rem en ts , coupled w ith  p h o to lu m in ­
escence sp e c tru m  m easu rem en ts  are  able to  id e n tify  th e  d iffe ren t donors in  
G a P  e p ita x ia l lay e rs .

Grateful acknowledgem ents are due to Mrs. L. Csontos, Mrs. N . N ándor  and  
Mrs. S. P ü sp ö k i for participating in  th e  experim ental work. Photoluminescence spectra were 
m easured b y  Dr. M. Gá l .

here V =  6 is th e  num ber of equ ivalen t valleys in th e  conduction band  m inim um  of G aP, 
g =  2  is the spin degeneracy factor, E q is the donor ground sta te  ionization  energy, n, ЛГ0  
an d  Л/д are the electron, donor and acceptor concentrations, respectively, Nq =  4.829 X 1015

4. Conclusions

Appendix

For a m ulti-ellipsoidal model from  charge n eu tra lity  we have
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T 3/ 2 cm - 3  is th e  reduced density of states. The effective mass param eters used here are  т Ц т 0 =  
=  0.25 and mn/m0 =  2.5.

go is th e  degeneracy fac to r of the donor ground state. F o r P -site donors as S or Те, 
th e  donor ground s ta te  has a sym m etry  of ls(A j), and lies well below the  other I s  sta te s , so 
in  a  good approxim ation we can p u t g D =  1. F o r Ga site donors as Si the donor g round  sta te  
has a sym m etry  of l s ( i ’8), and a degeneracy of 3. B u t very close above i t  is th e  o th e r state 
( ls (P ,) )  w ith  a  degeneracy of 3 th a t  for all p rac tica l purposes th ey  can  he lum ped to ge ther to  
a ground s ta te  w ith  g D =  6 .
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DIRECT SYNTHESIS OF EPITAXIAL AUBVI 
SEMICONDUCTOR THIN LAYERS ON METAL 

SINGLE CRYSTAL SUBSTRATES

By

D . IWANOV and Ch R. NANEV

IN ST IT U T E  OF PHY SICAL CH EM ISTRY, BU LG ARIA N  ACADEMY OF SCIENCES, 1040 SOFIA, BU LG A RIA

The m ethod of direct synthesis of A '1 B VI th in  layers on m eta l single crystal substrates 
enables us to ob tain  the whole set of com pounds of Zn and Cd w ith  S, Se and Те. T he m orpho­
logy and the structure  (tex tu re  and epitaxy) of th e  layers were investigated  by m eans of ТЕМ, 
SEM, X -ray  and electron diffraction methods. The epitaxial layers have been synthesized a t 
relatively  low tem peratures on the basal faces of the supporting single crystals.

I. Introduction

In te re s t  in  A n B VI th in  layers h as  g rad u a lly  increased  in  th e  la s t 
decade due to  th e ir  sem ico n d u cto r a n d  op toe lec tron ic  p ro p erties  [1, 2, 3]. 
F o r exam ple  th e re  is a c e r ta in  p o ss ib ility  to  use CdS, CdTe and  o th e r  A n B vl 
lay e rs  fo r th e  d irec t conversion  of th e  so la r energy in to  e lec tric ity  [4, 5]. The 
so lar cells p ro d u ced  on such  basis m ay  becom e im p o r ta n t pow er sources due  to  
th e  re la tiv e ly  low  p ro d u c tio n  costs [6].

T here  are  v a rio u s m e th o d s fo r th e  deposition  of A B v th in  la y e rs  such 
as v a c u u m  e v a p o ra tio n , chem ical t r a n s p o r t  reac tio n , e tc . [7]. T h e y  all are 
ch a rac te rized  b y  th e  h igh  deposition  te m p e ra tu re s . In  th e  In s t i tu te  o f  P hy sica l 
C hem istry  a m e th o d  h as  been  developed  o f o b ta in in g  A n B VI th in  la y e rs  on 
m eta l single c ry s ta l su b s tra te s  a t  re la tiv e ly  low  te m p e ra tu re s  [8, 9]. A ccord ing  
to  th is  m eth o d  m eta llo id  v a p o u rs  such as su lp h u r, selen ium  and  te llu r iu m  reac t 
w ith  th e  su rface o f zinc an d  cadm ium  single crysta ls. F o r  exam ple in  th is  w ay  
we w ere able to  p roduce  ep itax ia l CdS lay e rs  even a t  a su b s tra te  te m p e ra tu re  
of 150 °C.

II. Experimental

T h e a p p a ra tu s  fo r grow ing zinc a n d  cadm ium  single c rysta ls  a n d  A n B VI 
lay e rs  is show n in  F ig . 1. I t  consists of: fu rn ace  1 fo r o b ta in in g  zinc a n d  cad ­
m ium  single c ry s ta l  su b s tra te s  an d  th e  A HB VI lay ers , fu rn ace  2 fo r  h e a tin g  
th e  m eta llo id s , th e  cooling fin g er C, th e  Zn (Cd) single c ry s ta l. T x, T x, T 3 are 
th e  th e rm o co u p les , M is a s tereom icroscope fo r o b se rv a tio n  an d  BS is a  b reak - 
o ff glass tip .

O ne exam ple  o f th e  zinc an d  cad m iu m  single c ry s ta ls  used  as s u b s tra te s  is 
show n in  Fig. 2. T he c ry s ta ls  h av e  been  o b ta in ed  b y  th e  S t r a n s k i— K a i s c h e w  
m eth o d  [10, 11] in  sealed  glass am pou les ev acu a ted  to  10~e to rr . N ow  we
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sh o u ld  like to  d e sc rib e  b riefly  th e  p re p a ra tio n  o f  th e  su b s tra te :  th e  zinc (an d  
ca d m iu m ) single c ry s ta ls  were o b ta in e d  b y  freez in g  a m o lten  d ro p le t and  th e n  
ex p o sin g  i t  to  th e  v ap o u rs  o f th e  sam e su b s ta n c e . A c o n s ta n t te m p e ra tu re  
d iffe ren ce  b e tw een  th e  fu rnace 1 a n d  th e  cooling fin g e r w hich defined  th e  super-

M
\ _____

Fig. 1. A pparatus fo r growing zinc and cadmium single crystal substrates and A1IBVI 
layers: 1 — furnace fo r obtaining th e  crystals; 2 — furnace for heating th e  metalloids; C — 
cooling finger; Zn (Cd) — zinc (cadm ium ) single crystal; S, Se, Те — sulphur, selenium, tel- 

lurium ; M — stereomicroscope; T l5 T 2, T 3 — therm ocouples; BS — break-off glass tip

Fig. 2. Zinc single crystal grown from  th e  vapour phase
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S a tu ra tio n  w as m a in ta in e d  d u rin g  every  ex p e rim en t. T he zinc single c ry s ta ls  
grew  a t  te m p e ra tu re s  o f a b o u t 400 °C w hile th e  cadm ium  single crysta ls  g rew  
a t  re la tiv e ly  low er te m p e ra tu re s  300 °C. As a  re su lt o f th e  grow th o f th e  
c ry s ta l, th e  so-called en d -g ro w th  form  is o b ta in e d . I t  e x h ib its  only  th e  b a sa l 
{0001} face, th e  p y ra m id a l {1011} and  th e  p rism atic  {1010} faces. One can  
recognize th a t  o n ly  th e  b a sa l face is v e ry  sm o o th  b u t th e  o th e r  faces h a v e  
m a n y  steps.

On o b ta in in g  th e  en d -g ro w th  form  of th e  m e ta l single c ry s ta l, m eta llo id  
v ap o u rs  w ere in tro d u c e d  th ro u g h  th e  b ro k en -o ff glass t ip  B S. T h ey  reac t w ith  
th e  h o t surface of th e  m e ta l single c ry s ta l fo llow ing th e  gen era l reac tion  e q u a ­
tio n :

A  +  В — A n B VI,

w here A is Zn or Cd an d  В is S o r Se or Те. In  th is  w ay th in  chalcogenide film s 
(several h u n d re d  to  tw o  th o u sa n d s  A th ick ) w ere o b ta in ed  fo r  2 to  6 h o u rs . 
T he su b stan ces used  w ere 99 .9999%  Zn, 99 .999%  Cd. 9 9 .999%  Se, sp e c tra lly  
p u re  S an d  p u re  Т е. T h ey  w ere  ad d itio n a lly  purified  b y  re p e a te d  v acu u m  
(1 0 -6 to rr)  d is tilla tio n  an d  su b lim a tio n .

T he chalcogenide g ro w th  cond itions a re  sum m arized  in  T able  I ,  th e  
te m p e ra tu re s  o f th e  fu rn aces  1 an d  2 an d  o f  th e  cooling f in g e r  being k e p t  
c o n s ta n t d u rin g  th e  w hole re a c tio n  tim e . T hese  th ree  te m p e ra tu re s  w ere 
p red e te rm in ed  in  o rd e r to  o b ta in  m eta llo id  v a p o u r  p ressu re  5 to  10 tim es  
h igher th a n  th e  co rrespond ing  m eta l v a p o u r  pressure w h ich  is im p o r ta n t 
especially  for th e  f ir s t  m o m en t o f th e  reac tio n .

T he lay ers  w ere in v e s tig a te d  e ith e r  to g e th e r  w ith  th e  su p p o rtin g  c ry s ta ls  
(b y  m eans of re flec tio n  e lec tro n  d iffrac tion , scan n in g  e lec tro n  m icroscopy a n d  
X -ra y  te x tu re  gon iom eter), o r a f te r  th e ir  rem o v a l from  th e  su b s tra te s  (b y  
tran sm iss io n  e lec tron  m icroscopy , electron  a n d  X -ray  d iffrac tio n ). T he c h a l­
cogenide layers h av e  been  d e ta c h e d  from  th e  su p p o rtin g  m e ta l c rysta ls  b y

Table I
Chalcogenide growth conditions

Single
crystals

Substrate
temperature

(°C)
Metal­
loids

Source
temperature

(°C)
Chaleoge-

nides Colour

s 5 0 -2 5 0 ZnS grey, blue, green
Zn 250—400 Se 215-370 ZnSe yellow, red, brown

Те 4 50-500 ZnTe red, black

s 5 0 -2 1 0 CdS yellow, red
Cd 150— 300 Se 220—350 CdSe red, dark  red

Те 450-530 CdTe black, brow n
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th e  e lec trochem ical d isso lu tio n  of th e  la t te r .  An In  su lp h a te  so lu tion  found  
ap p lic a tio n  in  such  cases. T h e  su lp h id a tio n  k ine tics  of zinc h as  also been in v e s ti­
g a te d  e llip som etrica lly .

III. Results and discussion
I I I .  1. M orphology

D u rin g  th e  reac tio n  w ith  S, Se an d  Т е th e  zinc an d  cadm ium  single c ry s­
ta ls  lo s t th e ir  in itia l m e ta llic  g litte r w h ich  fa c t re fe rred  to  th e  fo rm a tio n  of 
A 11 B VI la y e rs  on th em . T h e  colours of th e  lay e rs  are show n in  Table I.

Fig. 3. Transm ission electron micrographs of ZnS layers: a) ob tained  on the basal face a t a 
substrate  tem perature  of 355 °C w ith a sulphur vapour pressure of 7 • 10_1  to rr. b) obtained 
on the py ram idal face a t  a substra te  tem peratu re  of 254 °C w ith  a sulphur vapour pressure

of 3 • 10 - 3  to rr
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Fig. 4. CdS whiskers observed by ТЕМ . The whiskers grow from the CdS layer on the basal 
face of the cadm ium  single crystal. G row th conditions: substrate  tem perature  310 °C, sulphur

vapour pressure 1.5 • 1 0 - 1  to rr

O ptica l a n d  scann ing  e lec tro n  m icroscope in v es tig a tio n s  show ed th a t  
th e  lay e rs  rep ro d u ced  well th e  s tep s  on th e  single c ry sta l su b s tra te s  as w ell as 
all p ecu lia ritie s  o f th e ir  su rface s tru c tu re . T ransm ission  e lec tro n  m icroscopy 
confirm s th is  conclusion  (F ig. 3a, b). I t  is seen th a t  th e  film s o b ta in ed  on th e  
basa l face e x h ib it a un ifo rm  s tru c tu re . The la y e rs  rem oved from  th e  p y ra m id a l 
an d  th e  p rism a tic  faces rep ro d u ced  th e  su rface  m orphology  o f th e  c ry s ta l  
su b s tra te  in c lu d in g  num erous s tep s  and  g ro w th  details. As a general con c lu ­
sion we can  p o in t o u t here th a t  th e  su lph ides rep roduced  b e t te r  th e  su rface  
s tru c tu re  th a n  th e  selenides a n d  te llu rides. N evertheless a ll o f  th e  layers can  
be used  as e lec tro n  m icroscopic rep licas  of th e  grow ing zinc an d  cadm ium  single 
c ry s ta ls . F o r ex am p le  th is  p ro ced u re  m ay  a p p e a r  as a c o n v en ien t rep lica tio n  
m eth o d  a t  e lev a ted  te m p e ra tu re s . M oreover, th e  possib ility  to  use th e  ZnS 
and  CdS lay e rs  as rep licas of th e  su b s tra te  enab les th e  d irec t d e te rm in a tio n  
o f th e ir  a z im u th a l o rien ta tio n  b y  com paring  i t  w ith  th e  e lec tro n  d iffrac tio n  
p a tte rn . In  th is  w ay  we found  t h a t  th e  steps on th e  basa l faces o f  th e  Cd single 
c ry s ta ls  o rien ted  along <1120) are  p ara lle l to  th e  <1120) c ry s ta llo g rap h ic  
d irec tio n  in  th e  CdS layers; T he step s  on th e  b a sa l faces of th e  Zn single c ry s ta ls  
o rien ted  a long  <1120) are p a ra lle l to  th e  <110) in  ZnS layers.

In  conclusion  som e p ecu lia ritie s  o f th e  lay e rs , e.g. th e  g ro w th  of w h is­
kers on th e  CdS lay e rs  (F ig. 4) a n d  so on, h a v e  to  be m en tio n ed .

I I I .  2. Phase structure and ep itaxy

T h e re su lts  o b ta in ed  b y  th e  e lectron  m icroscopic, e lec tro n  an d  X -ra y  
d iffrac tio n  in v e s tig a tio n s  of th e  lay ers , o b ta in e d  on th e  b a sa l faces of th e  Zn
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a n d  Cd sing le  c ry s ta ls  a re  show n in T ab le  I I .  I t  is seen th a t  some of th e  layers 
h av e  cub ic  (sp h a le rite  ty p e )  s tru c tu re  (ZnS, ZnSe, Z nT e a n d  CdTe), th e  o th ers  
be ing  o f h ex ag o n a l (w u rtz ite  ty p e  s tru c tu re  (CdS an d  CdSe). This w as con firm ed  
b y  m eans o f  th e  D eb y e-S ch erre r m eth o d , tran sm issio n  a n d  reflection  e lec tro n  
d iffrac tio n  a n d  X -ra y  te x tu re  gon iom eter in v es tig a tio n s . W e suggest t h a t  th e  
layers h a v e  th e  th e rm o d y n a m ic a lly  s ta b le  s tru c tu re  ty p ic a l  for th e  sy n th esis  
te m p e ra tu re s .

T he fo llow ing e p ita x ia l  re la tio n s w ere es tab lish ed  fo r th e  layers w ith  cubic 
phase  s tru c tu re :

{111} Z nS(Z nSe, ZnTe) j | {0001} Zn w ith  <110) ZnS (Z nSe, ZnTe) j <1120) Zn, 
{111} CdTe И {0001} Cd w ith  <110) CdTe || {1120) Cd

an d  for th e  lay ers  w ith  h ex ag o n a l s tru c tu re :

{0001} CdS (CdSe) || {0001} Cd w ith  <1120) CdS || (CdSe) <1120) Cd.

Table II
A(II)B(VI) layer structure

A(II)B(VI)
Compounds

Phase Investi-
s tructu re 1 6 « юп, 

m ethods

E pitaxial
relations

Investi- 1 Lattice 
gátion param eters 

m ethods (Â)

Investi­
gation

methods

ZnS Sphalerite 1 , 2 ,3 ,4 111 ZnS I I  0001 Zn 
110 ZnS II  1120 Zn

3 .4
3 .5

a =  5.40±0.01 1 ,2 ,3

CdS W urtzite 1, 2, 3, 4 0001 CdS I I  0001 Cd 
1120 CdS I I  1120 Cd

3 ,4
3 ,4 ,5

a — 4.13 ±0.01 
c =  6.70±0.01

1 .2 .3
1 .2 .3

ZnSe Sphalerite 1 ,2 ,4 111 ZnSe I I  0001 Zn 
110 ZnSe I I  0001 Zn

2 ,4
4 a =  5.66 -1-0.01 1 , 2

CdSe W urtzite 1 ,2 ,4 0001 CdSe 0001 Cd 2 ,4
a =  4.23±0.01 
c =  6.85 ±0.01 1 , 2

ZnTe Sphalerite 1 ,2 , 3 ,4 111 ZnTe II  0001 Zn 
110 ZnTe II  1120 Zn

3 ,4
3 a — 6.08±0.01 1 ,2 ,3

CdTe Sphalerite 1 ,2 , 3 ,4 111 CdTe I I  0001 Cd 
110 CdTe I I  1120 Cd

3 ,4
3 a =  6.47±0.01 1 ,2 ,3

Investigation methods:
1. Debye-Scherrer
2. Transmission electron diffraction
3. Reflection electron diffraction
4. X -ray tex tu re  goniometer
5. Comparison of the transm ission electron diffraction pattern  w ith  the replica
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Fig. 5. Transm ission electron diffraction pa tte rn s of ZnS layers obtained under the following 
conditions: a) substrate tem perature  260 °C, sulphur vapour pressure 4 • 1 0 ~ 4 to rr; b) sub­
stra te  tem perature  320 °C, sulphur vapour pressure 5 • 10 - 3  to rr; c) substrate tem perature  

380 °C, sulphur vapour pressure 1 to rr
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T h ese  ep ita x ia l re la tio n s  w ere estab lish ed  b y  re flec tio n  an d  tran sm issio n  elec­
t ro n  d iffrac tio n , X - ra y  te x tu re  go n io m eter an d  b y  th e  above m en tio n ed  com pa­
riso n  of th e  tra n sm iss io n  e lec tro n  d iffrac tio n  w ith  th e  e lec tron  m icrog raph  of 
th e  su b s tra te .

The la t t ic e  p a ra m e te rs  (see T ab le  I I )  o f th e  A UB VI lay e rs  ca lcu la ted  from  
th e  X -ra y  a n d  th e  e lec tro n  d iffrac tio n  p a tte rn s  agree fa irly  w ell w ith  th e  d a ta  
in  th e  l i te ra tu re  P i -

S u m m ariz in g  w e can p o in t  o u t t h a t  th e re  is some g ra d a tio n  in  th e  
s tru c tu ra l  p e rfe c tio n  of th e  lay e rs . F o r exam ple  th e  degree o f s tru c tu ra l p er 
fec tio n  of th e  ZnS lay e rs  is rising  on th e  one h a n d  w ith  th e  su b s tra te  te m p e ra tu re  
a n d  on th e  o th e r  h a n d  w ith  decreasin g  th icknesses. In  F ig . 5a one can  see th e  
r in g  e lectron  d iffra c tio n  p a t te rn .  I t  is ty p ic a l fo r ex p erim en ts  perfo rm ed  in  
th e  range  of s u b s tra te  te m p e ra tu re  from  250 to  300 °C. F ig . 5b show s som e 
m osaic  s tru c tu re . T h is  is ty p ic a l fo r te m p e ra tu re s  fro m  300 to  350 °C o f th e  
su b s tra te s . E p i ta x ia l  layers w ere o b ta in ed  on su b s tra te s  h e a te d  above 370 to  
400 °C (F ig. 5c). T h e  sam e te m p e ra tu re  d ependence  o f th e  la y e r  s tru c tu re  
w as found  also  fo r ZnTe and  CdTe [12].

On th e  o th e r  h a n d  e p ita x ia l CdS [9] an d  CdSe [13] lay e rs  w ere o b ta in ed  
in  th e  w hole te m p e ra tu re  in te rv a l  from  150 to  300 °C in v e s tig a te d  b y  us. 
T h is  fa c t m ay  be  em ployed  fo r  th e  p ro d u c tio n  o f CdS ep itax ia l lay e rs  a t  low  
te m p e ra tu re s .

T h in  la y e rs  o f  ZnSe change th e ir  te x tu re  fro m  {111} a t  low  te m p e ra tu re s  
in to  {110} te x tu re  a t  high te m p e ra tu re s  [14].

The A HB VI lay e rs  o b ta in ed  on th e  p y ra m id a l an d  on th e  p rism atic  faces 
o f th e  su b s tra te s  w ere  h a rd ly  o rien ted . T h ey  w ere v e ry  o ften  p o ly cry sta llin e  
a n d  in  o th e r cases th e y  possessed  som e te x tu re . I n  genera l we go t an  im p res­
sion  th a t  th e  Cd single c ry s ta l su b s tra te  o rien ted  s tro n g e r th a n  th e  Zn single 
c ry s ta l  s u b s tra te . T h is  holds t ru e  fo r th e  b a sa l face o f th e  c ry s ta ls  as w ell as 
fo r th e  p y ra m id a l an d  p r ism a tic  faces.

I I I .  3. K ine tics and  mechanism  o f  the layer fo rm a tio n

A n e llip so m etric  s tu d y  o f  th e  zinc su lp h id a tio n  k in e tics  h as  re c e n tly  
b een  s ta r te d  in  o u r la b o ra to ry . T he f irs t  d a ta  show  a p arab o lic  dependence 
o f  th e  lay e r th ic k n e ss  versus re a c tio n  tim e . T hese d a ta  are  in  a good ag reem en t 
w ith  W a g n e r ’s th e o ry  [15] fo r  m e ta l ox id iza tio n .

T he e x p e rim e n ta l re su lts  o b ta in ed  on A 11 B VI layers lead  to  th e  con­
c lusion  th a t  th e  re a c tio n  p roceeds th ro u g h  d iffusion  of in te rs t i t ia l  m e ta l ions 
in  th e  chalcogen ide  th in  film . W e i s s m a n t e l  e t  a l [16] w ere th e  f ir s t  to  suggest 
th is  m echan ism  fo r  th e  fo rm a tio n  o f  CdS lay e rs  on e v a p o ra te d  Cd layers. Som e 
o f th e  fac ts  w h ich  confirm  th is  suggestion  in  our case are  sum m arized  as follow s:

1) T he d iffu s io n  coeffic ien ts fo r Cd an d  Zn in  chalcogenides are g re a te r  
th a n  those  fo r  m eta llo id s  [17].
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2) T he p a ra b o lic  dependence  estab lish ed  fo r th e  ZnS la y e r  th ickness as 
a fu n c tio n  of th e  re a c tio n  t im e  in d ica tes  t h a t  m e ta l ions d iffu se  th ro u g h  th e  
ZnS lay e r [18].

3) T he o b serv ed  g ro w th  o f  CdS w hiskers show s th a t  Cd is t ra n sp o r te d  to  
th e  su rface  of th e  overgrow n CdS film  w here i t  re a c ts  w ith  th e  su lphur.

4) As m e n tio n e d  above th e  A 1 B v lay e rs  rep ro d u ced  p e rfec tly  w ell th e  
su rface  s tru c tu re  o f  th e  m e ta l single c ry sta ls . E v id e n tly  th e  m e ta l surface h as  
b een  b locked  b y  th e  f irs t  s tag es  o f th e  chalcogen ide film  fo rm a tio n . F o r  th e  
fu r th e r  g row th  o f  th e  lay er m e ta l ions have  to  diffuse th ro u g h  it .  O therw ise, 
i f  th e  m eta llo id  d iffuses th ro u g h  th e  A 11 BVI/m e ta l in te rface , th e  la t te r  w ill be 
p e n e tra tin g  deep ly  th e  b u lk  o f  th e  m e ta l single c ry s ta l a n d  w ill change its  
fo rm .

IV. Conclusion

E p ita x ia l  A HB VI th in  la y e rs  w ere o b ta in e d  on m e ta l single c ry s ta l su b ­
s tra te s  a t  re la tiv e ly  low  te m p e ra tu re s . W e can  ex p ec t th a t  th e  m etal/sem icon- 
d u c to r  in te rface  in  th e  case u n d e r  consid era tio n  m a y  e x h ib it  in te re s tin g  p ro ­
p e rtie s  due  to  th e  la ck  of im p u ritie s  since th e  w hole p ro ced u re  tak es  p lace  in  
v a cu u m  sealed g lass am poules.
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EPITAXIAL GROWTH OF SILICON SINGLE 
CRYSTAL LAYERS

By

G. K ó s z a , T. K o r m á n y  and L. N a g y

RESEA RCH  IN ST ITU TE FOR TELECOMMUNICATION, BU D A PEST, HUNGARY

CVD grow th of Si on highly doped (111) Si substrates using the SiCl4 —S i—H 2 open 
tube  system  has been studied  in a horizontal reactor by m eans of one-factorial experim ents. 
I t  was recognized th a t for realizing a uniform  grow th rate in th e  samples no t only deposition 
tem perature  b u t also th e  tem perature  d is tribu tion  of the system  characterized by  the para­
m eters Tmax and  x t has to  be considered.

F rom  these experim ents the central p o in t for the m ultifactorial investigations could be 
located.

1. Introduction

In  th e  la s t tw e n ty  years th e  e p ita x ia l la y e r-g ro w th  process h as  been 
in v e s tig a te d  from  sev era l aspects (th e rm o d y n am ics , k ine tics, au to d o p in g , 
d e te rm in a tio n  of la y e r  ch a rac te ris tic s , e tc .) The o p tim iz a tio n  of th is  process, 
how ever, w as a so m ew hat neglected  fie ld . To get th e  op tim u m  co n d itio n s for 
th e  S i-layer g row th  b y  chem ical v a p o u r  deposition  (CVD) i t  is n ecessa ry  to  
p erfo rm  th e rm o d y n a m ic a l analysis, o n e -fac to r and m u ltifa c to r ia l in v estig a tio n s. 
A fte r p e rfo rm in g  th e  th e rm o d y n a m ic a l analysis o f  th e  system  th e re  are  tw o 
w ays fo r  o p tim iza tio n : th e  n u m erica l o p tim iza tio n  o f a possible th e o re tic a l 
m odel o r th e  ex p e rim en ta l o p tim iza tio n  [1, 2]. I n  sp ite  o f m an y  effo rts  a 
com plete  th e o re tic a l m odel of th e  e p ita x ia l silicon la y e r  g row th  does n o t ex ist 
p re sen tly , th ere fo re  th e  op tim iza tio n  h as  to  be b ased  on ex p e rim en ta l re su lts .

T h e  g ro w th  r a te  o f  th e  ep itax ia l la y e r  grow n b y  th e  CVD process has been 
an a lysed  a n d  m odelled  b y  several a u th o rs . P rev ious th e o re tic a l re su lts  were 
rev iew ed o f B loem  [3] to  exp lain  th e  k in e tic s  of silicon g ro w th  from  th e  v ap o u r 
phase . A generalised  eq u a tio n  was g iv en  b y  him  fo r th e  g row th  ra te  as a fu n c­
tio n  of positio n  (дс) a long  th e  suscep to r. U n fo rtu n a te ly , th e  ca lcu la ted  g row th  
ra te  va lu es  differ b y  a fa c to r  3 or 4 fro m  each o th e r a n d  there fo re  th e y  can n o t 
be used  fo r design p u rp o ses . The im p o rta n c e  of e n try  effects an d  th e ir  in fluence  
on th e  dev e lo p m en t o f  ve lo c ity  an d  te m p e ra tu re  p ro file s  has been  suggested  
b y  B a n  [4]. B ased on  h is m easu rem en ts  o f tra n s p o r t  p h enom ena  th e  g row th  
ra te  v a lu es , how ever, c an n o t be c a lc u la ted  from  h is m odel. Ma n k e  and  
D o n a g h e y  [5] used  a m odel of “ develop ing  te m p e ra tu re ”  to  ca lc u la te  th e  
m ean  gas-phase  te m p e ra tu re  and  d ep o sitio n  ra te  d is tr ib u tio n  of silicon  w hich 
gives th e  g ro w th -ra te  v a lu es  in  case o f  a v ertica l cy lin d e r reac to r.

In  th is  c o n tr ib u tio n  th e  Si e p ita x ia l lay er g ro w th  in  a h o riz o n ta l reac to r  
w ill be considered . In  th e  course of o u r w ork  a series o f  o ne-fac to ria l ex p erim en ts
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w ere  perfo rm ed  m ak in g  use o f som e basic fac ts  from  th e  p rev io u s theories. 
A s a consequence o f  th e  s tu d ies  a su itab le  ran g e  o f p a ra m e te rs , re su ltin g  in  
a  u n ifo rm  Si g ro w th  ra te  in  h o riz o n ta l reac to rs  cou ld  be e stab lish ed . T he expe­
r im e n ta l  re su lts  cou ld  also be u sed  to  deduce som e conclusions on th e  process 
p a ra m e te rs  in flu en c in g  th e  la y e r  th ick n ess  an d  th e  d o p a n t d is tr ib u tio n  u n i­
fo rm ity .

2. Experim ental work

A se lf-bu ilt R F -h e a te d  h o riz o n ta l re a c to r  w as used  in  th e  ex p erim en ts. 
T h e  su b s tra te  w as hom ogeneous, (111) o rien ted , As doped  Si single c ry sta l, 
free  o f d isloca tions (accord ing  to  X -ra y  to p o g rap h y ) w ith  a specific  resistance 
o f  4 —5 • 10 ~ 3 ohm cm . E p ita x ia l  lay e rs  w ere grow n b y  th e  SiCl4-procedure. 
I n  th e  process R S — Q q u a lity  SiCl4 an d  e lec tron ic  grade HC1 gas was used, 
th e  H 2-gas has b een  P d -p u rified .

B efore each  grow th  cycle fre sh  Si has b een  deposited  o n to  th e  e tch ed  
g ra p h ite  su scep to r. T he used  w afers  w ere back sid e  lap p ed , w ith o u t deposition . 
H C l-e tch ing  h a s  b een  ca rried  o u t fo r 1 m in u te , w ith  1%  HC1 in  H 2, a t  th e  
g ro w th  te m p e ra tu re , follow ed b y  annealing  fo r 5 m in u tes  in  H 2. A fter com ­
p le tin g  th e  la y e r  g row th  th e  an n ea lin g  has b een  rep ea ted . T h e  p ressure  w as 
a p p ro x im a te ly  1 a tm  because o f  th e  open tu b e  sy s tem . No d o p a n t gas has been  
ad d ed . A d d itiv e  process p a ra m e te rs  are  su m m arised  in  T ab le  I  a n d  in  Fig. 2.

In  T ab le  I  b o th  th e  possib le  p a ra m e te r  ran g es  fo r th e  g iven  lay e r g row th  
sy s tem  an d  th e  a c tu a lly  rea lized  p a ra m e te r  v a lu es  are in d ica ted .

T he fo llow ing  n o ta tio n s  w ere  used:
T max m ax im u m  te m p e ra tu re  m easu red  a t  th e  c ry s ta l  su rface (°C), 
V  flow  ra te  of h y d ro g en  (lit/hou r),
tg t im e  of th e  la y e r  g ro w th  (m in),
iVIsici, c o n cen tra tio n  o f  SiCl4 in  th e  in p u t gas (m o lfrac tion ).
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Table I
Process param eters

P aram eter Range Realized values

Xt (cm) — 1 0 18 - 2 ; 8

Tmax (°C) 900 1250 1 1 0 0 ; 1 2 0 0

K (l/n) 300 3000 800; 1300; 1800

tg (min) 1 0 0 10; 20; 30

^SiCU
(molfraction)

1 • 1 0 - 4 3 • 10 - 3 7.5 • 10 -4; 1.2 • IO“ 3;
1.5 • IO“ 3; 5 >5 . i o - 4x; 2.5 • 1 0 -3x

X only in the case V  —  800 1/h

T he sk e tch  o f th e  e x p e rim e n ta l re a c to r  tu b e  is show n in  Fig. 1, w h ere  
X t deno tes th e  d is tan ce  b e tw een  th e  su scep to r leading edge — and th e  edge 
of th e  R F  coil.

D  =  72 m m  is th e  d ia m e te r  of th e  q u a r tz  tu b e , L  =  150 m m  is th e  
len g th  of th e  g ra p h ite  su scep to r, a  =  3° is th e  tiltin g  ang le  o f  th e  su scep to r.

The S i-w afer position  on th e  suscep to r w as ch a rac te rized  b y  the  d is ta n c e  
(x) from  th e  lead in g  edge.

T he tim e  dependence o f  th e  process p a ram e te rs  a re  g iven in  F ig . 2. 
w here Chci a n d  MsiCi d en o te  th e  co n cen tra tio n s  of th e  a c tiv e  com ponen ts 
in  th e  carrie r gas m easu red  in  v o lu m e-p ercen tag e  and  m o lfrac tio n , resp ec tiv e ly . 
T he p a ra m e te r  t s tan d s  for th e  com plete  p rocess tim e  w hich  is th e  sum  o f  th e  
tim e  in te rv a ls  fo r  th e  v ap o u r p h ase  e tch ing , la y e r  grow th, h e a tin g  and  cooling  
cycles.

T he e p ita x ia l lay er th ic k n e ss  w as m easu red  b y  IR -in te rfe ren ce  tech n iq u e , 
th e  d o p a n t d is tr ib u tio n  b y  a h ig h  freq u en cy  CV -m ethod [6 ].

Fig. 2. Time functions and  param eters o f th e  general g row th cycle

7 Acta Physica Academiae Scientiarum Hungaricae 47, 1979
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3. Results and discussion

I t  is w ell know n th a t  in  case of sm all SiCl4 c o n c e n tra tio n  in  th e  ca rr ie r  
H 2 gas, th e  la y e r  g row th  r a te  G a t a fix e d  w afer positio n  x  is linearly  re la te d  
to  th e  m ol frac tio n  M  o f th e  SiCl4:

G =  к  ■ M .  (1)

In  p rev io u s th eo ries  th e  c o n s ta n t к w as supposed  to  be d ep en d en t on th e  gas 
flow  ra te  V,  th e  w afer p o s itio n  x  an d  th e  g row th  te m p e ra tu re  T,  as follow s:

k = f ( V , x , T ) .  (2)

In  our ex p e rim en ta l w ork  th e  layer g ro w th  ra te  G w as m easu red  fo r d iffe ren t 
p rocess p a ra m e te r  va lues.

In  F ig . 3 th e  g ro w th  r a te  G is g iven  as function  o f th e  SiCl4 c o n cen tra tio n  
M  fo r d iffe re n t gas flow  ra te  values V.  I t  c an  be seen t h a t  th e  increase o f  th e  
gas flow  r a te  from  800 1/h to  1800 1/h re su lte d  in a s im ila r  increase o f  th e  к 
va lu es  fro m  246 to  364.

N e x t th e  fu n c tio n a l dependence o f  th e  coeffic ien t к  on th e  p rocess 
p a ra m e te rs  h as  been in v e s tig a te d . F ro m  th e  ex p erim en ta l resu lts  i t  co u ld  be

T=1170t K=364

Fig. 3. The grow th rate (G) as a function of th e  SiCl4 mole fraction  and  hydrogen flow  rate
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recognized  th a t  th e  g row th  coeffic ien t к  was n o t u n iq u e ly  d e te rm in ed  b y  th e  
p a ra m e te rs  V , x  an d  T  as supposed  in  E q . (2) b u t i t  w as also in flu en ced  b y  
th e  te m p e ra tu re  d is tr ib u tio n  a long  th e  g rap h ite  suscep to r. The m easu red  resu lts  
a re  sum m arized  in  T ab le  I I .  T h e  le f t h an d  side of th e  T ab le  co rresponds to  
th e  v a lu e  x t =  8 cm , on th e  r ig h t h a n d  side th e  d a ta  fo r  th e  case o f x.  =  —2 cm 
are  g iven.

T he ex p e rim en ta l d a ta  h av e  verified  our a ssu m p tio n , th a t  a t  th e  sam e 
te m p e ra tu re  b u t  a t  d iffe ren t w afer an d  g rap h ite  p o sitions (x, x f) th e  g ro w th  
coeffic ien ts differ considerab ly  a n d  th e re fo re  to  achieve n ea rly  c o n s ta n t g row th  
coeffic ien ts a su itab le  te m p e ra tu re  d is trib u tio n  has to  be rea lized . In  our 
case p lac in g  th e  g rap h ite  su scep to r a t  x f =  —2 cm  position  re su lted  in  an  
a lm o st un ifo rm  g ro w th  ra te  d is tr ib u tio n  (see in  Fig. 4).

7* Acta Physica Academiae Scientiarum Hungaricae 47, 1979
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Table П

Dependence of growth coefficients к  on th e  gas flow rate  V , the wafer position x, and the growth 
tem perature T  in the case o f Xf =  8 cm and x t =  —2 cm

X
(cm)

T
(°C)

V
(lb-1) к к V

0/h -1)
T

(°C)
X

(cm)

5 1169 800 246

294 1300 1010 4.51300 308

1800 364

7.3 1155 800 232

347 1300 1134 6.91300 277

1800 307

9.6 1096 800 213

360 1300 1182 9.61300 262

1800 301

11.9 1010 800 188

361 1300 1186 11.81300 233

1800 268

14.2 1170 800 141

346 1300 1189 14.21300 165

1800 174

x t  =  8 cm x ^ =  — 2 cm

T his su ita b le  te m p e ra tu re  d is tr ib u tio n  responsib le  fo r n e a r ly  c o n s ta n t 
g ro w th  ra te  v a lu es  a long  th e  g ra p h ite  su scep to r re su lte d  also in  a la y e r-th ic k ­
n ess  u n ifo rm ity . T h e  g row th  ra te  d is tr ib u tio n s  co rrespond ing  to  th e  b es t an d  
w o rs t te m p e ra tu re  d is tr ib u tio n s  c h a ra c te r iz e d  b y  th e  p a ra m e te rs  x t =  —2 cm , 
T m =  1190 °C a n d  x t =  8 cm , T m =  1172 °C, re sp ec tiv e ly , a re  show n in  F igs. 
5 a n d  6.
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M = K7xlÖ3 
Tmax.= 1172eC

Fig. 5. V ariation o f grow th ra te  (G) along the graphite susceptor using different gas flow
rates, xt =  8  cm

M -U 7x103 
T m ax =  1190 
X = 2 m

Fig. 6. V ariation o f grow th rate (G) along the graphite susceptor using d ifferent gas flow ra tes,
X/ =  — 2  cm
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Fig. 7. V ariation  of dopant d istribution  along the graphite susceptor

B ased  on th e  m easu red  d a ta  an  e x p e rim e n ta l re la tio n sh ip  b e tw een  к  

a n d  V  can  be fo rm u la te d , as follows:

log к  =  m  • log  V  -f- 6, (3)

w here  th e  coeffic ien ts m  an d  b  depend  on th e  te m p e ra tu re  T  and  th e  positio n  
X.  Som e ca lcu la ted  v a lu es  o f m  an d  b  are  sum m arized  in  T ab le  I I I .

In  th e  course o f  th e  ep ita x ia l la y e r  processing  n o t  o n ly  th e  g ro w th  ra te  
a n d  th e  e p ita x ia l la y e r  th ick n ess  b u t  also  th e  d o p a n t d is tr ib u tio n  h as  to  be
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V=800 l/h 
T=1100 ЧС

MSICI* =  
z  = 2  yum

Fig. 8. D opant concentration a t z =  2 d ep th  realizing different ^-values (1, 2, and  3 
are the wafer positions on the susceptor)

V =  800 l / h ;  T—1100 °C ; t g =  16 min ; M g ^ - î . l K l f f 3

XXX = 2  cm  ; . . . . X 2 - 5 . 6 c m  ; -+--H-+ X3 - 9 . 2  cm

lo g  N

- i t í  * *
X X

X
X

4
$

- (>inn)
U 0

Xt =  0 cm Xf = 3 cm -7.5 cm

Fig. 9. D opant d is tribu tion  as a function of depth  (г) a t d ifferent xt values
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Table III
Experim ental values of m  and b a t  7'max =  1170 °C and x  =- 8  cm

X T m b

5 1170 0.50 0.97
9.6 1155 0.41 1.16

14.2 1 0 1 0 0.31 1.26

un ifo rm . T h ere fo re  i t  is im p o r ta n t  to  n o te  t h a t  d ifferen t su scep to r po sitio n s 
c h a ra c te riz e d  b y  x t m ay  re su lt  in  co n siderab le  changes o f th e  d o p an t co n cen ­
tra t io n .

A n u n fa v o u ra b le  case is il lu s tra te d  in  F ig . 7. The d o p a n t d is tr ib u tio n  in  
th e  e p ita x ia l la y e r  o f th e  S i-w afers is s tro n g ly  dep en d en t on  th e  position  x  a t  
th e  su scep to r. T h e  m in im um  v a lu es  of d o p a n t co n cen tra tio n  increase in  th e  gas 
flow  d irec tio n .

To in v e s tig a te  th is  p h en o m en o n  sev era l g rap h ite  p o sitions have  been  
rea lized  in  th e  re a c to r  tu b e  an d  d o p a n t p ro files o f th e  S i-ep itax ia l layers grow n 
a t  d iffe ren t w afe r position  (x ) w ere  m easu red . T he d o p an t c o n cen tra tio n  v a lu es

6 .#  tg = 20 min 
V = 800 l/h 
М-1.5ХКГ3

17. О  tg =  20 min 
V = 1600 l/h

M =  1.U*1<r3

Fig. 10. D opan t d istribution a t different flow rates in  the case of substra te  positions x  =  7.3 cm
and x  =  9.6 cm
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fo r d iffe ren t w afer positions a long  th e  su scep to r, m easu red  a t  2 pm  d e p th  
in  th e ir  e p ita x ia l layers, a re  g iven  in F ig . 8.

F o r  th e  g roup  of w afers b u il t  up  in  a  g iven grow th  cycle th e  m o s t u n i­
fo rm  d o p a n t co n cen tra tio n  d is tr ib u tio n  re su lte d  for x t — — 1 cm , th is  p o s itio n  
b e ing  a lm o st e q u a l to  th e  o p tim u m  positio n  (xt =  —2 cm ) fo r layer th ic k n e ss  
u n ifo rm ity .

T h e  com p le te  d o p an t d is tr ib u tio n  p ro files fo r severa l w afers a t d iffe re n t 
p o sitio n s a long  th e  suscep to r a re  com pared  in  Fig. 9 fo r d iffe ren t x t v a lu es . 
F ro m  th e  F ig u re  i t  can he recogn ized  th a t  th e  op tim um  p la c e m e n t co rrspond- 
ing  to  x t =  —2 cm  resu lts  in  a fav o u rab le  coincidence o f  th e  d o p an t p ro files 
also.

T h e  re su lt o f th e  on e-fac to ria l ex p e rim en ts  m ay b e  used  to  f in d  th e  
c e n tra l  p o in t o f th e  m u ltifa c to ria l in v es tig a tio n s  [1, 2]. T o  d em o n stra te  th is  
in  F ig . 10 th e  d o p a n t d is tr ib u tio n  is i l lu s tra te d  as a fu n c tio n  of th e  w afer 
p o s itio n  on th e  g rap h ite  su scep to r a t  tw o  d iffe ren t fIowT ra te s . I t  is e v id e n t, 
th a t  th e  a u to d o p in g  effect h a s  a m in im um  value a t  th e  low est f lo w -ra te

t  g = 2 0  min

r° 2.5 XI O'3 V =  800 l /h

MSiCU = s • 1.5 X 1(T3 T = 1180 °C

l ® 0.54 x1(T3 X ^ = 8  cm

X=5cm X=7.3 cm

Fig. 11. D opant d istribution  of different SiCl4 mole fraction in the case of substrate position
X — 5 cm and x  =  7,3 cm
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10 min

t g =  <! 0  20 min

O  30 m in

V =  8 0 0  l /h 

M =  1.5x10‘ 3

T =  1180 

X+=  8  cm

lo g  N

z/w
-|--------- 1---------T

X = 5  cm  X = 9 .6  cm

Fig. 12. D opant d istribution  a t different times of deposition in the case of substrate positions
X  =  5 cm and x  — 9.6 cm

(800 l /h -1 ) a n d  th ere fo re  in  th e  cen tra l p o in t  of th e  m u ltifa c to ria l in v e s tig a ­
tio n s  th e  flow  ra te  va lue  w as chosen to  be  800 l/h .

In  view  o f sim ilar consid era tio n s (see F ig . 11, 12) fo r  th e  SiCl4 c o n c e n tra ­
tio n  (M ) an d  th e  deposition  t im e  (tg), th e  chosen  values w ere  M  =  2.5 • 1 0 -3  
a n d  fg =  30 m in , re sp ec tiv e ly .

4. Conclusions

CVD g ro w th  of Si on h ig h ly  doped (111) Si s u b s tra te s  using th e  SiCl4— 
S i— H 2 open  tu b e  system  h a s  been  s tu d ie d  in  a h o riz o n ta l reac to r b y  m eans 
o f  on e-fac to ria l ex p erim en ts . I t  was recogn ized  th a t  fo r realizing a u n ifo rm  
g ro w th  ra te  in  th e  sam ples n o t  only  dep o sitio n  te m p e ra tu re  h u t  also th e  
te m p e ra tu re  d is tr ib u tio n  o f th e  system  ch a rac te rized  b y  th e  p a ram e te rs  T max 
a n d  x t has to  be  considered . I t  is im p o r ta n t t h a t  th e  u n ifo rm  grow th ra te  w as 
in  one-to -one  correspondence  w ith  th e  u n ifo rm  layer th ick n ess  and  d o p a n t 
d is tr ib u tio n . T h u s  th e  p rocess p a ra m e te rs  es tab lish ed  in  our e x p e rim en t
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could  be used  ad v an tag eo u sly  in  th e  tech n o lo g y  of grow ing u ndoped  silicon  
e p ita x ia l lay e rs  b y  th e  CYD — SiCl4-process. In tro d u c in g  th e  new process 
p a ra m e te r  x t th e  ce n tra l p o in t fo r th e  m u ltifa c to r ia l in v es tig a tio n s  could  be  
lo ca ted .
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В Л И Я Н И Е  ПРИМ ЕСИ СВИНЦА НА РА ЗР У Ш Е Н И Е  
К РИ СТА Л ЛО В NaCl ПОД Д ЕЙ С ТВ И ЕМ  И З Л У Ч Е Н И Я  

РУ БИ Н О В О ГО  Л А ЗЕ Р А

В. В. НАБАТОВ, Л. М. БЕЛЯЕВ, H. Н. ДЫМЕНКО

ИНСТИТУТ КРИСТАЛЛОГРАФИИ АН СССР, МОСКВА, СССР

И

Р. ВОСКА

ИССЛЕДОВАТЕЛЬСКАЯ Л А БО РА ТО РИ Я ПО Ф И ЗИ К Е  КРИСТАЛЛОВ ВАН, БУ ДАПЕШ Т,
ВЕН ГРИ Я

Показано, что не вся примесь свинца, даже при малых концентрациях его в шихте 
находится в решетке в виде изолированного иона РЬ2+. Определенная часть примеси 
присутствует в кристалле в виде включений соединений свинца. Пороговая плотность 
мощности (Р п орог) снижается от значения 109вт/см2 на порядок при изменении концентра­
ции (СРЬ) примеси от 10~7 до 10~4 моль/моль. Эта зависимость имеет вид: Рпорог ~  -г— —- .

i°g  Cpb
Характерные особенности разрушения при Р — Рпорог: увеличение размера трещин 

с уменьшением концентрации примеси; появление окраски в зоне разрушения в образцах 
с Срь >  Ю-4 моль/моль. Измерения микротвердости образцов подтверждают то, что эти 
особенности вызваны изменением механических свойств кристаллов. Рассмотрены вклю­
чения различных соединений свинца. Высказано предположение, что разрушение обусло­
влено микроключениями интерметаллических соединений свинца размером не более 
10~6 см.

Известно, что публикуемые экспериментальные данные о пороге раз­
рушения прозрачных для лазерного излучения диэлектриков отличаются для 
одного и того же вещества [1, 2]. Это связывают с разной степенью оптичес­
кой чистоты испытуемых материалов из-за возможного присутствия микро­
скопических включений примеси сильно поглощающих лазерное излуче­
ние [3, 4].

Теоретически задача о разрушении прозрачного диэлектрика для част­
ного случая, когда в фокусе лазерного пучка находится единичное погло­
щающее включение, рассматривалась в ряде работ [5, б, 7]. В общем случае, 
когда в объеме диэлектрика находится множество включений, решение ее 
встречает известные трудности. Точное вычисление порога пока невозможно. 
Оценки, сделанные на основании соотнощений взятых из работы [8j показы­
вают, что снижение порога станет заметным при плотности поглощающих 
включений более 108 см-3 (при диаметре включения 10~4 см). Обычно в экспе­
рименте пытаются установить корреляцию между порогом разрушения и 
числом включений. Для группы кристаллов Li F с примесями металлов 
(количество примеси не контролировалось) была подмечена качественная 
связь между порогом разрушения и числом включений и структурных не-
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совершенств [9, 10]. Однако, изучение особенностей разрушения кристаллов 
с конкретными примесями и выяснение зависимости порога разрушения от 
содержания примеси в широком диапазоне концентраций ее в образцах не 
проводилось. С целью восполнения указанного пробела и была поставлена 
данная работа.

Характеристика исследуемых образцов

В качестве объекта исследования были выбраны кристаллы NaCl с при­
месью свинца. Кристаллы прозрачны на основной и удвоенной частоте 
рубинового лазера. А, В и С — полосы поглощения, обусловленные ионом 
свинца РЬ2+ в анионном окружении лежат в ультрафиолетовой области [11]. 
Помимо изолированного иона РЬ2+ в кристаллах NaCl: Pb в том случае, 
когда превышается предел растворимости примеси, присутствуют частицы 
фазы РЬС12 [12]. Кроме того возможно существование двойных солей типа 
niNaCl ■ nPbCl2 [13] и агрегированных ассоциатов: примесный ион-катионная 
вакансия [14].

Кристаллы выращивались из расплава с помощью методики, которая 
позволяла производить дополнительную очистку шихты и выращиваемого 
кристалла [15]. Были получены 4 кристалла (№№ 1, 2, 3, 4) в виде цилинд­
рических стержней с концентрацией свинца в шихте соответственно 10_3;

Р ис. 7. Типичное распределение примеси свинца по длине стержня (на примере кристалла 
№ 3). Цифры на кривой соответствуют номеру частей, на которые был разрезан стержень

(изображен внизу).
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10~4; 10-5; и 10_б моль/моль. Кристалл № 1 в отличие от прочих был мутным, 
поскольку содержал включения выпавшей фазы РЬС12.

Распределение примеси по длине кристаллов было неоднородным, так 
как оно определяется не только физико-химическими особенностями крис­
таллизуемой системы, но и технологическими факторами [16]. Для всех 
стержней концентрация примеси нарастала к части стержня, относящейся к 
конечной стадии кристаллизации (рис. 1).

Данные о распределении примеси были получены следующим образом. 
Стержень распиливался поперек, параллельно грани (100) на 5—6 (в зави­
симости от длины стержня) частей. Из центральной области каждой части 
вырезался образец. Это делалось для получения однозначных результатов, 
поскольку могла иметь место и радиальная зависимость распределения 
примеси. Предварительно для нескольких образцов концентрация свинца 
была определена с помощью количественного химического анализа. Эта 
концентрация была сопоставлена с максимумом A-полосы поглощения 
(А =  274 нм) этих же образцов. Полученная графическая зависимость дала 
возможность с помощью только спектрофотометрических измерений полу­
чить необходимые данные о содержании свинца в любом образце. Для 
области малых концентраций мы сочли возможным пользоваться экстра­
поляционными значениями.

Исходя из пропорциональности между концентрацией иона свинца 
(Ср,2 +) и коэффициентом поглощения у. в  A-полосе, имеющей место при 
малых концентрациях примеси, были получены сведения о концентрации 
иона свинца. При этом Срьг+ для Пой части стержня определялось из ра­
венства Срьгн- =  КС0. Здесь : К — коэффициент распределения, который в 
соответствии с результатами работы [17] был взят равным 0,15, а С 0 — исход­
ная концентрация примеси в шихте. В таблице I на примере кристалла № 3 
сопоставлены для разных его частей общая концентрация свинца (Срь) и 
концентрация иона свинца (Срьг+).

Таким образом, даже при малой исходной концентрации только часть 
примеси свинца входит в NaCl в виде иона РЬ2+.

Таблица I

№ части « см-1 • 102 Срь моль/моль - 106 Cpb2+ моль/моль • 105

1 3 ,7 2,1 1,5

2 5 ,6 5 ,0 2 ,3

3 7 ,4 9 ,0 2 ,9

4 8,1 10,5 3 ,2

5 8 ,7 12,5 3 ,5

6 9 ,5 14,5 3 ,8
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В экспериментах по лазерному разрушению использовались пря­
моугольные образцы размером 1 0 x 1 0 x 7  мм3, полученные выкалыванием 
по плоскостям спайности. Поверхности, через которые проходил ла­
зерный пучок, не полировались, поскольку было показано [18], что ступени 
скола не влияют на порог объемного разрушения.

Методика исследования

Использовалась общепринятая методика исследования разрушения. 
В качестве источника излучения использовался рубиновый лазер, доброт­
ность которого модулировалась пассивным затвором. Параметры импульса 
были следующие: длительность на полуширине — 50 нсек, выходная мощ­
ность, контролируемая калориметром ИКТ—1м, — 2-10°  вт. Благодаря 
селекции поперечных мод, интегральное за время действия импульса распре­
деление интенсивности по сечению пучка, описывалось гауссовым законом. 
Излучение фокусировалось в объем образца линзой с фокусным расстоянием 
/  =  2,1 см. Минимум каустики располагался на расстоянии 2 -г  3 мм от 
входной поверхности. Интенсивность излучения менялась нейтральными 
фильтрами. За порог разрушения принималась минимальная мощность 
( Р порог) ПРИ которой имело место разрушение. Каждая исследуемая точка 
объема подвергалась однократному воздействию импульса лазера. Факт 
разрушения устанавливался по вспышке, сопровождающей разрушение, а 
также по появлению рассеяния света газового лазера ЛГ-Зб.

Основная ошибка при оценке порога складывается из погрешности 
измерения мощности лазера и погрешности определения мощности, вызыва­
ющей разрушения. Последняя оценивается разностью между пороговой 
мощностью и мощностью, при которой в процессе эксперимента разрушение 
уже не происходит. Практически эта погрешность задается ступенями осла­
бления интенсивности пучка примененных нейтральных фильтров. Относи­
тельная ошибка измерения мощности не превышала +  10%, а погрешность 
установления порога была не хуже — 10%.

Порог разрушения

Опыты показали, что порог разрушения NaCl снижается с увеличением 
содержания свинца (рис. 2). Нижний предел порога 0,1 • 109 вт/см2 соответ­
ствует образцам с максимальной концентрацией примеси 10~3 моль/моль. 
В этих образцах присутствовали частицы фазы РЬС12. В чистых беспримесных 
кристаллах порог разрушения определяется механизмом ударной иониза­
ции [19]. Поэтому по мере уменьшения количества примеси Р порог должен 
стремиться к постоянному значению. Однако, верхний предел Рпорог в экспе­
рименте не был достигнут. Возможно здесь сказалось присутствие примесей
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Р и с 2. Изменение пороговой плотности мощности Рпорог с концентрацией примеси свинца
в NaCl

прочих 2-х валентных металлов, концентрация которых в исследуемых крис­
таллах не превышала 10~6 моль/моль.

В соответствии с теорией, в материалах, содержащих поглощающие 
включения, порог разрушения обратно пропорционален концентрации вклю­
чений [б, 20]. В нашем случае график (рис. 2) описывается функцией вида

^порог~— ----- • Таким образом в кристаллах NaCl примесь Pb влияет на
log Срь

оптическую прочность, но слабо: порог разрушения меняется на порядок, в то 
время как концентрация примеси — на три порядка.

Вид повреждений и окраска зоны разрушения

Вид повреждений исследованных образцов зависел от содержания при­
меси в них и мощности импульса. В области Срь 10-4 -f- 10-7 моль/моль при 
Р  =  Р порог появляется одна, реже две зоны разрушения. Их особенность по 
сравнению с данными [21, 22], состоит в значительности размеров полости 
(40 -т- 60 мк) в центре зоны разрушения и трещин (0,8 -Н 1,5 мм) (рис. 3). 
Сопоставление длительности импульса, длины трещин и известной [23] 
предельной скорости их распространения дает основание считать, что разви­
тие трещин вследствие термоупругих напряжений продолжается и после 
окончания лазерного имьульса.

В образцах, где Срь порядка 10_3 моль/моль размеры единичных тре­
щин малы, всего лишь доли миллиметра. С повышением пороговой мощ-
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Р и с . 3 . Картина разрушения образца NaCl : Pb при Р  2 • К)" вт/см-. Концентрация 
примеси: С =  3 • 10~7 моль/моль. Излучение лазера направлено перпендикулярно рисунку.

ности до Р =  2Р порог в образцах с СРЬ10“4 -к 10~7 моль/моль увеличивается 
размер повреждения. Число повреждений при этом, в отличие от зафиксиро­
ванных в [9] не менялось. Лишь в образцах с концентрацией примеси свинца 
порядка К)-3 моль/моль рост мощности приводит к возрастанию числа по­
вреждений, так что образуется трек.

Ранее отмечалось появление синеватой окраски в зоне разрушения NaCl 
(чистота образцов указана не была). Предполагалось, что она вызвана либо 
возникновением электронных центров окраски [24], либо выпадением колло­
идных частиц металла [25]. Нами обнаружено, что окрашивание имеет место 
при разрушении образцов с концентрацией Pb не менее 10~4 моль/моль. 
Окрашивается центральная часть зоны разрушения в плоскости трещины, 
перпендикулярной направлению пучка. Обычно окраска наблюдается на 
границе застывшего расплавленного вещества всей зоны или ее участка. В раз­
ных участках интенсивность окраски не одинакова (рис. 4). Распределение 
окраски и цвет ее говорят о том, что она обусловлена выпадением коллоидаль­
ных частиц металла.
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Р и с. 4. Появление окраски (темная кайма, отмеченная стрелкой) в образцах NaCl : РЪ
приСрЬ >  10_4моль/моль

Не вызывает сомнений, что различный вид повреждений в зависимости 
от концентрации примеси обусловлен изменением механических свойств 
образцов. Об этом свидетельствуют полученные нами данные по микротвер-

Таблица II

Изменение микротвердости в кристаллах NaCl : Pb 
с концентрацией примеси

CPb моль/моль Ю-3 10“4 10-5 io-6
H кг/мм2 20,40 17,4 20,0 17,35

дости (таблица II), которая является одним из показателей механических 
свойств материалов [26, 27].

В явлении окрашивания механические свойства материала также игра­
ют определенную роль. Дело в том, что процесс выпадения частиц 
металла становится возможным при какой-то конкретной температуре и
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давлении перегретого вещества в зоне разрушения. Эти параметры опре­
деляются не только мощностью импульса, но также и термоупругими свой­
ствами материала.

Обсуждение результатов

Выше было показано, что определенная часть примеси свинца не входит 
в решетку NaCl и присутствует в кристалле, по-видимому, в виде включений. 
Изменение оптической прочности, естественно, необходимо связать с наличи­
ем этих включений. Если бы в образцах имелись включения только одного 
диаметра порядка 10-6; Ю-5 или 10~4 см, то в соответствии с количеством 
примеси плотность включений, к примеру, в кристалле № 3 достигала бы 
значения 1013; 1010 или 107 см-3. Однако, проведенные нами эксперименты по 
выявлению включений методом ультрамикроскопии не подтвердили выше 
приведенные оценки. Рассеивающие частицы плотностью не более 108 см-3 и 
диаметром 10-5 — 10~4 см наблюдались только вдоль границ блоков в крис­
талле № 2. В кристаллах № 3, 4 было отмечено полное отсутствие каких- 
либо рассеивающих свет частиц. Заметим, что чувствительность метода при 
использовании газового лазера мощностью 40 мвт обеспечивала регистра­
цию частиц с плотностью гораздо меньшей, чем 107 см-3. Отсутствие рассеяния 
в нашем случае может быть объяснено наличием включений, размер которых 
меньше 10_6 см, а также наличием включений с показателем преломления, 
мало отличающимся от показателя преломления основной матрицы.

Теория показывает, что чем меньше частица, тем большим должен быть 
ее коэффициент поглощения, чтобы частица инициировала разрушение ма­
териала. При плотности мощности в наших экспериментах 109 вт/см2 и «опас­
ном» радиусе частицы 2 • 10-5 см, приводящем к пробою, коэффициент погло­
щения ее должен быть не менее 104 см-1. Оценки сделаны нами на основании 
соотношений, взятых из работы [8], причем фигурирующий там коэффициент 
а прнят как и в [6] равным 0,1. Эти оценки и результаты опытов по рассея­
нию дают основание считать, что включения типа РЬС12 и агрегированных 
ассоциатов не должны приводить к разрушению.

Однако, значительные коэффициенты поглощения могут иметь интер­
металлические соединения свинца. Система натрий-свинец насчитывает не 
менее пяти соединений типа NaxPby [28, 29]. К сожалению, литературные 
данные по исследованию этой системы в матрице NaCl отсутствуют. Возмож­
но, что существенную долю примеси в кристаллах NaCl : Pb составляют 
агрегированные ассоциаты и мельчайшие включения фазы РЬС12. И только 
незначительная доля относится к интерметаллическим соединениям. При­
сутствие последних и определяет наблюдаемое на опыте влияние примеси 
Pb на оптическую прочность. Если допустить, что плотность (п) включений 
интерметаллических соединений пропорциональна логарифму концентрации,
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т. е. п ~  logCpt, то получается Р порог ~  ~  • Именно такая зависимость имеет
п

место при рассмотрении оптического пробоя на поглощающих включениях.
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A NEW METHOD OF CONTROLLED DOPING OF 
ALKALI HALIDE CRYSTALS WITH Pb IONS

By

K .-J . B e r g  and F .  F r ö h l i c h

D EPA RTM EN T OF PHYSICS, M A RTIN -LU TH ER-U N IV ERSITY , HALLE, GDR

B y optical absorption  measurem ents and by further analytical methods i t  is shown 
th a t by therm al trea tm en t a t  tem peratures above 400 °C lead evaporates from Pb doped alkali 
halide crystals for which th e  essentially higher vapour pressure of PbCl2 as com pared to  th a t 
of the crystals is responsible. On the o ther hand  it  is possible to  in troduce lead into th e  crystals 
by annealing in PbCl2 atm osphere. On the basis of these effects several experim ental m ethods 
can be deduced by which any defined lead concentration in a given specimen of alkali halide 
crystals can be realized.

1. In tro d u c tio n

I t  is well k n o w n  th a t  a lka li h a lid e  c ry s ta ls  doped  w ith  lead  ex h ib it 
c h a ra c te r is tic  a b so rp tio n  bands in  th e  u ltra v io le t sp e c tra l region (see e.g. th e  
review  a rtic le  by  F o w l e r  [1]). A ccord ing  to  th e  g en era lly  used n o ta t io n  th e  
b an d s a re  d esig n a ted  A, B, C15 C2 an d  C3 in  th e  sequence of decreasing  w av e­
len g th  o f th e  peak  p o sitio n  (see F ig . 1, fu ll line cu rve). A d d itio n a l b an d s  of th e  
P b  in d u ced  ab so rp tio n  (D bands) are  observed  in v a cu u m  u ltra v io le t region. 
T he a b so rp tio n  coeffic ien t a t  th e  p eak  o f th e  A b an d  is o ften  used in  th e  l i te ra ­
tu re  fo r th e  d e te rm in a tio n  of th e  lead  co n cen tra tio n  in  th e  c ry s ta l (see e.g. 
[2, 3, 4 ]). A t least in  th e  case of NaCl c ry s ta ls  one m u s t be cau tious u s in g  th is  
m eth o d  because th e  ab so rp tio n  sp ec tru m  re la ted  to  th e  P b  in c o rp o ra te d  is 
h igh ly  sensitive  to  th e  th e rm a l t r e a tm e n t  of th e  c ry s ta ls  (e.g. [2, 5, 6 ]); see 
also F ig . 1). O nly a f te r  rap id  qu en ch in g  from  te m p e ra tu re s  above  400 °C 
can  p ro m in en t A, В a n d  C bands be m easu red . In  a p rev io u s p ap er [7] th e re fo re  
a d iffe ren t sim ple m e th o d  was described  b y  m eans of w hich  th e  c o n te n t o f P b  in 
N aCl c ry s ta ls  can  be d e te rm in ed  q u a n tita tiv e ly  for a n y  th e rm a l p re tre a tm e n t. 
On th e  basis o f th is  m e th o d  th e  d is tr ib u tio n  coeffic ien t of P b  in  N aCl c ry s ta ls  
— grow n b y  th e  K y ropou los tech n iq u e  in  a ir  — was ca lcu la ted  [8]. D u rin g  these  
in v es tig a tio n s  lead  w as found  to  e v a p o ra te  p re fe ren tia lly  from  th e  m e lt before 
th e  grow ing process s ta r ts  lead ing  to  a decrease of th e  in itia l co n c e n tra tio n  in 
th e  m e lt. As a p lau sib le  reason  for th is  th e  essen tia lly  h ig h er v ap o u r p ressu re  
of P b C l2 as com pared  to  th a t  of N aCl w as suggested.

T he aim  of th e  p a p e r  p resen ted  is to  show  th a t  also in  th e  case of P b  
doped  c ry s ta ls  th e  h ig h  v ap o u r p ressu re  of P bC l2 is responsib le  for a d ra s tic  
decrease o f th e  P b  c o n te n t, if  th e  c ry s ta ls  are an n ea led  su ffic ien tly  long  a t
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wavelength (nm)

F ig. 1. U ltraviolet absorption of a sodium  chloride crystal containing 35 ppm  lead ions measured 
a f te r  quenching from  600 °C (full line curve) and a fter subsequent annealing a t  170 °C for

2 2  h  (dashed line curve)

te m p e ra tu re s  a b o v e  400 °C. U sing  th is  effect severa l e x p e rim e n ta l m eth o d s 
a re  p roposed  b y  -which an y  d e fin ed  P b  c o n c e n tra tio n  in  a g iven  specim en of 
a lk a li halide c ry s ta ls  can be rea lized .

2. E xperim en ta l

The g ro w th  o f th e  single c ry s ta ls  w as p erfo rm ed  b y  th e  K yropou los 
m e th o d  in  a ir . T h e  doping w as ach ieved  b y  ad d in g  P b C l2 to  th e  m elt. A ll 
s ta r t in g  m a te r ia ls  h ad  a n a ly tic a l grade p u r i ty  and  w ere su p p lied  b y  Y E B  
L ab o rch em ie , A p o ld a , G D R . O ne NaCl c ry s ta l  w as grow n b y  th e  B ridgm an  
m e th o d  using  s ta r t in g  m a te ria ls  p u rified  b y  a m eth o d  o f V oszk a  e t a l [10] 
b y  w hich o x y g e n  con ta in in g  im p u ritie s  espec ia lly  O H -  ions are  excluded .

The c o n c e n tra tio n  of le a d  in  th e  c ry s ta ls  w as d e te rm in ed  b y  m easuring  
th e  P b  in d u ced  o p tica l a b so rp tio n  of aqueous so lu tions o f th e  c ry sta ls  [7, 9]
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an d  in  som e cases a d d itio n a lly  b y  th e  sp ec tra l an a ly sis  o f th e  c ry s ta ls .*  F o r 
th e  an n ea lin g  of th e  specim ens ( 1 0 x 1 0 x 0 .5  m m 3 d im ension) m u ffle  fu rnaces 
w ith  e lec tron ic  te m p e ra tu re  co n tro l ( +  1 K ) w ere u sed . Special openings in  
th e  fu rn a c e  walls g av e  a d irec t co n n ec tio n  w ith  th e  ro o m  a tm o sp h ere . A fter 
each an n ea lin g  p rocess th e  specim ens w ere qu en ch ed  to  room  te m p e ra tu re  
(RT) on  an  a lu m in iu m  p la te . F o r an n ea lin g  te m p e ra tu re s  above 400 °C th e  
a b so rp tio n  coefficient a t  th e  peak  o f  th e  A  b an d  w as u sed  as a re la tiv e  m easure 
for th e  lead  c o n c e n tra tio n  in  th e  specim en  u n d er in v es tig a tio n  as exp la ined  
in th e  in tro d u c tio n . A ll m easu rem en ts  o f th e  o p tica l ab so rp tio n  w ere  carried  
ou t b y  a sp ec tro p h o to m e te r DK. — 2A  (B eckm an In s tr . ,  USA) a t R T .

3. R esults an d  discussion

A nnealing  of P b  doped  NaCl c ry s ta ls  ex h ib itin g  p ro m in en t A , В an d  C 
b an d s (p roduced  b y  s h o r t  tim e  h e a tin g  a t  600 °C) a t  te m p e ra tu re s  a b o v e  400 °C 
leads to  a decrease o f  th e se  bands. T h e  shape of th e  sp ec tru m  rem ain s u n ch an g ­
ed. A t te m p e ra tu re s  low er th a n  400 °C th is  effect is n o t  so clearly  e v id e n t be­
cause h e re  one has to  ex p ec t ag g reg a tio n  p henom ena  o f th e  P b  ions inducing  
changes o f th e  a b so rp tio n  sp ec tru m  (e.g. [5, 6]; see also Fig. 1). I n  F ig . 2 th e

Fig. 2. Decrease of the  A band absorption as a function of annealing tim e a t different 
tem pera tu res for a NaCl crystal containing 30 ppm  lead ions

* We w ant to th a n k  Dr. M. Búbig  o f the A nalytical L aboratory  of Y E B  Film fabrik 
Wolfen, GDR, for perform ing these m easurem ents.
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Fig. 3. Decrease of the absorption coefficient at the peak of th e  A band as a function of anneal­
ing tim e a t 550 °€ and  580 °C for an  O H -  free NaCl crystal, containing 42 ppm  lead ions 

and a KC1 crystal contain ing 300 ppm  lead ions, respectively

a b so rp tio n  coeffic ien t ад a t th e  p e a k  o f th e  A b a n d  (norm alized  to  ад , m easured  
a f te r  a p re tre a tm e n t o f 10 m in u te s  a t  600 °C) is show n as a fu n c tio n  o f th e  an n ea l­
in g  tim e  a t  d iffe re n t te m p e ra tu re s . One can  see clearly  th e  decrease of th e  
A  b a n d  a b so rp tio n  w ith  tim e  a n d  th e  increasing  ra te  w ith  increasing  te m p e ra ­
tu re s . A fte r an  an n ea lin g  tim e  o f 100 h a t  550 °C th e  Pb in d u ced  abso rp tion  
h as  p ra c tic a lly  d isappeared .

F ig . 3 show s th e  sam e e ffec t fo r th e  O H “ free NaCl c ry s ta l  and  fo r a 
P b  doped  KC1 c ry s ta l  too.

F o r a ll N aC l c ry sta ls  — a f te r  th e  to ta l  d ecay  o f th e  A b a n d  — th e  abso ­
lu te  lead  c o n te n t w as d e te rm in ed  in  th e  tw o  d iffe ren t w ays m en tioned  in  
C h ap te r  2. B o th  m eth o d s give th e  sam e re su lt: th e  c ry sta ls  no  longer co n ta in  
lead . T h a t can  o n ly  m ean  th a t  le ad  ev ap o ra tes  fro m  th e  c ry sta ls  d u ring  an n ea l­
ing . As a reason  fo r  th is  one can  assum e an  e ssen tia lly  h igher v a p o u r pressure 
o f P b C l2 as co m p ared  to  th a t  o f N aC l. In  F ig . 4 th e  v ap o u r p ressu re  of P b C l2, 
N aC l an d  KC1, ta k e n  from  L a n d o l t  —B ö r n s t e i n  [11] is p lo tte d  aga in st th e  
te m p e ra tu re . I n  th e  te m p e ra tu re  reg ion  betw een  400 °C and  600 °C considered 
h e re  th e  v a p o u r  p ressu re  o f РЬС12 is ab o u t fo u r orders of m ag n itu d e  h igher 
th a n  th a t  of N aC l. I t  should be  n o te d  th a t  th e  v a p o u r  p ressu re  curves of P b  
a n d  of th e  ch lo rides of d iv a len t ca tio n s  like CaCl2, B aC l2, an d  M nCl2 p re fe ren ­
t ia l ly  used  fo r d o p in g  are s i tu a te d  on th e  r ig h t h a n d  side o f th e  NaCl an d
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Fig. 4. Vapour pressure of PbC l2, KC1 and NaCl taken from L a n d o l t  B ö r n s t e i n  [11]
plotted  against the tem perature

K Cl curves. T h is m eans t h a t  lead  is e v a p o ra te d  in  th e  fo rm  of PbC l2 a n d  th a t  
one can n o t ex p ec t an  e v a p o ra tio n  of e.g. CaCl2, B aC l2 a n d  M nCl2 from  co rre s­
p o n d ing ly  doped  cry sta ls .

By an n ea lin g  ex p erim en ts  in  d iffe ren t a tm o sp h eres  i t  could be p ro v ed  
th a t  th e  v a p o u r  pressure  a c tu a lly  is th e  responsible q u a n t i ty .  In  c o n tra s t  to  
th e  p rev iously  described  h e a t  t re a tm e n ts  these  ex p e rim en ts  were p e rfo rm ed  
in  closed q u a r tz  am poules w ith  an  an n ea lin g  tim e  of 100 h  a t  600 °C: I f  th e  
am poule co n ta in s  a ir a f te r  such a t r e a tm e n t  th e  a b so rp tio n  coefficient a A is 
n o t changed  w ith  re sp ec t to  th e  value ад  m easu red  a f te r  10 m inutes an n ea lin g  
a t  600 °C before  in se rtin g  th e  specim en in to  th e  am p o u le  (com pare T a b le  I , 
co lum n 2). T h is re su lt su rp ris in g  a t  f ir s t  s ig h t will be c lea r i f  one ca lcu la tes  th e  
p a r t ia l  v a p o u r pressure a t  equ ilib rium  o f th e  P bC l2 in  th e  am poule a m o u n tin g  
to  3 X 10 “ 4 m m  H g. F o r  th e  fo rm atio n  o f  th is  p ressu re  u n d e r  the  g iven  con-
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Table I
Change of the adsorption coefficient a t  the peak of th e  A hand m easured after annealing in

different atm ospheres

Atmosphere Air Vacuum PbCl2 vapour Vacuum

ад (cm -1) (crystal 1) 71 72 75 86

ад (cm -1) (crystal 1) 71 72 extremely high 39

ад (cm -1) (crystal 2) — — — 0

aA (cm -1) (crystal 2) — — — 45

d itio n s  (0.05 c m 3 volum e o f th e  c ry s ta l spec im en  and  36 c m 3 volum e o f th e  
am poule) o n ly  0.05 ppm  P b C l2 a re  n ecessary . B u t  th is  sm all ch an g e  of c o n c e n tra ­
t io n  in  th e  c ry s ta l  is n o t d e te c ta b le . T he sam e  is valid  fo r th e  exp erim en t p e r ­
fo rm ed  in  v a c u o . Also in  th is  case no decrease  of th e  le a d  co n te n t could  be  
o bserved  (T ab le  I ,  colum n 3). I n  a th ird  ex p e rim en t th e  an n ea lin g  has b een  
d one  in  an  a tm o sp h e re  of s a tu ra te d  P b C l2 v a p o u r  form ed b y  includ ing  a su f­
f ic ie n t q u a n t i ty  of P bC l2 in s id e  th e  am pou le . T he A b a n d  increases so d ra s t i ­
ca lly  th a t  a q u a n ti ta t iv e  m easu rem en t is im possib le . O bv iously , P bC l2 d iffu ses 
f ro m  th e  a tm o sp h e re  in to  th e  c ry sta l. F in a lly  a P b  d o p ed  sam ple an d  an  
u n d o p ed  sam p le  w ere an n ea led  to g e th e r in  v acu o . D urin g  th is  t re a tm e n t th e  
A  b a n d  in te n s i ty  of th e  P b  d o p e d  sam ple decreases to  h a lf  o f  th e  in itia l v a lu e  
w hile  in  th e  u n d o p e d  sam ple a n  A h an d  w ith  a p p ro x im a te ly  th e  sam e h e ig h t 
arises (T able I ,  co lum n 5). T h is  m eans t h a t  P b C l2 e v a p o ra te s  from  th e  d o p ed  
sam ple  (c ry s ta l  1) p roducing  in  th e  am poule an  a tm osphere  o f  s a tu ra te d  P b C l2 
v a p o u r  fro m  w h ich  lead d iffu ses in to  th e  u n d o p ed  sam p le  (c ry sta l 2). T h e  
p rocess is f in ish e d  i f  th e  P b  co n c e n tra tio n s  in  b o th  sam ples a re  equal. 4

4. Conclusions

On th e  b as is  o f th e  re su lts  an d  th e  co rrespond ing  e x p la n a tio n s  describ ed  
in  C h ap te r 3 one can  p ropose  th re e  d iffe ren t m ethods b y  w h ich  an y  d e fin ed  
P b  c o n c e n tra tio n  in  specim ens o f alkali h a lid e  crystals c an  b e  produced .

F irs t  m e th o d : B y a n n e a lin g  a P b  d o p ed  c ry sta l in  a n  open fu rn ace  a t  
n o rm a l a tm o sp h e re  any  w a n te d  co n c e n tra tio n  low er th a n  th e  s ta r tin g  one can  
b e  realized  b y  a su itab le  choice o f te m p e ra tu re  and  tim e . I n  order to  rem o v e  
c o n c e n tra tio n  g rad ien ts  p o ssib ly  b u ilt u p  in  th e  specim en d u rin g  th e  e v a p o ra ­
tio n  process a n  annealing  a t  600 °C in  a closed  volum e sh o u ld  b e  added.

Second m e th o d : A ny w a n te d  co n c e n tra tio n  of lead  c a n  be p ro d u ced  b y  
an n ea lin g  o f  u n d o p ed  specim ens in  a c losed  tu b e  c o n ta in in g  a su ffic ien tly  
h ig h  q u a n t i ty  o f  P b C l2 to  m a in ta in  an a tm o sp h e re  of s a tu r a te d  P bC l2 v a p o u r .
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T h ird  m eth o d : C ry s ta l specim ens can  be doped w ith  a defined  concen­
t r a t io n  o f  lead  b y  inc lu d in g  u ndoped  sam ples to g e th e r w ith  a su itab le  d o p ed  one 
in  a closed tu b e  an d  an n ea lin g  a t a b o u t 600 °C.

T h e  ap p lica tio n  o f th e se  doping  m eth o d s  su re ly  is conven ien t a n d  effec­
tiv e  fo r th e  p ro d u c tio n  o f w ell doped  specim ens, e.g. fo r th e  in v e s tig a tio n  of 
ag g reg a tio n  p h enom ena  o f  P b  ions a n d  th e ir  in fluence  on  s tru c tu re  sensitive  
p ro p e rtie s  o f a lka li h a lid e  c ry s ta ls  fo r w h ich  specim ens w ith  a special sequence 
o f  defin ed  co n cen tra tio n s  or several specim ens w ith  id e n tic a l c o n c e n tra tio n  
are  n ecessary  (e.g. [3, 5, 12, 13]). F u r th e rm o re  th e  second  m eth o d  seem s to  
he  especia lly  su itab le  fo r th e  p ro d u c tio n  o f v e ry  h igh P b  co n cen tra tio n s  w hich 
are  d ifficu lt to  get b y  d o p in g  o f th e  m e lt.
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GROWTH, STOICHIOMETRY AND PROPERTIES 
OF LiN b03 SINGLE CRYSTALS

By

K . P o l g á r , L. J e s z e n s z k y , К . R a k s á n y i  and E . H a r t m a n n

RESEARCH LABORATORY FOR CRYSTAL PHYSICS, OF THE HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY

L iN b 0 3 single crystals were grown from m elt by  Czochralski method, for acousto- 
electronic purposes. The stoichiom etric problems in  connection w ith growing were stu d ied  by 
chemical m ethods: gravim etric m ethod, based on th e  determ ination o f Nb in its N bO (O xine)3 
complex; volum etric m ethod, involving titra tion  o f peroxo-niobium(V) complex; spectrophoto- 
m etric determ ination , in form of peroxo-niobium(Y) complex in its acidic solution a t 340 nm. 
The properties o f crystals were investigated  by physical methods. T he inclusions, stra ins were 
studied by d ifferent microscopic investigations.

A v e ry  a ttra c t iv e  co m b in a tio n  of p iezoelectric  and  o p tic a l p ro p ertie s  has 
m ade lith iu m  n io b a te  one o f  th e  m ost e x te n s iv e ly  s tu d ied  m ateria ls  in  re c e n t 
y ears . Since 1965 w hen B a llm an  rep o rted  th e  successful g ro w th  of single c ry s ta ls  
b y  th e  C zochralsk i te ch n iq u e  [1] h u n d red s  o f papers on  L iN b 0 3 h a v e  b een  
pub lished .

In  con n ec tio n  w ith  th e  fa s t  dev e lo p m en t o f surface aco u stic  wave dev ices, 
th is  m a te ria l now  tak es second place to  q u a r tz  as a sing le  crysta lline  p iezo ­
electric  [2].

In  o u r la b o ra to ry  we h a v e  been d ea ling  w ith  grow ing o f L iN b 0 3 c ry s ta ls  
fo r ab o u t 3 y ea rs . T he g ro w th  is m ade in  a  res is tan ce  h e a te d  furnace.

G row ing L iN b 0 3 c ry s ta ls  in  a re s is tan ce  heated  fu rn a c e  is very  a d v a n ­
tageous from  th e  v iew po in t o f  cooling, because  in  an  in d u c tio n  hea ted  fu rn a c e , 
th e  c ry s ta ls  o ften  crack due  to  th e  large te m p e ra tu re  g ra d ie n t. In  o rd e r to  
avoid  c rack in g  i t  is necessary  to  use an a f te rh e a te r . In  o u r  resistance h e a te d  
fu rn ace  th e  c ry s ta ls  have  n e v e r been c ra c k e d  prov ided  th e  com position  of 
th e  m elt w as good.

W e h av e  grow n c ry s ta ls  a long  th e  [001], [012], [010] a n d  [110] p u llin g  
axes, th e  m o st fav o u rab le  d irec tio n  p roved  to  be th e  [001] one, w hich is also  
a p p ro p ria te  fo r po ling  th e  c ry s ta ls  during  th e  grow th p rocess. L ith ium  m e ta -  
n io b a te  is one o f th e  fou r com pounds we kno w  abou t in  th e  L iaO — N b 20 5 
system .

T he p h ase  d iag ram  o f th is  system  is show n  in  Fig. 1 [1 3 ]. I t  can be seen 
th a t  in  th e  n e ig h b o u rh o o d  o f th e  lith iu m  m e tan io b a te  com position  th e re  is 
a fa irly  la rge  ra n g e  of solid so lub ility , an d  th e  m ax im um  m eltin g  p o in t is a t  
a com position  o f 48 .6%  fo r lith iu m  oxide. T h is is know n as th e  c o n g ru en t
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Nb205 m o le  % Li2C03

Fig. 1. Phase d iagram  of L120  — N b,O ä system [13]

com position , w h ich  is ch a ra c te riz e d  by  th e  fa c t, th a t  th e  d is tr ib u tio n  coeffi­
c ien ts  b e tw een  m elt an d  so lid  phases fo r  a ll com ponen ts a re  equal to  one.

H om ogeneous c ry s ta ls  c a n  only be g ro w n  s ta r tin g  w ith  a m elt o f  th is  
v e ry  co m position . G row ing c ry s ta ls  from  a m e lt d iffering fro m  th e  co n g ru e n t 
co m position  e x e rts  a decisive in fluence  on th e  q u a lity  o f th e  c ry sta l in v o lv in g  
sev era l im p o r ta n t  physica l p ro p ertie s . F ir s t  o f  all we can  m en tio n  th e  e x t r a ­
o rd in a ry  in d e x  o f  re frac tio n . T h is  affects th e  doub le  re fra c tio n , and  co n se q u e n t­
ly  changes th e  te m p e ra tu re  o f  phase m a tc h in g  for o p tic a l second h a rm o n ic  
g en era tio n  a t  a  g iven  w ave le n g th  [3]. T h e  C urie  te m p e ra tu re  is also v e ry  sen ­
s itiv e  to  th e  change of co m position . O th e r ph y sica l m e th o d s , for exam ple  th e  
m e asu rem en t o f  la ttic e  p a ra m e te rs  and  N M R  linew id th  o f  N b 93 were less e ffec­
tiv e  [9], [Ю ].

I t  m u s t be  m en tio n ed  t h a t  in  e v e ry  case th e  p h y s ic a l p a ra m e te rs  of 
single c ry s ta ls  w ere d e te rm in e d  know ing  th e  com position  o f th e  m e lt. T h e  
ra tio  Li : N b  is d e te rm in ed  n o t  only  b y  w eig h in g  th e  co m p o n en ts  b u t b y  m a n y  
fac to rs . F o r  in s ta n c e , d iffe re n t com positions can be o b ta in e d  by  ra is in g  th e  
te m p e ra tu re  to o  fa s t w hile s in te rin g  L i2C 0 3 an d  N b20 5 [4 ]. I f  L i20  does n o t  
re a c t im m e d ia te ly  w ith  N b 20 5, i t  can e v a p o ra te  from  th e  sy stem  re su ltin g  in  
L i defic iency . O n th e  o th e r  h a n d , in th e  neighb o u rh o o d  o f  th e  m elting  p o in t 
o f  L iN b 0 3, th e  N b 20 5, i f  n o t  reac ted , m a y  ev ap o ra te  f ro m  th e  sy s tem  [5]. 
G row ing u n d e r  an  a tm o sp h e re  co n ta in in g  to o  m uch w a te r  v a p o u r L iN b 0 3 can  
b e  h y d ro ly zed  an d  th e  co m p o sitio n  m ay  ch an g e  [6].

A c o m p a ra tiv e  s tu d y  o f  th e  re su lts  o b ta in e d  w ith  th e  a id  of th e  p h y s ica l 
m ethods show ed  th a t  th e  s ta n d a rd  e rro r in  m o la r frac tio n  cou ld  be k e p t u n d e r  
1 X 10_1 o n ly  in  ra re  cases. T h e  effic iency  o f  the  re le v a n t chem ical m e th o d s
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h as n o t been  sy s te m a tic a lly  in v es tig a ted  u n ti l  now. To f ill  th is  gap  w e w o rk ed  
o u t chem ical a n a ly tic a l m e th o d s in  our la b o ra to ry  to  m easu re  th e  N b  c o n te n t 
in  u n d o p ed  L iN b 0 3 c ry s ta ls . I n  case o f  v e ry  pu re  m a te r ia ls , th is  m e th o d  is 
su itab le  to  d e te rm in e  th e  L i : N b ra tio . W e have  e la b o ra te d  th ree  m e th o d s : 
a g rav im etric , a v o lu m e tric  an d  a sp ec tro m e tric  m e th o d .

As fas as th e  g rav im e tric  m e th o d  is concerned  w e proceed as follow s: 
we so lved  th e  L iN b 0 3 fu sed  p rev iously  w ith  K 2S20 7 in  a  m ix tu re  of su lp h u ric  
an d  oxalic acids, th e n  b y  ad d in g  an  excessive am o u n t o f  u rea  we p re c ip ita te d  
i t  in  th e  fo rm  o f n io b iu m -o x in a te  N bO (C 9H eO N )3. I n  o rd er to  m a k e  th e  
hom ogeneous p re c ip ita tio n  com plete  we co n tin u e d  it  o v e r 18 hours on a w a te r  
b a th . A fte r f ilte r in g  an d  w ash ing , th e  p re c ip ita te  was d rie d  a t  room  te m p e ra ­
tu re  an d  a fte r  in g itio n  a t  950 °C we w eighed i t  in  form  o f N b 20 5. The p ro ced u re  
described  in  th e  l i te ra tu re  [7] p roved  to  be u n sa tis fa c to ry  from  th e  p o in t of 
v iew  of re p ro d u c ib ility  o f re su lts , and  h a d  to  be m odified  in  m an y  resp ec ts .

W e h av e  fo u n d  th e  o p tim a l fusion co n d itio n s a t a m ole ra tio  of 1 : 10 an d  
1 : 15 concern ing  N b 20 5 : K 2S 20 7 and L iN b 0 3 : K 2S 20 7, re spec tive ly . The 
n ecessary  a m o u n t o f u re a  ad d itio n  was fo u n d  to  be 180 g to  a so lu tion  c o n ta in ­
in g  0.5 N b 20 5, an d  th e  o p tim a l p H  v a lu e  fo r th e  h y d ro ly s is  was b e tw een  7 
an d  8.

In  th e  v o lu m etric  d e te rm in a tio n  m e th o d  we m e asu red  Nb(Y) in  fo rm  
o f i ts  perox ide  com plex. T h e  m ain  p rocess is th e  ad d in g  of a know n excess 
a m o u n t of n itr ilo - tr ia c e tic  acid  to  th e  N b 0 2(H 20 2) + com plex . This m ak es a 
te rn a ry  com plex  w ith  th e  fo rm er and  th e n  th e  excess o f  N T  A is t i t r a te d  b a c k  
b y  a so lu tion  of C u S 0 4. T h e  s ta n d a rd  p ro ced u re  re p o rte d  in  th e  l i te ra tu re  [8] 
w as m odified  concern ing  th e  ra tio  of th e  reag en t v o lu m es. The e n d -p o in t 
in d ica tio n  w as m ade w ith  a m e th y l calcein flu o rescen t in d ic a to r . T he in d ic a to r  
w as su b jec ted  to  a p re lim in a ry  c h ro m a to g rap h ic  p u rif ic a tio n  in  o rder to  give 
a sh a rp  en d -p o in t.

In  th e  sp ec tro p h o to m e tric  m eth o d  o u r  a im  was to  choose an a b so rp tio n  
b a n d  h av in g  low m olar ab so rp tio n  coeffic ien t [11], [13], because th is  m ad e  it  
possib le  to  d e te rm in e  a la rg e  a m o u n t of m a te r ia ls  using a tech n iq u e  deve loped  
m ain ly  fo r tra c e  q u a n titie s . T he use of th e  s ta n d a rd  p ro ced u re  led to  a  p ro ­
n o u n ced  tim e  dependence  o f  th e  ex tin c tio n . T h e  crucial p o in t  fo r o b ta in in g  good 
rep ro d u c ib ility  w as to  w a it eq u a l periods befo re  each m easu rem en t.

A fte r fusing  w ith  K 2S 20 7 th e  m a te ria l is dissolved in  a m ix tu re  c o n ta in in g  
H 20 2, su lphuric  an d  p h osphoric  acids. T h e n  we m easu red  th e  e x tin c tio n  of 
th is  so lu tion  a t  340 nm . In  o rd e r to  reach  a h ig h e r precision  we em ployed  d iffe r­
e n tia l sp ec tro p h o to m e try .

W e stu d ied  th e  v a lid ity  o f th e  L a m b e r t—Beer ru le  a n d  found i t  to  be 
va lid  over a b ro a d  c o n c e n tra tio n  range. W e h a v e  d e te rm in ed  th e  m olar e x tin c ­
tio n  coefficien t from  th e  d a ta  o b ta in ed  w ith  p u re  N b 20 5. T he v alue  o f  th e  
la t te r  is 906 +  4.5 (1 m o l-1  c m -1 ).
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W ith  th is  d iffe ren tia l m e th o d  th e  s ta n d a rd  d ev ia tion  o f  re su lts  (expressed  
in  m o la r ra tio  o f  N b), was a b o u t 8 X 1 0~ 3. W e em ployed  a ll th ree  m e th o d s  
fo r  severa l k in d s  o f sam ples: N b 20 5 sp ecp u re , L iN b 0 3 c ry s ta ls  grown from  
co n g ru e n t m e lt, a n d  for som e c ry s ta ls  grow n from  o th er, n o t  congruen t co m ­
p o sitio n .

O ur r e s u lts  a re  su m m arized  in  T ab le  I .
T he m e a su re d  values o f th e  m olar f ra c tio n s , w ith  one ex cep tion , exceed  

th e  no m in a l ones. A careful a n a ly s is  o f th e  possib le  sources o f  e rro r has show n 
t h a t  th is  sh if t c a n n o t be a t t r ib u te d  to  e rro rs o f  w eighing o u t  th e  re a c ta n ts  or 
to  reasons re s u ltin g  from  th e  com position  o r p u r ity  of th e  la t te r .  N or does 
th e  s ta n d a rd  e r ro r  of th e  g ra v im e tric  m e th o d  allow  for th a t .  In  ad d itio n , th e  
s ig n  of th is  sh if t does no t c h an g e , as i t  w ou ld  b e  expected , w hen  th e  n io b iu m  
c o n te n t  of th e  m e lt exceeds t h a t  o f th e  c o n g ru e n t com position . C om positions 
f a r  from  th e  co n g ru e n t one, u n d e r  eq u ilib riu m  cond ition  now' p revailing , h a v e  
n o  sig n ifican t in flu en ce  on th e  a m o u n t o f th is  sh ift e ither.

To d a te  th e  m a jo rity  o f  th e  papers p re se n te d  on th is  top ic  in c lu d in g  
th e  m ost so p h is tic a te d  d e te rm in a tio n s  o f th e  congruen t com position , w hile  
p lo tt in g  th e  re su lts  of m easu rem en ts  a g a in s t th e  com position  of th e  m e lt, 
h a v e  m ade u se  o f  or have b een  b ased  on th e  n o m in a l Li o r N b  co n ten t o f  th e  
m e lt .  The ro le  o f  th e  in h eren t e rro rs  due to  su ch  a procedure  w as no t an a ly zed  
in  m ost cases, a lth o u g h  such e ffec ts  as v a p o riz a tio n  an d  in co m p le te  h om oge­
n iz a tio n  b efo re  s in te rin g  w ere fre q u e n c tly  to u ch ed . A lth o u g h  i t  seem s v e ry  
im p ro b ab le  t h a t  th re e  in d e p e n d e n t m eth o d s, one of th em  h a v in g  a fa irly  good 
re lia b ility , w o u ld  give equ a lly  erroneous re su lts , even in  th is  la tte r  case th e  
g rav im e tric  m e th o d  can be reco m m en d ed  as a successful a n d  sim ple to o l fo r 
ch eck in g  re a l m e lt com positions. N am ely , allow ing  for an  u n d irec tio n a l a n d

Fig. 2. Regular se t of cracks along (1012) plains (5 0 x  )
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Table I

Comparison of different chemical methods

Sample
Nb content 

Nb
Li +  Nb

Gravim etric method Titrim etric method Spectrophotoinetric method

I II III I 11 II I I II III

N b20 5 specpure l 11 0.995 3 X 1 0 -3 15 1.003 6 x l 0 - 3 — — —

LiNbO.| crystal 0.514 5 0.529 9 X 1 0 -3 5 0.523 6 x l 0 - 3 3 0.56 1 .5 X 1 0 -2

L i20 - N b 20 5 1 0.600 5 0.608 l . l x i o - 3 6 0.60 1 .3 X 1 0 -2 4 0.62 1 .5 X 1 0 -2

Li ,0  —N b20 6 2 0.550 5 0.5211 8 x  10~4 6 0.504 9 x l 0 - 3 4 0.53 1 .5 X 1 0 -2

Li.,0—N b20 5 3 0.450 5 0.465 l . l x i o - 3 6 0.472 8 .5 X 1 0 -3 4 0.47 1 .5X 10-2

Li20 - N b 20 5 4 0.400 5 0.411 3 x l 0 - 3 6 0.41 i o - 2 4 0.41 1 . 6 X 1 0 - 2

Average methodic error
(in mole fraction) 10~: 4X10 - 3 8 X 1 0 - 3

I The number of samples 

II  The average of calculated molar fraction 

I I I  S tandard deviation of molar fractions
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fa ir ly  c o n s ta n t sy s te m a tic  e rro r  o f th e  a n a ly tic a l p ro ced u res , th is  fa c t even  
ju s t if ie s  th e  se ttin g  u p  o f a ca lib ra tio n  cu rv e . As fa r as th e  s ta n d a rd  e rro rs  are 
c o n ce rn ed , th e  t i t r im e tr ic  an d  sp ec tro p h o to m e tric  m e th o d s  are  a b i t  in fe rio r 
to  th e  g rav im etric  one, how ever, in  v iew  o f th e ir  re la tiv e  sim p lic ity  th e y  are 
v e ry  u sefu l fo r o b ta in in g  a c ru d e  e s tim a te  of th e  com position . F rom  th e  a v e r­
age  m eth o d ic  erro rs i t  can  be  seen th a t  i t  is on ly  th e  g rav im etric  m e th o d  in  
th e  case o f a t  le a s t fo u r  pa ra lle ls  th a t  h a s  an  accu racy  com parab le  to  th a t  
o f  th e  p h y sica l m e th o d s . T he d isa d v a n ta g e  o f p h y sica l m e th o d s  lies in  th e  fa c t 
t h a t  1) th e  co m position  o f s ta n d a rd s  is n o t co n tro lled  b y  an a ly tica l m e th o d s  
2) t h a t  th ese  m e th o d s  n eed  v e ry  expensive  in s tru m e n ta tio n  and  v e ry  care fu l,

Fig. 3. Microcrack in  polarized light (100 X  )

Fig. 4. Microcracks near inclusions (100 X )
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Fig. 5. Inclusions in L iN b 0 3 crystal (100 x )

c ry s ta l processing. F u rth e rm o re  th e  p h y sica l d a ta  a re  m icroscopic in  th e ir  
n a tu re , i.e . th e  o b ta in ed  d a ta  refer to  a t in y  vo lum e e lem ent of th e  c ry s ta l, 
an d  are v e ry  u n c e rta in  an d  sensitive to  inhom ogeneities. O nly th e  m easu re ­
m en t o f C urie te m p e ra tu re  yields re su lts  w ith  a co m p arab le  r a p id i ty  and 
fea s ib ility  w ith  th e  g rav im e tric  m eth o d  h u t  also re q u ire s  co m p ara tiv e  basic 
a n a ly tic a l d a ta . A sy s te m a tic  s tu d y  o f C urie te m p e ra tu re  m eth o d  is u n d e rw a y  
in  our la b o ra to ry .

W e h a v e  in v e s tig a te d  th e  m ain  o p tic a l fea tu res  o f  o u r crysta ls  b y  d iffer­
e n t m icroscope tech n iq u es . T he defects w hich  occu rred  m o st fre q u e n tly  were 
cracks, m icrocracks, inc lusions and s tr a in  induced  d o u b le  re frac tio n . C racks 
occurred  w hen  th e  c ry s ta l com position  d iffered  from  th e  congruen t one, or 
th e  cooling w as n o t a p p ro p ria te . D iffe ren t ty p es  o f c rack s were o b se rv ed , as 
for in s tan ce  a reg u la r se t o f cracks a long  th e  (1012) p la in s  (Fig. 2) a n d  shell 
shaped  cracks.

T he o b se rv a tio n  o f th e se  cracks w as easy  b y  a sim p le  op tica l m icroscope 
b u t  m icrocracks w ere h a rd ly  seen b y  th is  te ch n iq u e . A n especially  u sefu l in s tru ­
m en t fo r observ ing  m icrocracks was th e  p o la riz a tio n  m icroscope (F ig . 3). 
T he m icrocracks occu rred  m o stly  n ea r to  inclusions a n d  ro u g h  cracks (F ig . 4).

T he fo rm a tio n  o f  inclusions in  o u r c ry sta ls  o rig in a te d  p ro b a b ly  from  
im p u ritie s  an d  from  th e  in a p p ro p ria te  r a te  of ro ta tio n . T h e  inclusions fo u n d  
in  ou r c ry s ta ls  w ere v e ry  d iffe ren t in  sh ap e  and  size ran g in g  from  sev era l 
m icrons to  severa l h u n d re d s  o f m icrons (F ig . 5). In  th e  v ic in ity  of c rack s  and  
inclusions w e h av e  fo u n d  areas b eh av in g  d iffe ren tly  f ro m  th e ir  su rro u n d in g s. 
T hese m ay  be  s tra in e d  areas.

In  su m m ary , th e  chem ical and m icroscop ical m e th o d s  can successfu lly  
su p p lem en t th e  c u s to m ary  ones in  m an y  resp ec ts  an d  can  effectively  h e lp  th e  
c ry s ta l g row er in  a t ta in in g  good q u a lity  L iN b 0 3 single c ry sta ls .
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SOME ASPECTS OF THE MACROSCOPIC THEORY 
OF ORIENTED CRYSTALLIZATION FROM THE MELT

COMMUNICATION I

A G EN E R A L  FORM ULATIO N  O F T H E  PROBLEM  

By

E . A. B r e n e r  and Y. A. T a t a r c h e n k o

THE SOLID STATE PHYSICS INSTITUTE, ACADEMY OF SCIENCES OF TH E USSR 
142432 CHERNOGOLOVKA, USSR

The stability  of the  crystallization process in th e  Czochralski, S tepanov, Verneuil and 
floating zone techniques is analyzed on th e  basis of a general approach suggested in the paper. 
A com parative analysis o f these four techniques enables to  characterize each one by the capa­
b ility  to  grow crystals of given sizes and  shapes.

T he m ethods o f o rien ted  c ry s ta lliz a tio n  from  th e  m e lt e lim in a tin g  an y  
c o n ta c t of th e  side faces of a g row ing  c ry s ta l w ith  solid w alls a re  now  becom ing 
in c reasin g ly  w idesp read . These a re  th e  C zochralski, S tep an o v , Y erneuil an d  
f lo a tin g  zone tech n iq u es , c h a rac te rized  b y  a fix e d  o r ie n ta tio n  o f c ry s ta lliz a ­
tio n  a t  a  fixed  p o sitio n  of th e  so lid— liquid  in te rface .

T he com m on fe a tu re  of th e se  m ethods, each  of th em  h a v in g  a p red o m i­
n a n t  fie ld  of ap p lica tio n , is th e  e lim in a tio n  o f c ry s ta l c o n ta c t w ith  a solid w all; 
as a re su lt, b o th  th e  shape an d  th e  size of a grow ing c ry s ta l  a re  essen tia lly  
d e te rm in ed  by  c a p illa r ity  forces w h ich  form  a m eniscus in  th e  in te rfa c e  b o u n d a ry  
zone. In  ad d itio n , th e  c ry s ta lliz a tio n  process also depends on  th e  cond itions 
o f h e a t and  m ass exch an g e  in  th e  c ry s ta l— m e lt system .

A  general a p p ro a c h  developed  in  th e  p re se n t series o f  co m m unica tions 
consists in  an a lyz ing  jo in tly  th e  c a p illa r ity  p h en o m en a  an d  th e  cond itions o f  
h e a t  an d  m ass tra n s fe r  fo r all fo u r  o f th e  m e th o d s  m en tio n ed ; i t  y ields co m p a­
ra tiv e  ch a rac te ris tic s  o f these  tech n iq u es  a n d  elucidates th e  capab ilities  o f 
each  of th em  to  grow  c ry s ta ls  o f g iv en  sizes a n d  shapes. T he a p p ro ach  is ju s t i ­
fied  if  th e  h ea t and  m ass tra n sfe r  cond itions, a n d  n o t th e  c ry s ta lliz a tio n  k in e ­
tics , co n s titu te  th e  lim itin g  s tep  o f  th e  process; th is  is u su a lly  th e  case in  th e  
a c tu a l system s a t  ty p ic a l  pu lling  ra te s . C erta in  k inetic  effec ts , such  as a d e ­
pendence  of supercoo ling  a t th e  c ry s ta lliz a tio n  fro n t on th e  c ry s ta lliz a tio n  
ra te , can  be ta k e n  in to  accoun t, how ever, w ith in  th e  fram ew o rk  of th e  o u t­
lin ed  app roach .

A n analysis o f th e  cond itions o f h ea t a n d  m ass tra n s fe r  in  th e  c ry s ta l—  
m elt system  requ ires t h a t  th e  e q u a tio n  of m e lt flow  (the  N av ier-S to k es e q u a ­
tio n ) w ith  th e  b o u n d a ry  co n d itio n  a t  th e  free m eniscus su rface  (th e  L ap lace 
c a p illa r ity  eq ua tion ) be  solved jo in t ly  w ith  th e  c o n tin u ity  e q u a tio n  (the m ass
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c o n se rv a tio n  law) and  th e  h e a t co n d u c tio n  eq u a tio n  ( th e  energy  con serv a tio n  
law ). T h is sy stem  of eq u a tio n s  m u st be su p p lem en ted  b y  an  a p p ro p ria te  system  
o f b o u n d a ry  cond itions w hich , to g e th e r  w ith  th e  p a ra m e te rs  inc luded  in  th e  
eq u a tio n s , cha rac te rize  th e  specific fe a tu re s  of each o f th e  grow th tech n iq u es 
in v o lv ed .

I n  p rin c ip le , a so lu tio n  of th is  e q u a tio n  m akes i t  possib le to  d e te rm in e  
th e  size o f  th e  c ry sta l, th e  position  o f th e  in te rface  w ith  re sp ec t to  th e  shaper 
edges in  th e  S tep an o v  tech n iq u e , w ith  respect to  th e  free surface in  the 
C zochra lsk i tech n iq u e , an d  w ith  re sp ec t to  th e  b u rn e r en d face  in  th e  V erneuil 
te c h n iq u e  an d  so on, as fu n c tio n s o f th e  con tro lled  p a ra m e te rs  of th e  c ry s ta l­
liz a tio n  process. I t  w ill be d e m o n s tra te d  la te r  th a t  th e  soug h t v a riab le s  (Xj) 
sa tis fy  th e  follow ing sy s tem  of d iffe ren tia l eq u a tio n s:

dx  ■
^  (t =  1, 2 , . . . ,  n) (1.1)
at

w here t is  tim e , and  n  is th e  n u m b er o f v a riab le s  w hich  d ep en d s on th e  m eth o d  
o f c ry s ta lliz a tio n  an d  th e  cross-section  o f th e  c ry s ta l o b ta in ed . T h e  s tead y - 
s ta te  v a lu e s  o f in te re s t (x iQ) sa tisfy  th e  follow ing sy s te m  o f  equ a tio n s:

*20’ • • • ’ x n o) — 0 ( i  — 1 , 2 , . . . ,  re). (1*2)

O nly s te a d y -s ta te  so lu tio n s o f system  (1.2) a re  p h y sica lly  rea lizab le . A ccord ing  
to  L y a p u n o v , so lu tions a re  stab le  i f  th e y  are s tab le  fo r  th e  co rrespond ing  
linearized  system

d x t " 

dt f f x
*A'o) • (1.3)

All p a r t ia l  d e riv a tiv es  in  (1.3) are e v a lu a te d  a t x ,■ =  x io. S ystem  (1 .3), in  its  
tu rn ,  is s ta b le  w hen a ll th e  ro o ts  o f th e  ch a ra c te ris tic  e q u a tio n

d e t
dx,.

sári k =  0 (1.4)

h av e  n e g a tiv e  rea l p a r ts  (ő,/£ is K ro n e c k e r’s sym bol).
A s a  ru le , th e  d ifficu ltie s  in v o lv ed  in  d e te rm in in g  th e  u n s ta tio n a ry  func­

t io n s / ,  d epend ing  ex p lic itly  on tim e  a re  considerab le . T h e  obstacles can  often 
be overcom e by  using  th e  q u a s is ta tio n a ry  app roach , b u t  th is  calls fo r s u b s ta n ti­
a tio n  in  each  specific case. M u l l i n s  a n d  S e k e r k a , fo r  in s tan ce  [1], u sed  th e  
q u a s is ta tio n a ry  a p p ro ach  to  analyze m orpho log ical s ta b il i ty  of th e  c ry s ta lli­
za tio n  f ro n t  shape an d  o b ta in ed  th e  re su lts  in  ag reem en t w ith  th e  ex p e rim en ta l 
d a ta  [2]. E x p lic it e q u a tio n s  o f sy stem  (1.1) are  d eriv ed  b y  using  th e  co n se rv a ­
tio n  law s fo r m ass, h e a t ,  an d  g ro w th  angle. I t  is co n v en ien t to  co n sid er th e  
m ass co n se rv a tio n  law  fo r  each  specific  m eth o d  o f c ry s ta lliz a tio n .
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T he cond ition  o f  h e a t b a lan ce  a t  th e  c ry s ta lliz a tio n  fro n t, w h ich  enables 
to  d e te rm in e  th e  in te rfa c e  position  as a  fu n c tio n  o f t im e , w ill be d iscussed  la te r .

The cond ition  o f  co n stan cy  o f  th e  g row th  ang le , specific fo r c ry s ta lliz a ­
tio n  from  th e  m elt a n d  m aking  i t  possib le  to  fin d  th e  c ry s ta l cross-section  size 
an d  shape as fu n c tio n s  o f tim e, m u s t be d iscussed in  m ore de ta il. L e t u s  define 
th e  g row th  angle as a n  angle b e tw een  th e  ta n g e n ts  to  th e  m eniscus an d  th e  
c ry s ta l side surface a t  th e  th ree -p h ase  cu rv e . T his ang le  w as show n ex p erim en ­
ta l ly  [3, 4, 5] and  th eo re tica lly  [6, 7] to  be an  (an iso trop ic) c o n s ta n t in  each 
m a te ria l. In  w h a t follow s we d iscuss on ly  an  iso tro p ic  m odel. E le m e n ta ry  
geom etric  m an ip u la tio n s  d e m o n s tra te  (F ig . 1.1) th a t  fo r c o n s ta n t g ro w th  angle, 
th e  tra n sv e rsa l size o f  th e  c ry s ta l R  depends on tim e  accord ing  to

~ =  — F t a n  (a 0 — *e)> (1-5)
d t

w here V  is th e  p u llin g  r a te , « „ is  a n  ang le  betw een  th e  ta n g e n t to  th e  m eniscus 
a n d  th e  h o rizo n ta l lin e  a t  th e  th re e p h a se  curve, x e =  crr/2 — <pQ w here  <p0 is 
th e  g ro w th  angle. I n  th e  case o f  s te a d y -s ta te  g ro w th  «„ =  x e. I n  a general 
case, th e  angle «„ as a fu n c tio n  o f  c ry s ta l  size, c ry s ta lliz a tio n  p o sition  an d  o ther 
fa c to rs , is found  to g e th e r  w ith  th e  m eniscus shape b y  solving th e  N av ier- 
S tokes e q u a tio n  w ith  th e  L aplace c a p illa r ity  eq u a tio n  serv ing  as a b o u n d a ry

F ig . 1 .1 . Changes in diameter of a growing crystal for ot0 5̂  af =  л:/2— <p, ;
1 — crystal; 2 — melt
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co n d itio n  a t  th e  free  surface. T h e  req u ired  a d d itio n a l sy stem  o f b o u n d a ry  
c o n d itio n s  is specific  fo r each c ry s ta lliz a tio n  tech n iq u e . A com ple te  so lu tion  
o f  th e  p rob lem  as s ta te d  is m a th e m a tic a lly  a v e ry  d ifficu lt p ro p o sitio n . I t  is 
th e re fo re  of in te re s t  to  estim a te  th e  effects o f som e fac to rs on th e  c ry s ta lliz a ­
tio n  process.

L e t us discuss th e  cond itions o f  fo rm a tio n  o f th e  m o lten  co lum n. T hree  
ty p e s  o f forces p a r tic ip a te  in  th is :  1) th e  forces o f in e r tia  re la te d  to  th e  m e lt 
flo w ; 2) c a p illa r ity  forces; 3) g ra v ity  forces. A n estim a te  o f th e  effects of

p/2 ̂
th e se  forces is g iven  b y  th e  c h a ra c te ris tic  n u m b ers : W eber n u m b e r We  = -------- ,

V
V  peL2

F ro u d e  n u m b er F r —  -  , an d  B o n d  n u m b e r Bo  =  °  — (here  q is th e  m ate-
\ g L  Y

r ia l  d e n s ity , L  is a c h a ra c te ris tic  lin ea r  d im ension , y  is th e  su rface  ten sio n  
co e ffic ien t, an d  g  is th e  g ra v ity  acce lera tion ). T h e  flow  in th e  m e lt can  be 
n e g lec ted  if  th e  W eb e r and  F ro u d e  n u m b ers  are  sm all. T he B o n d  n u m b er d e ­
te rm in e s  th e  range  w here  c a p illa r ity  an d  g ra v ita tio n a l forces p red o m in a te  [8].

I t  can  be show n th a t  th e  e ffec ts  of th e  g ra v ity  an d  c a p illa r ity  forces are  
m u ch  g rea te r  th a n  t h a t  of in e r tia  a t  a ll reasonab le  g ro w th  ra te s . I n  o th e r  w ords, 
th e  fo rm a tio n  o f a l iq u id  colum n c a n  be considered  in  th e  h y d ro s ta tic s  ap p ro x i­
m a tio n  u p  to  th e  r a te s  F ~  10 -y  102 cm /s. I t  m u s t be u n d e rlin ed  th a t  th e  
q u as ieq u ilib riu m  t re a tm e n t  of th e se  p h en o m en a  is ju s tif ie d  b y  th e  fa c t th a t  
th e  c a p illa r ity  e q u ilib riu m  sets on  p ra c tic a lly  in s ta n ta n e o u s ly .

In  ad d itio n  to  th e  flow  cau sed  b y  c ry s ta lliz a tio n , co n v ec tiv e  flow s w ith  
velo c ities  s u b s ta n tia lly  higher th a n  flow  velocities m ay  a p p ea r in  th e  system . 
T h e  effec ts o f such  p e r tu rb a tio n  on  th e  co lum n fo rm a tio n  a n d  h e a t tra n sfe r  
in  th e  m e lt w ill be d iscussed la te r  in  th e  te x t .

I t  w as a lre a d y  m en tio n ed  ab o v e  th a t  th e  h e a t  ba lance  e q u a tio n  a t  th e  
c ry s ta lliz a tio n  f ro n t  m akes i t  possib le  to  f in d  th e  in te rface  v e lo c ity

AjG i — ASGS —- t V c ( 1.6)

w h ere  Ax, As are  h e a t  co nduc tances o f th e  liq u id  an d  solid p h ases , Gx an d  Gs 
a re  th e  te m p e ra tu re  g rad ien ts  a t  th e  c ry s ta lliz a tio n  fro n t in  th e  liq u id  an d  solid

p h ases , £  isTth e  la te n t  h ea t o f m e ltin g  p er u n i t  vo lum e, V c =  V  — is th e
dt

c ry s ta lliz a tio n  r a te , an d  h is th e  h e ig h t o f th e  c ry s ta lliz a tio n  fro n t.
F ro m  (1.6),

^  =  F  | ( A 1G1 - A SGS). (1.7)
dt x,

T h e  q u a n titie s  Gx a n d  Gs, being  th e  fu n c tio n s of c ry s ta l  size, p o s itio n  of th e  c ry s ­
ta ll iz a t io n  f ro n t, a n d  o th e r p a ra m e te rs  of th e  process, h av e  to  be  found  b y  
so lv ing  th e  h e a t co n d u c tan ce  e q u a tio n  fo r th e  m e lt and  c ry s ta l, re spec tive ly .
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I t  w as m en tio n ed  above th a t  in  th e  g en era l case th is  req u ires  th a t  n o n s ta tio -  
n a ry  e q u a tio n s  be so lved . A q u a s is ta tio n a ry  ap p ro ach  used  here im p lies  th a t  
th e  te m p e ra tu re  d is tr ib u tio n  a t all t im e s  satisfies th e  s ta tio n a ry  h e a t  conduc­
ta n c e  e q u a tio n  for th e  in s ta n ta n e o u s  p o sitio n  of th e  c ry s ta lliz a tio n  fro n t. 
T his a p p ro ach  is ju s tif ie d  i f  th e  c h a ra c te r is tic  tim e  of te m p e ra tu re  re la x a tio n  
is m u ch  sm aller th a n  t h a t  o f fro n t re la x a tio n , a f te r  a  p e r tu rb a tio n , b a c k  to  
th e  s te a d y -s ta te  positio n . B o th  Gx a n d  Gs a re  th e n  fo u n d  b y  so lv ing  a one­
d im ensional convective  e q u a tio n  ta k in g  in to  acco u n t h e a t  exch an g e  a t  the  
side su rface  [9]

d 'T j
dz2

V  d j j
и dz

f - J(Ti  Ten) =  0, ( 1.8 )

w here  i  =  l ,  s ( i  =  l in  th e  m elt an d  i =  s in  th e  solid), T, is th e  te m p e ra tu re , 
Hj is th e  te m p e ra tu re  co n d u c tiv ity  coeffic ien t, z is th e  co o rd in a te , at is th e  
coeffic ien t o f h ea t exch an g e  w ith  th e  a m b ie n t m ed ium , J  is th e  r a t io  o f the  
p e rim e te r  o f th e  c ry s ta l cross-section  to  i ts  a rea , an d  T en is th e  a m b ie n t te m ­
p e ra tu re .

T h e  second te rm  in  (1.8) tak es  in to  acco u n t th e  m e lt flow  and  th e  c ry s ta l 
m o tio n  a t  th e  ra te  V,  a n d  th e  th ird  te rm  — th e  h e a t exchange across th e  side 
su rface  w ith  th e  a m b ie n t m edium . S ev e ra l reasons a re  decisive in  se lecting  
th is  e q u a tio n  for a d esc rip tio n  of h e a t  t ra n s fe r  in  a c ry s ta l-m e lt sy s te m . In  
c o n tra s t  to  th ree -d im en sio n a l eq u a tio n s , E q . (1.8) has sim ple so lu tions w hich 
fu rn ish  good f i t  to  th e  t ru e  te m p e ra tu re  d is tr ib u tio n  fo r  sm all B io t n u m b ers

B i  =  <  1
X

. N everth e less , E q . (1 .8) gives a q u a lita tiv e ly  co rrec t d esc rip ­

tio n  of Gj an d  Gs as fu n c tio n s  of th e  r e le v a n t  p a ram e te rs  even  for n o t to o  sm all 
B io t n u m b ers . T here can  be  no d o u b t t h a t  th e  defec t s tru c tu re  o f a c ry s ta l 
c an n o t b e  analyzed  w ith o u t de ta iled  in fo rm a tio n  on th e  te m p e ra tu re  fields, 
so th a t  so lu tio n  of 3D problem s is  u n av o id ab le . S till, th e  ap p lic a tio n  of 
E q . (1.8) f o r th e  purposes o f th is  w ork is rea so n ab ly  ju s tif ie d . T he te m p e ra tu re  a t 
th e  in te rfa c e  is assum ed  eq u a l to  th e  c ry s ta lliz a tio n  te m p e ra tu re  T 0. The 
rem ain in g  b o u n d a ry  co n d itio n s depend  on th e  specific g ro w th  te c h n iq u e  and  
cooling cond itions.

In  grow ing single c ry s ta ls  of o p tic a lly  tra n s p a re n t m a te ria ls , th e  ra d ia ­
tio n  f lu x  is ta k e n  in to  acco u n t by  in tro d u c in g  an  effec tive  th e rm a l c o n d u c ti­
v i ty  coeffic ien t p ro p o rtio n a l to  T 3. I f  th e  h e a t tra n sfe r  from  th e  side surface 
o f th e  c ry s ta l  proceeds ra d ia tio n a lly  acco rd in g  to  th e  S te fa n —B o ltz m a n n  law , 
we a rriv e  a t  an  e q u a tio n  of th e  ty p e  o f  (1.8) w ith  re sp ec t to  T*. T h e  resu lts  
o b ta in ed  below  can th e re fo re  be ap p lied  to  th is  case if  T  is rep laced  b y  T ]/4.

W h en  opaque m a te ria ls  w ith  h ig h  m eltin g  p o in t a re  cry sta llized , lin e a r i­
za tio n  o f th e  ra d ia tio n a l h e a t  tra n s fe r  a n d  in tro d u c tio n  o f an  e ffec tive  h e a t 
exch an g e  coeffic ien t for th e  side surface en ab le  to  u se E q . (1.8) up  to  2000 °C [10].
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SOME ASPECTS OF THE MACROSCOPIC THEORY 
OF ORIENTED CRYSTALLIZATION FROM THE MELT

COMMUNICATION II

T H E  CZOCHRALSKI AND STEPANOV GROW TH TEC H N IQ U ES

By

E. A . B r e n e r  and V. A . T a t a r c h e n k o

TH E  SOLID STATE PHYSICS IN STUTE, ACADEMY OF SCIENCES O F T H E  USSR 
142432 CHERNOGOLOVKA, USSR

The stability  of the crystallization process, while growing crystals in the shape of circular 
cylinder, p la te  or tube by Czochralski and S tepanov techniques, was analyzed according to 
Lyapunov. The stability  of the crystal cross-section shape, the stab ility  of the crystallization  
fron t shape and the effect of the surface tension gradient on the form ation  of the meniscus 
and heat transfer processes in the liquid phase were investigated.

In  th e  C zochralski g ro w th  a c ry s ta l is pu lled  from  th e  free su rface  of 
th e  m e lt. I n  S tep an o v ’s m e th o d , a c ry s ta l is p u lled  from  th e  shaper. A co n d i­
tio n  th a t  h as  to  be sa tisfied  is e ith e r  t h a t  o f ca tch in g  a t  th e  sh a rp  edges o f th e  
sh a p e r or w e ttin g  a t  th e  sh ap er sides [1]. T he size of a c ry s ta l  d raw n a n d  th e  
p o sitio n  o f  th e  c ry s ta lliz a tio n  f ro n t can  be fo u n d  from  a so lu tio n  of th e  p ro b lem  
fo rm u la te d  in  C om m unication  I  of th is  p a p e r.

As a re su lt o f th e  m ass co n se rv a tio n , th e  m e lt level in  th e se  system s d rops 
g ra d u a lly  as th e  c ry s ta l is be ing  p u lled  from  th e  crucib le . If , how ever, th e  
c ry s ta l cross-section  a rea  is m uch  sm alle r th a n  th e  m e lt su rface  a rea  in  th e  
crucib le , th is  effect is negligible.

Tw o p a ra m e te rs  can  th ere fo re  be  v a rie d  in d e p e n d e n tly : th e  c ry s ta l  
size a n d  th e  positio n  o f th e  c ry s ta lliz a tio n  f ro n t (a tw o-degree-o f-freedom  
sy s te m ).

I t  h as  been  m en tio n ed  above th a t  th e  c ry s ta l  size can  b e  found  as a fu n c ­
tio n  o f tim e  from  th e  cond itio n  of co n stan cy  o f th e  g ro w th  angle; acco rd in g  
to  E q . (1.5),

ÔR — — V  ta n  (a0 *,) =  -  V ^ t i R  +  ^ U * | .
d fi dh

( 2 . 1)

A  d o t over dR  deno tes d iffe ren tia tio n  w ith  resp ec t to  t im e , ÔR =  R  — R 0 
and  ôh =  h  — h 0 a re  th e  d ev ia tio n s of th e  c ry s ta l rad iu s  R  a n d  th e  c ry s ta ll i­
za tio n  f ro n t position  h from  th e  re spec tive  equ ilib rium  v a lu es .
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The c ry s ta lliz a tio n  f ro n t  position  as a fu n c tio n  of tim e  is found  from  
th e  h e a t b a lan ce  law  a t th e  c ry s ta lliz a tio n  f ro n t;  accord ing  to  (1.7),

^  +  ^ ô h
ÔR ôh

( 2.2)

w h ere  G =  ASGS — A jG r
The p a r t ia l  deriv a tio n s in  E qs. (2.1) a n d  (2.2) are  e v a lu a te d  for eq u ilib ­

r iu m  values o f  R u and h u.
E q u a tio n s  (2.1) and (2.2) a re  co n v en ien tly  reca s t to

w here

ô R  =  A p f td R  A Rflôh, 

ôh =  A hR ôR  -T A hhôh,

I =  -  V ^ - ;
dR

1 9G
' hR ~  £  dR

A Rh ~  

Л-hh =

dh

J L
£  ~9h '

(2.3)

(2.4)

T h e  n ecessary  a n d  su ffic ien t con d itio n s o f s ta b il i ty  of th e  s te a d y -s ta te  so lu tio s 
R 0 and  h 0, acco rd in g  to  G u rv itz ’s c rite rio n  [2], are

A *  +  A *  <  0, (2-5)

-A /? A f t  ~  ^ R h ^ h R  >  (2-6)

A fu n c tio n a l re la tio n sh ip  b e tw een  th e  angle  a 0, c ry s ta l ra d iu s  R .  and  c ry s ta lli­
za tio n  fro n t co o rd in a te  h c a n  b e  found  b y  so lv ing  th e  L ap lace  cap illa r ity  e q u a ­
tio n . T he co rresp o n d in g  exp ressio n s for a n u m b e r  of b o u n d a ry  cond itions w ere 
fo u n d  in [3] fo r  th e  S tep an o v  tech n iq u e  a n d  in  [4] for th e  C zochralski g ro w th .

I t  w as a lre a d y  m e n tio n e d  th a t  th e  te m p e ra tu re  g rad ien ts  in  E q . (2.2) 
as func tions o f  R  and  h m u s t b e  found  b y  so lv ing  th e  th e rm a l prob lem  fo r th e  
c ry s ta l— m e lt sy stem . I t  is  log ica l to  choose th e  te m p e ra tu re  a t  th e  b ase  o f th e  
m e lt co lum n T m as one o f th e  b o u n d a ry  co n d itio n s. A so lu tio n  of th is  p rob lem  
fo r E q . (1.8) w ith  d iffe ren t h e a t  exchange cond itions a t  th e  u p p e r end -face  
o f th e  c ry s ta l  is given in  [5].

T he f i r s t  a tte m p t to  an a ly ze  s ta b ili ty  o f th e  g ro w th  process in  th e  m e­
th o d s  u n d e r  discussion w as m ad e  in [6]. O n ly  E q . (2.4) fo r  th e  ra te  o f v a r ia ­
tio n  of th e  c ry s ta lliz a tio n  f ro n t  co o rd in a te  w as ana lyzed , w hile th e  d ev ia tio n s  
ÔR and  ôh w ere  m ean t d e p e n d e n t; th e  re la tio n sh ip  b e tw een  th em  w as such  
t h a t  a t a n y  m o m en t th e  ang le  a 0 be eq u a l to  oce =  я /2  — cpQ,  w here ç>0 is th e  
g row th  ang le . T he resu lts  o b ta in e d  in  [6] w ere q u a lita tiv e ly  co rrec t a lth o u g h  
re flec ted  o n ly  a p a r t  o f th e  w hole p ic tu re .

T he so lu tio n s of th e  c a p illa r ity  p ro b lem  [3] and  o f th e  th e rm a l p rob lem  
[5] enab led  th e  au th o rs  o f th e  p resen t p a p e r  to  analyze th e  signs of coeffic ien ts
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Czochralski growth
A rr ARh Ahh AhR

> 0 < 0

< 0
if

Tm̂ To

> 0
if

Тгп^Хэ
> 0

small-
diameter
crystal

boundary
catching

condition
>0 NyRm Го 
0 ^ S\ <0 Ro

< 0

large diameter 
crystal 
R > (X 

or a plate

boundary
catching
condition

<0

single­
valued

menisci
< 0

two-
valued

menisci
> 0
> 0

atRpr.

boundary
wetting

condition

< 0

< 0< 0
To-R^m

0
r0-R„<m

A RR a n d  A Rh, re fe rred  to  h en c e fo rth  as th e  c a p illa r ity  coeffic ien ts , and  of 
A hR a n d  A hh, re fe rred  to  as th e rm a l  coefficients (T able 2.1), to  f in d  th e  
jo in t so lu tions of th e  cap illa r ity  a n d  th e rm a l p rob lem s, and  to  an a ly ze  th e ir  
s ta b ili ty  [7]. T he m ain  conclusions a re  as follows.

~  f 2y
I n  draw ing  th in  rods (R J a  <  1, w here a =  —— is th e  c a p illa r ity  con-

s ta n t)  a t  the  b o u n d a ry  cond ition  o f  ca tch ing , th e  c ry s ta lliz a tio n  is s tab le  in  
th e  ra n g e  R t) >  R bl w here R b is th e  low er bound  on s ta b ility  fo u n d  from  con­
d itions (2.5), (2.6). M oreover, R b >  R m for a supercooled  m elt a n d  R b < R m 
for a su p e rh ea ted  one. In  th is  case R m is th e  b o u n d a ry  for th e  c a p illa r ity  s ta ­
b ility  (R 0 >  R m is th e  cap illa rity  s ta b il i ty  reg ion: A RR 0; R n <  R m is th e  
c a p illa r ity  in s ta b ility  reg ion: A RR >  0). In  o th e r w ords, th e  o v era ll s ta b ility  
reg ion  o f  a su p e rh ea ted  m elt is b ro a d e r  th a n  th a t  o f th e  c a p illa r ity  s ta b ility .

W hen  cy lind rica l rods are d ra w n  b y  th e  C zochralski te c h n iq u e , A RR >  0 
(the  c a p illa r ity  in s ta b ility )  and  th e  g ro w th  is s tab le  on ly  in  a su p e rh e a te d  m elt 
in  th e  ran g e  w here in eq u a lities  (2 .5 ), (2.6) are sa tis fied . This co rresponds to  
large c ry s ta l  d iam ete rs  R 0 o, w ith  A RR —* 0. W hen  p la te s  or la rg e -d iam ete r  
cy lin d rica l rods ( R 0/a >  1) are g row n  in  th e  co n d itions of b o u n d a ry  ca tch in g , 
th e  c a p illa r ity  s ta b il i ty  is alw ays rea lized  ( A RR <  0). M oreover, A Rh <  0 for 
s ing le-valued  m enisci, w hich  co rresp o n d s to  m u tu a l s ta b iliz a tio n  (A RhA hR < 0 ) .  
In  a su p e rh ea ted  m e lt A hh <[ 0: in  th is  case in eq u a litie s  (2.5) — (2.6) a re  alw ays 
sa tisfied  so th a t  c ry s ta lliz a tio n  is s ta b le . T he overall s ta b ility  in  a  supercooled  
m elt (A hh >  0) is ach ieved  w hen in e q u a litie s  (2.5), (2.6) are  sa tisfied . H ow ever,
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fo r  tw o -va lued  m en isc i (positive p ressure) th e re  is a ran g e  of p a ra m e te rs  w here 
A Rh >  0 (no m u tu a l  s tab iliza tio n ) w hen  c ry s ta l ra d iu s  R 0 is close to  th e  shaper 
size r 0. This m a y  le a d  to  in s ta b ili ty  w hich  can  be  co m p en sa ted  fo r on ly  b y  a 
co n siderab le  su p e rh e a tin g  o f th e  m elt.

In  th e  case o f w e ttin g  as a b o u n d a ry  co n d itio n , th e  c a p illa r ity  s ta b ility  
is  rea lized  fo r a 0 <  <xy {rx.l is th e  ang le  b e tw een  th e  ta n g e n t to  th e  m eniscus 
a t  th e  sh ap er a n d  th e  h o rizo n ta l d irec tio n . I f  <x0 >  a 15 th e  c a p illa r ity  s ta b ility  
is ach ieved  fo r w ide  spacings b e tw een  th e  c ry s ta l a n d  th e  sh ap er w all.

A n an a ly sis  o f  jo in t so lu tions o f th e  th e rm a l an d  c a p illa r ity  problem s 
w as re p o rte d  b y  th e  au th o rs  o f th is  rev iew  in  [7]. T he n u m b er o f solu tions 
m a y  be tw o , one, o r none, dep en d in g  on th e  c ry s ta lliz a tio n  p a ra m e te rs . F u r th e r ­
m o re , if  th e  n u m b e r  is tw o , one o f th e  so lu tions is u n s ta b le . In  p rin c ip le , a single 
jo in t  so lu tion  m a y  be o b ta in ed  b y  increasing  th e  p u llin g  ra te ; u n fo rtu n a te ly , 
th is  so lu tion  is u n s ta b le .

T he p rocess k in e tic s  (c ry s ta lliz a tio n  te m p e ra tu re  as a fu n c tio n  of grow th 
ra te )  w as ta k e n  in to  acco u n t in  [8] (and  in d e p e n d e n tly  in  [9]), a n d  revealed  
in s u b s ta n tia l  ch an g es caused  b y  a decrease in  A hh. I f  th e  m elt is s lig h tly  su p e r­
cooled  w ith  re sp e c t to  th e  eq u ilib riu m  te m p e ra tu re , th is  effect m ay  lead  to  an 
a c tu a l su p e rh e a tin g  o f th e  m e lt, t h a t  is to  a tra n s i t io n  to  th e  th e rm a l s ta b ility  
reg ion .

The re su lts  o b ta in e d  enab le  to  derive q u a n ti ta t iv e  e s tim a te s  w hich con­
f irm  a p p lic a b ility  o f th e  q u a s is ta tio n a ry  a p p ro ach  to  th e rm a l phenom ena 
w h en  s ta b ility  is ana lyzed . I t  w as m en tio n ed  ab o v e  th a t  th is  ap p ro ach  is 
ju s tif ie d  if  th e  c h a ra c te r is tic  tim e  o f th e  c ry s ta lliz a tio n  fro n t re lax a tio n  to  
th e  s te a d y  s ta te  xrf  is g rea te r th a n  th e  co rrespond ing  re la x a tio n  tim e  of te m ­
p e ra tu re  r rT

1 £/i2

T r/~  \ A hh\ ™ k (T m — T 0) '

I t  is also o f in te re s t  to  e s tim a te  th e  effects o f v a rio u s  th e rm o p h y sica l and  o th e r 
c o n s ta n ts  o f  m a te r ia ls  on th e  c ry s ta lliz a tio n  s ta b ili ty . W e fin d  t h a t  w ith  o th e r 
co n d itions b e in g  id en tica l, th e  s ta b ili ty  (e v a lu a te d  as th e  inverse  o f th e  c h a r­
ac te ris tic  r e la x a tio n  tim e) is h ig h er fo r m a te ria ls  w ith  h ig h er th e rm a l con­
d u c tiv ity  A, g ro w th  angle <p0, a n d  w ith  sm aller la te n t  h e a t of m e ltin g  £ . The 
s ta b ili ty  can  be  increased  b y  ra is in g  th e  m e lt su p e rh ea tin g  a n d  b y  forced a ir 
cooling of th e  c ry s ta l  in a local zone. N o t only  th e  s ta b ili ty  is increased  b u t  th e  
ran g e  of s tab le  g ro w th  is w id en ed  as well. I t  is o f in te re s t  to  ana lyze  how  th e  
ty p e  of s ta b il i ty  changes [11] w ith  th e  chang ing  size o f a c ry s ta l  grow n. F o r
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Fig. 2.1. S tab ility  characteristic S (s-1) as a function  of the ratio  of crystal radius to  th a t  
o f the shaper, R J r 0, for three m aterials (1 — Al, 2 — Si, 3 — A120 3) grown in identical

conditions

in stan ce , w hen  th in  rods a re  grow n by  th e  S tep an o v  te c h n iq u e  from  a su p e r­
h e a te d  m elt, an  increased  ro d  d iam ete r ( th is  can  be ach iev ed , for ex am p le , 
b y  d im in ish ing  th e  pu lling  ra te )  changes th e  s ta b ility  ty p e  in  th e  fo llow ing 
sequence: “ sad d le”  ty p e  in s ta b il i ty  — “ u n s ta b le  node”  — “ u n stab le  fo c u s”  
— “ s tab le  fo cu s”  — “ stab le  n o d e” . The ch a rac te ris tic  re la x a tio n  tim es in  a 
s te a d y -s ta te  m ode are, for d iffe ren t m a te ria ls , in  th e  range o f  1 to  10 s. W h en  
th e  s ta b ili ty  b o u n d a ry  is a p p ro ach ed , th e  re la x a tio n  tim es increase . In  p rin c ip le , 
an  op tim a l R J r 0 ra tio  can be  d e te rm in ed  on  th e  basis o f su ch  ca lcu la tio n s. 
F ig . 2.1 p lo ts  th e  s ta b ility  in d e x  as a fu n c tio n  o f th is  ra tio  a t  a fixed  th e rm a l 
reg im e fo r th re e  m a te ria ls  (A l, Si, A120 3.)

T he fo llow ing m ay  be  considered as an  ex p erim en ta l c o n firm a tio n  o f 
re su lts  y ie lded  b y  th e  above an a ly sis : a) d ifficu lties  in d raw in g  c o n s tan t cross- 
sec tio n  c ry s ta ls  b y  th e  C zochralsk i m e th o d ; b) draw ing  o f  c o n s ta n t cross- 
sec tion  pro files b y  th e  S te p a n o v  m ethod  w h en  th e  c ry s ta l- to -sh ap e r size ra t io  
R ,J r 0 >  1/2; c) im proved  se lf-stab iliz ing  o f th e  process w hen  fo rced  a ir coo ling  
is em ployed  in  a local zone.

Stability of the cross-section shape in  a drawn crystal

U n til now  we discussed s ta b ility  on ly  w ith  respect to  a  un ifo rm  p e r tu r ­
b a tio n  of th e  cross-section  (v a ria tio n  of th e  cy linder ra d iu s  or of th e  p la te  
th ickness). T h is app roach  e lu c id a tes  th e  s ta b il i ty  of th e  c h a ra c te r is tic  p ro file
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d im ension , h u t  leaves open th e  question  o f w h e th e r th e  sh ap e  of th e  c ry s ta l  
cross-section  is m a in ta in e d .

In  o rd er to  analyze  th e  shape  s ta b ility  i t  is n ecessary  to  im pose on th e  
co n to u r b o u n d in g  th e  p ro file  cross-section  a n  a rb itra ry  sm all p e r tu rb a tio n  
w hich  can  be e x p an d ed  in to  a series in an a p p ro p ria te  set o f o rtho g o n al fu n c tio n s  
(selected  on th e  basis  of th e  co n to u r shape), an d  th e n  to  ca lcu la te  its  coeffi­
c ien ts  as fu n c tio n s  of tim e . T h e  cross-section  shape is s ta b le  if  coefficien ts o f 
all th e  te rm s o f th e  ex p ansion  d im in ish  w ith  tim e . The f i r s t  te rm  of th e  e x p a n ­
sion co rresponds to  a un ifo rm  p e rtu rb a tio n , t h a t  is to  a v a r ia tio n  of th e  cross- 
sec tio n  d im ensions w ith  its  sh ap e  u n a lte red . A  n o n p e r tu rb a te d  con tour c o rre s ­
p o n d s  to  a n o n p e rtu rb e d  m eniscus described  b y  a fu n c tio n  z u sa tisfy ing  th e  
c a p illa r ity  e q u a tio n  w ith  th e  b o u n d a ry  co n d itio n s, an d  th e  angle <xe. A sm all 
d e v ia tio n  from  th e  co n to u r co rresponds to  a so lu tion  z =  z 0 - f  w hich s a t is ­
fie s  a tw o -d im ensiona l c a p illa r ity  eq u a tio n  linearized  in  a sm all co rrec tion  
te rm  Zj, an d  to  th e  co rrespond ing  angle a 0 =  x e +  da.. A ll th e  equations b e in g  
lin e a r  w ith  re sp e c t to  zv  th e  beh av io u r o f a n  a rb itra r ily  sm all and  su ffic ien tly  
sm o o th  p e r tu rb a tio n  can be  ana lyzed  b y  fo llow ing th a t  o f  th e  su p erp o sitio n  
o f th e  ex p ansion  co m p o n en ts . F o r exam ple, in  th e  case o f cy lindrica l c ry s ta ls  
th e  p e r tu rb e d  co n to u r is describ ed  by  an  expression  R  =  U  am cos imp. w h ere  
m  is an  in teg e r, an d  cp is th e  ang le  in  a cy lin d rica l re fe ren ce  fram e (a u n ifo rm  
p e r tu rb a tio n  co rresponds to  m  =  0). In  th e  f irs t  ap p ro x im a tio n , n e ith e r  th e  
p e rim e te r  n o r th e  cross-section  a rea  are a lte re d  b y  th e  h a rm o n ics  w ith  m  ^  0, 
so th a t  th e  te m p e ra tu re  g ra d ie n ts  in  th e  th e rm a l p ro b lem  under d iscussion  
re m a in  u n ch an g ed . In  a d d itio n  to  th e  co n d itio n s  a lre a d y  derived  ea rlie r, i t  
is n ecessary  now  to  req u ire  fo r  th e  s te a d y -s ta te  g ro w th  th a t  am/a m <[ 0 fo r 
m  ^  0. T he ra tio  amjam is th e  a lready  fam ilia r  coeffic ien t A RR =  a j a 0 =

=  -  V ^  =  -  r g l . S im ila rly , A ROm =  a j a m =  -  V ^ -  for all m.  T h e

9a
co rrespond ing  d e riv a tiv e s  -----  m ust be fo u n d  b y  so lv ing  a linearized  tw o -d i-

^ a m
m ensiona l c a p illa r ity  L ap lace  eq ua tion . I t  c a n  be show n t h a t  A Rűm d im in ish es  
w ith  increasing  m  fo r a n u m b e r of b o u n d a ry  cond itions on  th e  shaper b o th  in 
g ro w th  o f  cy lin d rica l c ry s ta ls  an d  p la tes . I n  o th e r w ords, a ll th e  coeffic ien t 
A Ra <  0 i f  A Ra' == A rr  <  0; hence, th e  ad d itio n a l req u irem en ts  to  th e  
c ry s ta lliz a tio n  s ta b ili ty  a re  m e t. T hus, A RR is alw ays n e g a tiv e  in p la te  g ro w th , 
so th a t  th e  co n d itio n s of s ta b ili ty  found  ea rlie r  are co m p le te . In  th e  case  of 
d raw ing  th in  fila m e n ts , th e re  is a range o f  c ry s ta l  rad ii in  w hich A RR >  0 an d  
th e re fo re  an  in s ta b ili ty  in  th e  f irs t h a rm o n ic  m ay  develop . A m ore d e ta ile d  
analysis  show s th a t  th is  in s ta b ili ty  rea lly  ex ists . A p e r tu rb a tio n  a t  th e  f ir s t  
h arm o n ic  co rresponds to  a  sm all shear s tra in , and  th e  in s ta b ility  p ro d u c e d  
th e re b y  m u st re su lt  in  c ry s ta l  bending . T h is  w as in d e e d  observed in  g ro w th  
o f sap p h ire  f ila m e n ts  ^ 3 0 0  /ип in  d iam e te r (F ig . 2.2). A  f in ite -w id th  p la te  can
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F ig . 2 .2 . Bending of a w hisker growing in  an  unstable mode (instability in  th e  firs t harm onic)

be re g a rd ed  as co n sisting  of sem i-cy lind rica l b o u n d a ry  p a rts  an d  a p la n a r  m iddle 
p a r t .  T h e  p la te  g ro w th  is stab le  f a r  from  th e  edges a t  th e  c a tc h in g  cond ition . 
A v a r ia tio n  in w id th  o r bending  in  th e  p lane c a n  be expressed  in  te rm s of a 
p e r tu rb a tio n  a t  th e  f i r s t  h arm on ic  o f th e  sem i-cy lindrica l b o u n d a ry  regions. 
As a re su lt, a s te a d y -s ta te  g ro w th  o f  a th in  p la te  requ ires t h a t  s ta b ili ty  con­
d itio n s b e  satisfied  fo r  th e  firs t h a rm o n ic  of th e  f ila m e n t of th e  co rrespond ing  
d iam ete r.

Stability o f  crystallization in  growth o f tubular crystals

T he p reced ing  Sections t r e a te d  th e  g ro w th  o f rod- an d  p la te -sh ap ed  
c ry s ta ls , w ith , as a re su lt , a single c h a ra c te ris tic  d im ension  of th e  c ry s ta l cross- 
sec tion : ro d  rad ius or p la te  th ick n ess . A  tu b u la r  c ry s ta l cross-section  is ch a rac ­
te rized  b y  tw o d im ensions: e x te rn a l rad iu s  R 1 a n d  in te rn a l ra d iu s  R 2. H ence, 
th e  c a p illa r ity  e q u a tio n  for the  e x te rn a l  p o rtio n  o f th e  m eniscus an d  th e  h e a t 
ba lan ce  e q u a tio n  h a v e  to  be su p p lem en ted  by  th e  L ap lace  c a p illa r ity  e q u a tio n  
fo r th e  in te rn a l p a r t  o f  th e  m en iscus, th e  p ressu re  an d  grow th ang le  being th e  
sam e as fo r th e  e x te rn a l p a rt. T h e  system  ch a rac te riz in g  s ta b il i ty  of jo in t 
so lu tions o f  these  e q u a tio n s  is

=  A r r ôR 1 -j- A RiRt ôR 2 4- A Rihàh,

ôR 2 =  A R tR ô R 1 +  A r r̂J ) R 2 +  A RHÔh, (2-7)

ôh =  A hRi ôR j  I A hRs ôR 2 +  A hhôh.

C oefficients A RjRi a n d  A Rih are e q u a l  to  — V  ^  an d  — V  j - —- , re sp ec tiv e ly .
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S im ila rly , A RiRt =  V  , A Riht =  V  ̂ 2 . .  I t  sh o u ld  be em phasized  th a t

A RiRi =  A RiRt =  0; th is  is only  n a tu ra l  since th e  in te rn a l  and  e x te rn a l m enisci 
a re  in d e p e n d e n t. T h e  th e rm a l coeffic ien ts  A hRi, A hRt a n d  A hh are  d e te rm in ed  
as befo re . T he fo llow ing  m ust, h ow ever, be u n d e rlin ed . The c h a rac te ris tic  
d im ensions of th e  cross-section  e n te r  th e  th e rm a l p ro b lem  as a ra t io  of th e

2
circum ference  to  th e  cross-section  a rea . T h u s, th e  ra tio  is equal to  —  fo r grow th

o f a ro d  w ith  th e  ra d iu s  R v  I f  th e  tu b e ’s in te rn a l d ia m e te r  is n o t  to o  large, 
th e  h e a t  o u tf lu x  is s ig n ifican t only  on  th e  o u te r su rface  o f th e  g row ing  crysta l.

2 R r
H en ce , th e  ra tio  in  q u estio n  becom es I f  th e  h e a t o u tf lu x  fro m  th e

R f - R l
in n e r  surface is also ta k e n  in to  acco u n t, th e  c ircum ference  to  area ra t io  becom es

—---------- . T ab le  2 .I I  lis ts  th e  signs o f coefficients A  de rived  b y  an a ly z in g  th e

so lu tio n s  to  c a p illa r ity  an d  h ea t co n d u c tan ce  e q u a tio n s .
A ccord ing  to  G u rv itz ’s c r ite r io n , th e  fo llow ing in eq ua lities give th e  

n ecessa ry  an d  su ffic ien t cond itions o f  s ta b ility  of sy s te m  (2.7):

^RlRX + ■d-R.R, ^hh  <  0» (2.8)

fi ^ RtR, A hh + A R lRl A RthA hRt -f- A RtRt A f t ^  A hRi >  0 (2.9)

Rx +  -4R,R, + ^hh) (-d-RxRi A RlRt +  A hh +  ^R.R, A hh —

A R,h ■4hR,) — ( A RiRiA RtRtA hfl +

A A + A R ,R ,A RihA hRi) >  0. (2.10)

W h en  la rg e  d ia m e te r  tu b e s  are g row n  ( R 2 a), th e  so lu tion  is a lw ay s  single;
T a b le  2 .I I  show s t h a t  in eq u a lities  (2 .8 )—(2.10) are sa tis fied  and  th is  so lu tion  
is th e re fo re  stab le . I t  is likely  t h a t  th is  is th e  reaso n  w h y  such tu b e s  a re  com ­
p a ra tiv e ly  easier to  grow  th a n  o th e r  profiles.

In  th e  case o f  sm all-d iam ete r tu b e  c ry s ta lliz a tio n  ( ^  a), th e  n u m b er
o f  so lu tio n s depends on  th e  process p a ram e te rs  (tw o , one, or no  so lu tions). 
T h e  process of tu b e  c ry s ta lliz a tio n  is found  to  be s tab le  for >  R*  and
R 2 >■ R*  (T able 2 .I I ) .  F u rth e rm o re , i f  th e re  are tw o  so lu tions, one o f  th em  is 
u n s ta b le . T he so lu tio n  w ith  R x >  R * , R 2 <C R*  is u n s ta b le . In d e e d  i t  can be 
seen  fro m  T ab le  2 .I I  t h a t  in e q u a lity  (2.9) is v io la ted . T h e  process o f “ sh u ttin g - 
d o w n ”  o f tu b e s  d u rin g  c ry s ta lliz a tio n  could  th e n  b e  in te rp re te d  as follows. 
W h en  R 2 becom es sm alle r th a n  R*,  th e  process becom es u n stab le , w h ich  brings 
a b o u t fu r th e r  decrease  of R 2 u n til  th e  tu b e  is “ s h u t” ; a fte r th is  a ro d  w ith  
R x >  R*  con tinues g ro w th  since th is  process w as show n above to  b e  stab le . 
A n  in tr ig u in g  p o ss ib ility  is th a t  o f  s te a d y -s ta te  d raw in g  of th ick -w a lled  capil-
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la ries w ith  R 2 <C R *. In  all likelihood , how ever, th e  g ro w th  of such p ro file s  should 
m ee t w ith  considerab le  d ifficu lties, ow ing to  th e  e ssen tia l n arro w n ess  of th is  
reg ion; th is  region w idens, th o u g h , fo r m ateria ls  w ith  high v a lu e s  of the  
g ro w th  angle.

The effect o f surface tension  gradient on formation of 
the m eniscus and heat transfer processes in  the liquid phase

N o rm ally  c ry s ta lliz a tio n  is c o n d u c te d  in  th e  co n d itio n s of a te m p e ra tu re  
g ra d ie n t in  th e  liq u id  phase . The re s u lt  is convection  an d , in p a r t ic u la r , free 
conv ec tio n  invo lv ing  g ra v ity  and  ch a rac te rized  b y  th e  R ayleigh  n u m b e r  Re  =

sßA TL3
= -------------, and  th e  so-called M aran g o n i convection  [12, 13] in v o lv in g  the

surface  ten sio n  g ra d ie n t and  c h a ra c te riz e d  by  th e  M arangoni n u m b e r  M a  =

— --------. H ere ß  is th e  bu lk  ex p an sio n  coefficient, zlT  is th e  ch a ra c te ris tic
ö T r j x  r

te m p e ra tu re  d ifference, L i s a  c h a ra c te r is tic  linear d im ension , t] is th e  dynam ic 
v isco sity  coefficient an d  y  is th e  su rface  tension  coefficient. T h e  num ber

n r  2

Bo  =  —— , o b ta in ed  as th e  ra tio  o f  th e  R ayleigh  a n d  M arangoni num bers,

ch a rac te rizes  th e  re la tiv e  c o n tr ib u tio n s  o f g ra v ita tio n a l and  c a p illa r ity  forces 
in to  th e  fo rm atio n  o f co nvective  flow . T h e  n um ber B o  is sm all for sm all charac­
te r is tic  d im ensions o f th e  system , w h en  cap illa r ity  forces p red o m in a te . I t
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w as p ro v ed  e x p e rim e n ta lly  [14] t h a t  i t  is th e  M arangon i co n v ec tio n  w hich 
d ev e lo p s in  th e  zone w ith  c h a ra c te r is tic  d im ension L  ~  5 m m . T h e  ch a rac te ris ­
t ic  d im ensions in  th e  S tep an o v  g ro w th  being s till sm a lle r, we d iscuss th e  effects 
o f  o n ly  th is  co n v ec tio n . I f  th e  m e lt is su p erh ea ted , th e  surface te n s io n  is increased 
a t  th e  c ry s ta lliz a tio n  f ro n t, and  th e re fo re  th e  m elt is t ra n sp o r te d  to w a rd  th e  fro n t 
a t  th e  free su rface , a n d  aw ay fro m  i t  a t th e  c e n tre  because o f  th e  generated  
p re ssu re  g rad ien t. T h is  pressure g ra d ie n t is d ire c te d  aga in st t h a t  p roduced  b y  
th e  g ra v ity  fie ld , a n d  hence in c reases  th e  c o n v e x ity  of th e  m o lte n  colum ns. 
T h e  p a t te rn  is re v e rse d  in  supercoo led  m elts. I t  w as m en tio n ed , how ever, 
t h a t  flow  affects th e  m eniscus fo rm  app rec iab ly  beg inn ing  w ith  flow rates of 
10 102 cm /s. T h e  a c tu a l o b se rv ed  flow rates in  a  zone w ith  L  ~  5 m m  are
V  1 cm /s. F o r th e  reason  given above, flow  ra te s  in  th e  S tep an o v  techn iques 
a re  s till sm aller, a n d  th e  effects o n  th e  m eniscus shape are  ex p ec ted  to  be 
neg lig ib le .

C onvection  in  th e  liquid  p h a se  resu lts  in  th e  m e lt s tirr in g  a n d  so increas­
es th e  h e a t in f lu x  to  th e  c ry s ta lliz a tio n  fro n t th ro u g h  a su p e rh e a te d  m elt. 
T h e  m ag n itu d e  o f  th e se  flo w ra tes  c a n  be e s tim a te d  from  th e  b o u n d a ry  condi-

, . ,  ,  d V  3y _  , T,  3y  R A Tt io n  a t  th e  m eniscus tre e  surface: n ---- = -------— g ra d  i  . w hence V ~ --------------,
1 dr 3 T  ЭТ r/h

w h ere  R  is th e  c ry s ta l  rad ius ( th e  ch a rac te ris tic  tra n sv e rsa l d im ension  of th e  
m en iscu s), and  h  is  th e  m eniscus h e ig h t. The M aran g o n i th e rm a l n u m b er gives 
a  c h a ra c te ris tic  o f  th e  ra tio  o f th e  h e a t flux  tra n s fe r re d  b y  th e  m e lt flow a t 
t h e  flo w  ra te  V  to  t h a t  tra n s fe rre d  b y  diffusion. T h e  estim ates  y ie ld ed  b y  th e  
ab o v e  fo rm ula  ex ceed  th e  o bserved  values b y  an  o rd e r  of m a g n itu d e  [14]. T his 
d isc re p a n c y  is cau sed  b y  fr ic tio n  on  th e  su rface  o f  th e  c ry s ta l. I t  was also 
m e n tio n e d  in  th e  c ite d  reference t h a t  th e  co n v ec tiv e  c o n tr ib u tio n  in to  h e a t 
t r a n s fe r  becom es e ssen tia l if  zones are  longer th a n  1 m m . N o te  t h a t  the  con­
v e c tiv e  h e a t f lu x  to  th e  c ry s ta lliz a tio n  fro n t in c reases  as R  rises  an d  h d im i­
n ish es ; th is  is c lea r from  the  e s tim a te  of co n v ec tiv e  flow rates. T hese  changes 
o p e ra te  in  th e  sam e d irection  as th e  co rrespond ing  changes in  th e  hea t f lu x  
tr a n s p o r te d  by  d iffusion . In  o th e r  w ords, th e  th e rm a l coeffic ien ts A hR an d  
A hh w h ich  are  o f in te re s t  in  an  an a ly s is  of s ta b il i ty , change th e ir  m agn itudes 
b u t  do n o t a lte r  th e i r  signs. S um m ariz ing , th e  e ffec t of co n v ec tiv e  h ea t t r a n s ­
fe r  on  c ry s ta lliz a tio n  can be ta k e n  in to  accoun t h e re  by  in tro d u c in g  form ally  
th e  effective h e a t co n d u c tan ce  a n d  h ea t exchange coefficients.

Stability of the shape o f the crystallization front

T he c ry s ta lliz a tio n  fro n t w as  assum ed p la n e  in  th e  p reced in g  Sections, 
a n d  on ly  its  c o o rd in a te  was a n a ly z e d  for s ta b il i ty . In  th e  gen era l case an  
a r b i t r a r y  p e r tu rb a tio n  of th e  f ro n t  can  be t r e a te d  as a su p erp o sitio n  of th e  
sh a p e  an d  co o rd in a te  p e r tu rb a tio n s . F orm ally , th is  could  be rea lized  b y  expand-
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in g  th e  p e r tu rb a tio n  in to  a series in a n  a p p ro p ria te  se t o f o rth o g o n a l fu n c tio n s , 
w ith  th e  f irs t  te rm  ta k in g  in to  acco u n t th e  change in  th e  c ry s ta lliz a tio n  fro n t 
co o rd in a te  an d  th e  rem a in in g  te rm  re p re se n tin g  shape d is to rtio n  a t  a c o n s ta n t 
f ro n t co o rd in a te . A ll th e  te rm s of th e  ex p ansion  w ill be  reg a rd ed  as in d ep en ­
d e n t since an  analysis o f s ta b ility  is re s tr ic te d  to  a lin earized  p rob lem . So fa r 
o n ly  th e  s ta b ility  of th e  f irs t  te rm  ( th e  c ry s ta lliz a tio n  fro n t s ta b ility )  was 
considered . P e r tu rb a tio n s  of the  f ro n t  shape a t  c o n s ta n t f ro n t co o rd in a te  
(p e r tu rb a tio n  of all th e  te rm s  in  th e  ex p an sio n  ex cep tin g  th e  f irs t one) do n o t 
change th e  c a p illa r ity  p ro b lem  as d iscussed  above, so t h a t  th e  shape  s ta b ili ty  
is d e te rm in ed  b y  th e  h e a t effects o n ly ; th is  was in v e s tig a te d  b y  M u l l in s  and  
S e k e r k a  [15, 16] an d  b y  o thers [17 , 18]. I t  w as fo u n d  th a t ,  w ith  im p u r ity  
effects neg lec ted , a p lan e  fro n t is s ta b le  in  the  g ro w th  from  a su p e rh ea ted  
m elt, w hile th e  in s ta b ili ty  app earin g  in  th e  case o f g ro w th  from  a supercooled  
m elt can  he com p en sa ted  fo r, a t low  supercooling , b y  th e  G ib b s—T h o m p so n  
effect ( th e  dependence o f th e  c ry s ta lliz a tio n  te m p e ra tu re  on surface c u rv a tu re )  
an d  th e  effect of k in e tic s  a t  th e  c ry s ta lliz a tio n  fro n t. Q u a lita tiv e ly , th e  p a t te rn  
is re ta in e d  if  th e  in itia l f ro n t shape is n o t  p lan a r. T he s ta b ili ty  of th e  c ry s ta lli­
za tio n  f ro n t is d e te rm in ed  b y  a jo in t  ac tio n  of th e  c a p illa r ity  an d  th e rm a l 
co n d itio n s  of th e  c ry s ta lliz a tio n  p rocess. O bviously , th e  m ag n itu d es o f th e  
th e rm a l coeffic ien ts A hR an d  A hh m u s t change b u t  th e  signs w ill n o t be a lte red . 
T h e  s ta b ili ty  of th e  fro n t shape m u s t b e  analyzed  in  a m an n e r sim ilar to  th a t  
o f [15].
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SOME ASPECTS OF THE MACROSCOPIC THEORY 
OF ORIENTED CRYSTALLIZATION FROM THE MELT

COMMUNICATION III  

T H E  V E R N E U IL  TEC H N IQ U E

By

V . A . B o r o d in , E . A . B r e n e r  and V . A . T a t a r c h e n k o

THE SOLID STATE PHYSICS INSTITUTE, ACADEMY OF SCIENCES OF THE USSR 
142432 CHERNOGOLOVKA, USSR

The stability  of the crystallization process while growing crystals by Y erneuil technique 
is analyzed. The grow th of th in  rods and plates is stable in case a  heat flow from  th e  burner 
to  the crystal m onotonously decreases.

In  th e  V erneuil m e th o d , th e  m a te r ia l in  pow d ered  form  is fed  o n to  th e  
m o lten  lay e r k e p t w ith in  th e  to rc h  o f an  o x ygen-hydrogen  b u rn e r or a  p lasm a 
je t .  F ig . 3 .1a re p re se n ts  sch em atica lly  an  idealized  s e tu p  for c ry s ta l g row th  
w hich  is used  to  an a ly se  h e a t and  m ass tra n s fe r  in  th e  process of c ry s ta lliz a ­
tio n . T he origin of a reference  fram e (z, r) is fixed  a t  th e  end-face su rface  of 
th e  b u rn e r , and  ax is  z  is d irec ted  do w n w ard . In  th e  V erneu il te c h n iq u e , th e  
c ry s ta l rad iu s  R ,  p o s itio n  o f th e  c ry s ta lliz a tio n  f ro n t x ,  a n d  th a t  o f th e  liqu id - 
v a p o u r  in te rface  / can  be v a ried  in d ep en d en tly . L et u s  in tro d u ce  th e  m eniscus 
h e ig h t h =  x  — l. T he  ra te  o f c ry s ta l ra d iu s  v a r ia tio n  a n d  th a t  of c ry s ta lliz a ­
tio n  f ro n t a re  derived , as u sual, from  th e  cond itions o f  th e  g row th  ang le  con­
s ta n c y  an d  of th e  h e a t b a lance . T he p o sitio n  of th e  liq u id -v a p o u r in te rfa c e  as 
a fu n c tio n  of tim e  is fo u n d  from  th e  m ass co n se rv a tio n  law . A  system  c h a ra c te r ­
izing s ta b il i ty  of c ry s ta lliz a tio n  in  th e  V erneuil te c h n iq u e  is

ÖR =  A RR ôR  -j- A R[ ôl -f- A Rh ôh, (3.1)

ôl =  A m ÔR +  A u ôl - f  A lh ôh, (3.2)

Ôh =  A hR ôR  -j- A hl ôl -f- A hh ôh. (3.3)

D eterm ination of capillarity coefficients A RR, A Rl, A Rh

A ccord ing  to  (1.5), ôR  — — V ( x 0 — x e), so t h a t  th e  c a p illa r ity  coeffi-
0CC doc

c ien ts a re  A RR =  — V  , A Rl =  0, A Rh — — V — He r e  A Rl - 0 since
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Fig. 3.1. A n idealized d iagram  o f crystal g row th by  the Yerneuil technique, 
a) A model used to  analyze the h ea t and  mass tran sfe r in  the process o f crystallization. 

1 — burner; 2 — furnace muffle; 3 — crysta l; 4 — m elt, b) A model used to  analyze capillarity
phenomena
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Fig. 3.2. Meniscus height h as a function of th e  radius of a growing crystal for different angles a 0

n e ith e r  th e  m eniscus sh ap e  no r th e  an g le  are  d ep en d en t ex p lic itly  on th e  p osi­
t io n  o f th e  liq u id -v a p o u r in terface  l. A  fu n c tio n a l re la tio n sh ip  betw een  a 0, R,  
an d  h is de te rm in ed  b y  solving th e  L ap lace  c a p illa r ity  eq u a tio n . F o rm a lly  th e  
specifics o f  c ry s ta lliz a tio n  in  the  Y ern eu il m eth o d  are  co n ta in ed  in  a b o u n d a ry

co n d itio n  fo r r =  0 (F ig . 3.16). T h e  liq u id  drop  is sy m m etric : ^ Z
dr

0.
r = 0

A q u a lita tiv e  b e h av io u r of h as a fu n c tio n  o f R  fo r a  n u m b e r o f va lues o f

is  p lo tte d  in  F ig . 3.2. W h en  th e  c ry s ta l  rad iu s  is m uch  sm alle r th a n  th e  c a p illa ­
r i ty  c o n s ta n t a , we can  n eg lec t the  w e ig h t o f th e  m o lten  co lum n in  th e  L ap lace  
eq u a tio n . T h e  m eniscus surface is in  th is  case spherica l, an d  its  h e ig h t h  is a

X j cos oc
lin ear fu n c tio n  of R ;  h =  R ---- ;-------- - . I f  R  a, th e  L ap lace  eq u a tio n  c a n n o t

sin ocn
be reso lved  in  q u a d ra tu re s  and  n u m e ric a l ca lcu la tio n s a re  in ev itab le . I t  is 
possib le, how ever, to  d e te rm in e  a q u a li ta t iv e  p ic tu re  o f h(R).  A naly tic  so lu tions 
can  be  o b ta in e d  fo r th e  segm ents o f  th e  m eniscus w ith  r  a an d  r a; th e  
g enera l so lu tio n  is th e n  o b ta in ed  b y  m a tc h in g  th e  fu n c tio n s  an d  th e ir  d e r iv a ­
tiv e s  a t  th e  p o in t r  =  a. W e fin d  th a t  as R  increases, h  te n d s  a sy m p to tic a lly  to  
a y  1 cos x0. T he m a x im u m  d ev ia tio n  from  th e  t ru e  cu rv e  h(R)  is o bserved
for th is  m e th o d  in  th e  neighb o u rh o o d  o f  r  =  a , b u t  we o b v ia te  th e  d ifficu lties 
invo lved  in  n u m erica l calcu la tions a n d  o b ta in  a q u a lita tiv e ly  co rrec t re p re ­
se n ta tio n  o f th e  gen era l tre n d . In  th e  ra n g e  o f sm all R ,  th e  cap illa r ity  coeffi­

c ien ts  a r  e : i p „  = -------RR R sin  a n a  - LA Rh —  -
s u r  a,о

R  1 -f- cos a 0
F ig . 3.2 shows t h a t  th e
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signs o f d e r iv a t iv e s -^ -  an d  —— are  n o t a lte re d  in  th e  w hole ran g e  of c ry s ta l 
d R  d n

ra d iu s  v a r ia tio n , an d  A RR <  0 a n d  A Rh >■ 0 fo r  any  R .

Determ ination of A ; r , A i;, and A Ih

T he c o n d itio n  o f m ass b a la n c e  in  a c ry s ta l-m e lt sy stem  can  be  w ritte n  as

W 0 — tiqs J -f- n q L R 2
d x  d l

' d t d t d t
(3.4)

w h e re  W 0 is th e  m ass of p o w d er e n te rin g  th e  m o lten  lay e r p e r  u n it  tim e , an d  
gs a n d  ql  a re  th e  densities o f th e  solid  an d  liq u id  phase , re sp ec tiv e ly . T h e  f i r s t  
te rm  on th e  r ig h t-h a n d  side o f  E q . (3.4) is th e  m ass und erg o in g  c ry s ta lliz a tio n  
p e r  u n it  tim e , a n d  th e  second te rm  re p re se n ts  th e  change in  th e  m ass o f th e

m o lte n  lay e r. A ssum ing  for s im p lic ity  qs =  gL =  q, we o b ta in  —  =  -— +  V.
d t  tiqR 2

I n  a s te a d y -s ta te  g row th , V  — ---- — , so th a t  th e  rad iu s  o f th e  grow ing c ry s ta l
Щ  Щ

R 0 can  be fo u n d  i f  we know  th e  pow der feed  r a te  W 0 an d  th e  pu lling  ra te  V.

W h e n  a d e v ia tio n  from  th e  eq u ilib riu m  occurs.
d l  2JV0

ÔR. B y  com paring

th is  exp ression  to  E q . (3.2), w e a rriv e  a t :  A R

d t  x q R q

2W£ ,  A u =  0, A th =  0.
щ Щ

T h e  coeffic ien t A lR was d e te rm in e d  u n d e r an  assu m p tio n  th a t  th e  d en sity  o f 
th e  pow der su p p ly  flow  is re p re se n te d  b y  th e  d e lta  fu n c tio n  a t  r  =  0. In  a c tu a l 
co n d itio n s th is  d e n s ity  d is tr ib u tio n  is s lig h tly  ££sm eared ,£. I t  is read ily  show n, 
how ever, t h a t  i f  th e  d is tr ib u tio n  has a m a x im u m  a t  r  =  0, th e  sign of A IR is 
n o t  a lte red  a n d  o n ly  its  m a g n itu d e  is ch an g ed . T hen , A lR — 0 if  th e  f lu x  d en ­
s i ty  is in d e p e n d e n t o f r; f in a lly , A lR <  0 i f  th e  f lu x  d en sity  h as  a m in im um  a t  
r  =  0. I f  th e  p o w d er is fed  th ro u g h  th e  c e n tra l  nozzle o f  th e  b u rn e r  (th is  is 
th e  m ost f re q u e n t case), th e  p o w d er f lu x  d e n s ity  is m ax im u m  a t  th e  fu rn ace  
m u ffle  c e n tre  so th a t  n o rm a lly  A lR >  0.

D eterm ination of A /lR, A w, and A hh

I t  h as  a lre a d y  been m en tio n ed  th a t  th e  position  o f  th e  c ry s ta lliz a tio n  
f ro n t  as a fu n c tio n  o f tim e  c a n  be  found  fro m  th e  eq u a tio n  o f h e a t  ba lan ce  a t  
th e  in te rface . T h is  requ ires t h a t  th e  h e a t co n d u c tio n  eq u a tio n  (1.8) be so lved  
w ith  th e  a p p ro p r ia te  b o u n d a ry  cond itions. T h e  m ain  d is tin c tio n  in  th e  fo rm u la ­
t io n  of th e  th e rm a l problem  fo r th e  V erneuil c ry s ta lliz a tio n  te c h n iq u e  consists in  
f ix in g  a b o u n d a ry  cond ition  a t  th e  liq u id -v a p o u r in te rface , re ta in in g  in  p r in ­
cip le  th e  sam e cond itions a t  th e  c ry s ta lliz a tio n  fro n t an d  th e  sam e h e a t  e x ­
ch an g e  c o n d itio n s  a t  a cooled end-face  o f th e  c ry s ta l as in  th e  C zochralski a n d
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S te p a n o v  tech n iq u es d iscussed  in  C om m unication  I I .  T he ap p ro ach  m ost 
su ita b le  fo r th e  V erneu il te ch n iq u e  is to  f ix  th e  h ea t f lu x  d e n s ity  Q a t  th e  su r­
face o f  th e  m olten  la y e r. T he h e a t f lu x  d e n s ity  a t  c o n s ta n t flow  ra te  o f gases 
fed  in to  th e  b u rn e r is a fu n c tio n  of th e  d is tan ce  b e tw een  th e  b u rn e r a n d  th e  
m e lt su rface  level. T h e  fu n c tio n  Q(l) is kn o w n  [1] to  be d e te rm in e d  b y  th e  b u rn e r  
design  a n d  th e  flow  ra te  o f gases b u rn t. A  fra c tio n  of th e  h e a t  f lu x  im m ed ia te ly  
a t  th e  m e lt surface is consum ed  fo r p o w d er m elting . I t  is g iven  b y  r]î,oV  w here 
rj is a coeffic ien t ch a rac te riz in g  th e  s ta te  o f  th e  pow der (0 <[ rj 1). N am ely , 
rj =  0 i f  pow der reaches th e  m e lt su rface  a lre a d y  m o lten , a n d  Г) =  1 i f  pow der 
m e ltin g  s ta r ts  on th e  m e lt surface. T he b o u n d a ry  co n d itio n  a t  th e  m elt su rface  
th e n  becom es

=  - Q  +  r )Z 6 l v  (3.5)
z = i  dt )

O m ittin g  th e  r a th e r  s tra ig h tfo rw a rd  in te rm e d ia te  m a n ip u la tio n s , w e give 
th e  f in a l expressions fo r A hR, A hl, an d  A hh:

tjZ q V)  i f  h
R

Ahi

Ahh

J _  <1Q 

~  dl

=  ^ - [ * , T 0i f  +  ( Q - r , Z g V )P 1h ] < 0 ; l ; 1

a i r ( 1 -  v ) ’

À,R  '

(3.6)

(3.7)

(3.8)

Tw o lim ita tio n s  w ere ta k e n  in to  co n sid e ra tio n  in  th e  d e riv a tio n  o f (3.6) — (3.8). 
F irs tly , th e  B io t n u m b e r was assum ed  sm all, th a t  is f xl? 1. T his enab les 
to  assum e <s; 1, since e ith e r  h R  o r h <d R .  Second ly , p e r tu rb a tio n s  of 
c ry s ta l ra d iu s  or c ry s ta lliz a tio n  f ro n t p o s itio n  leave th e  te m p e ra tu re  g ra d ie n t 
in  th e  so lid  phase  p ra tic a lly  u n a lte re d  b ecau se  th e  d isp lacem en t of th e  c ry s ta l­
liza tio n  f ro n t is neg lig ib ly  sm all co m p ared  to  th e  c ry s ta l le n g th , and  th e  ra d iu s  
is changed  only  in  th e  v ic in ity  o f th e  c ry s ta lliz a tio n  f ro n t.

D eterm ination of the conditions of stability of the crystallization process

T h e necessary  a n d  su ffic ien t co n d itio n  of s ta b ility  o f  sy stem  (3.1) —(3.3) 
is th a t  G u rv itz ’s con d itio n s be sa tisfied  [2]; in  th e  case in  questio n  th is  m eans

A

A

+  A hh) (A hhA

R R  +  A hh < (3.9)

R h A l R A hl <  6, (3.10)

R R  ~  A R h A h R ) +  A R h A l R A hl > (3.11)

B o th  A r r  a n d  A hh b e ing  n eg a tiv e , in e q u a lity  (3.9) is sa tis fied ; A Rh is p o s itiv e , 
so th a t  in e q u a lity  (3.10) is sa tisfied  if  A tR a n d  A hl have  oppo site  signs. I t  w as
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a lre a d y  m e n tio n e d  above t h a t  pow der su p p ly  th ro u g h  th e  ce n tra l nozzle o f  
t h e  b u rn e r r e s u lts  in  A lR >  0; c o n seq u en tly , A M m u st be n e g a tiv e . T his m eans 
t h a t  th e  h e a t  f lu x  d en sity  in  th e  v ic in ity  o f  th e  c ry s ta lliz a tio n  zone sa tisfies

th e  co n d ition  —— <  0, th a t  is th e  h e a t flu x  d e n s ity  is d im in ish ing  w ith  increas-
dl

in g  th e  d is ta n c e  from  th e  b u rn e r . T he co n d itio n s n ecessa ry  an d  su ffic ien t 
fo r  in e q u a lity  (3.11) to  ho ld , a re

(3.12)

(3.13)

^ R R ^ h h  A R h A hR  >  0,

№ R R  "f" ^ h h )  ( A R R A h

T a k in g  in to  a c c o u n t th a t  A RR ==

^ h R ^ R h )  >  ! A R h A lR A M I

dh
Э R

A Rh, w here —— is ta k e n  from  th e  solu-
Э R

t io n  of th e  c a p illa r i ty  p ro b lem  (F ig . 3.2), w e can  w rite

l R R  s±hh l hR ^ R h l Rh
о К  £  g

£ë
+  -£-(<?- Ч£ е к ) Я Л - £ -

K Z  К
+  ^ ( 1 - 7 ? ) .  (3 .14)

L e t R  <̂ . a; ta k in g  in to  a c c o u n t th a t  -

Ar>n> A hh A  r /jA ^ ^

dQ

bh

RR^hh  — ^ R h ^ h R  >  F o r  (3.13) to  be sa tis fied  i t  is su ffic ien t th a t

dl

riR 
je s

S .g A

■■ — , we o b ta in  from  (3.14) t h a t  
R

R
(3 .15)

T h is  a p p ro x im a te  e stim a te  g ives a low er v a lu e  th a n
dQ

dl
o b ta in ab le  from  E q .

(3.13). T h is u n d e re s tim a tio n  o f  th e  m odu lus defin ite ly  sa tisfies in e q u a lity  
(3 .11); m o reo v er, e s tim a te  (3.15) has a c lear p hysica l m ean in g : th e  process is 
s ta b le  if  th e  ch an g e  in  th e  h e a t  f lu x  d e n s ity  Q along th e  fu rn ace  m uffle o f th e  
g ro w th  zone o v e r d istances o f  th e  o rder of R  does no t exceed  th e  c ry s ta lliz a tio n

h e a t  flux . I f  th is  req u irem en t a n d  th e  co n d itio n  <  0 a re  sa tisfied , c ry s ta ll i­
za tio n  is s ta b le  fo r R  a.

I f  R  a, th e n  -— fa lls  o ff m uch s te e p e r th a n  —  (F ig . 3.2); as follow s 
Э R  R

fro m  (3.14), A RRA hh — A hRA Rh <  0 beg in n in g  w ith  a su ffic ien tly  large  R  in  
th e  range R  >  a , th a t  is th e  c ry s ta lliz a tio n  p rocess becom es u n stab le . I t  also 
follow s fro m  (3.14) th a t  th e  s ta b ili ty  reg ion  m ay  be so m ew h at w idened  b y  
decreasing  rj, t h a t  is b y  m e ltin g  th e  p o w d er before i t  is fed  in to  th e  m o lten

. dQ
lay e r. T he s ta b il i ty  region is  also  b ro ad en ed  b y  low ering th e  m odulus ——

• dl
n ev erth e less , th e se  m easures do n o t en su re  th e  s ta b ility  o f th e  process fo r 
la rg e -d iam ete r  crysta ls .
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D iscussion o f resu lts

In  th e  case o f  co rundum  (y  =  670 dyne/cm , q =  3.87 g ■ c m -3  [3]) 
a =  6 m m . A n e s tim a te  on th e  b as is  o f th e  above analy sis  in d ica tes  th a t  
g row th  o f  co rundum  c ry s ta ls  b y  th e  V erneu il te c h n iq u e  is s tab le  fo r c ry s ta l 
d iam ete rs  below  10 to  12 m m . T his fig u re  is in  good ag reem en t w ith  p ra c tic a l 
d a ta  on th e  grow th o f  th in  co rundum  ro d s [4].

F ro m  th e  s ta n d p o in t  of th e  p rocess s ta b ility , th e  V erneuil te c h n iq u e  
differ fro m  th e  C zochralsk i m ethod  in  t h a t  in  th e  fo rm er m eth o d  th e  in s ta b i­
l i ty  sets on  in  th e  tra n s i t io n  from  th e  sm aller rad ii to  th e  la rger ones, w hile 
in  th e  l a t t e r  one th e  s itu a tio n  is q u ite  th e  opposite . T h e  p rin c ip a l reaso n  is 
th e  d ifference in  th e  m en iscus shape. I t  is o f in te re s t to  n o te  th a t  if  th e  V erneuil 
c ry s ta lliz a tio n  were rea lized  in th e  co n d itio n s of w eightlessness, th e  surface 
of th e  m o lten  layer w o u ld  be spherica l for an y  c ry s ta l rad iu s , th e  lin ea r  re la ­
tio n sh ip  b e tw een  th e  m eniscus h e ig h t h  an d  th e  c ry s ta l  rad iu s  R  w ou ld  be 
re ta in e d  fo r  any  R ,  a n d  s tab ility  w o u ld  n o t  b reak  dow n a t  h igher v a lu es  of 
c ry s ta l ra d iu s  as fo u n d  to  be th e  case in  th e  g ra v ity  fie ld .

I f  th e  crystals a re  grown in th e  in s ta b ili ty  reg ion  R  a, i t  is adv isab le  
th a t  th e  r a te  of in crease  of a p e r tu rb a tio n  be as sm all as possib le; i t  is th e n  
feasible to  keep  the c ry s ta l  d iam eter w ith in  th e  p rescribed  in te rv a l b y  a sm ootli 
v a ria tio n  o f th e  process p a ram ete rs . T h is is essen tia l since an y  sh arp  change 
in  th e  p rocess p a ra m e te rs  m ean t to  m a in ta in  th e  c ry s ta l d iam ete r (such as a 
v a r ia tio n  o f  pow der su p p ly  ra te  in  th e  case of ru b y  g row th ) re su lts  in  local 
inh o m o g en eity  of th e  o p tic a l p a ra m e te rs  o f th e  c ry s ta l. T h e  above a rg u m e n ta ­
tio n  d em o n stra te s  th a t  th e  steepness o f  p e r tu rb a tio n s  <5R , dh an d  ôl can  be  d im i­
n ished  b y  a m ore co m p le te  m elting  o f p o w d er before i t  reach es th e  m o lten  lay e r, 
b y  im p ro v in g  th e  b u rn e r  design, an d  b y  op tim izing  th e  gas flo w ra te  in  b u rn e r  
tu b e  in  su ch  m anner t h a t  th e  hea t f lu x  d e n s ity  a t  th e  m e lt v a rie s  m ore sm o o th ly

a t  th e  a p p ro ach  to  th e  b u rn e r th e  c o n d itio n s  <C 0 an d  
dl

dQ
dl

<
Z q V

R
T he

req u irem en ts  to  th e  co n d itio n s  of th e  V erneu il c ry s ta lliz a tio n , derived  from  
th e  th e o re tic a l analysis o f  th e  flam e fu sion  m ethod , a re  in  good ag reem en t 
w ith  th e  d a ta  availab le  in  th e  l i te ra tu re  on th e  o p tim a l regim es of c ry s ta ll i­
za tion  fo u n d  em pirica lly . Flow  ra te s  o f  p rocess gases th ro u g h  th e  ch an n e ls  
o f a th re e - tu b e  b u rn e r w ere  ad ju s ted  e x p e rim en ta lly  in  [5] in  o rder to  sa tis fy  

d R
th e  c o n d itio n ----<C 0. T h e  c ry s ta l th u s  grow n h ad  a sm o o th e r surface and  im p ro v -

dl d R
ed  o p tica l a n d  s tru c tu ra l ch a rac te ris tic s . T h e  cond itio n  —  <" 0 is analogous

dQ dl ë
to  th a t  d eriv ed  in  th is  p a p e r, —  <  0. In d e e d , a c ry s ta l  grow n a t  a c loser

dl
d istance  fro m  th e  b u rn e r  w ill have a  la rg e r  rad iu s  only  i f  th e  h e a t flu x  d e n s ity  
Q increases to w ard  th e  b u rn e r  (Z is d ire c te d  from  th e  b u rn e r) .
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T he c o n d itio n
dQ
dl

<
Z q V

В
in d ica tes  t h a t  th e  h ea t f lu x  d e n s ity  m u st v a ry

a lo n g  th e  m u ffle  ax is th e  sm o o th e r th e  la rg e r th e  c ry s ta l ra d iu s . In  p rinc ip le , 
th is  is ach iev ed  b y  increasing  th e  co n ta c t a rea  o f oxygen an d  h y drogen  in  th e  
f la m e  p ro d u ced  b y  th e  b u rn e r , fo r exam ple  o f a m u ltitu b e  ty p e  [6], or b y  
p re h e a tin g  th e  oxygen  and  h y d ro g en  b efo re  th e y  e n te r  th e  b u rn e r [7]. T h e  
a u th o rs  o f [7] in d ic a te  th a t  gas p re h e a tin g  im p ro v ed  c ry s ta l q u a lity .

T he a d v a n ta g e s  of p o w d er m e ltin g  b efo re  i t  reaches th e  m o lten  lay e r are  
a lso  b o rn  o u t b y  ex p erim en ts  [8].
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SOME ASPECTS OF THE MACROSCOPIC THEORY 
OF ORIENTED CRYSTALLIZATION FROM THE MELT

COMMUNICATION IV 
T H E  FLOATING ZON E TEC H N IQ U ES

By

E . A. B r e n e r , G. A. Sa t u n k i n  and Y. A. T a t a r c h e n k o

THE SOLID STATE PHYSICS INSTITUTE, ACADEMY OF SCIENCES OF THE USSR 
142432 CHERNOGOLOVKA, USSR

The stab ility  of the crystallization process while growing crysta ls  by the floating  zone 
technique is analyzed. This technique is com pared w ith Stepanov’s w ith  respect to  crystalliz­
ation process stability .

A n idealized  d iag ram  o f c ry s ta lliz a tio n  b y  th e  m e th o d  of f lo a tin g  zone 
is show n in  F ig . 4.1, w here  th e  c ry s ta l is p u lled  u p w ard . T he v a r ia n ts  o f  th e  
flo a tin g  zone tech n iq u e  w ith  th e  h o rizo n ta l geom etry  a n d  w ith  th e  v e r tic a l 
dow nw ard  p u llin g  d irec tio n  are  also w ide ly  used. V arious m ethods o f h e a tin g  
are  em ployed  to  form  a m o lten  zone: in d u c tio n , e lec tro n -b eam , or laser h e a tin g . 
E ach  specific h e a te r  design produces a ch a ra c te ris tic  reg io n  of m ax im um  te m ­
p e ra tu re  w h ich  suggests a conven ien t p h y s ica l reference p o in t w hen th e rm a l 
p henom ena accom pany ing  c ry s ta lliz a tio n  are  analyzed . T h is  reference o rig in  
in  th e  S te p a n o v  te c h n iq u e  is ta k e n  a t  th e  shaper edge, a n d  in  th e  V ern eu il 
te ch n iq u e  a t  th e  b u rn e r end-face.

I t  shou ld  be n o ted  t h a t  th e  s ta b ili ty  o f th e  f lo a tin g  zone c ry s ta lliz a tio n  
was a lread y  ana lyzed  [1]. T h e  app roach  suggested  in  th e  p re se n t p ap e r seem s 
to  us m ore genera l since [1] does n o t ta k e  in to  accoun t th e  h e a t effects in  th e  
process o f c ry s ta lliz a tio n , w ith  th e  ensu ing  ap p ro x im a te  c h a ra c te r  of th e  d e riv ed  
s ta b ility  c rite ria .

In  c o n tra s t  to  th e  edge-defined film -fed  c ry s ta lliz a tio n  (the  S te p a n o v  
techn ique), th e  pressure  P  a t  th e  m eniscus in  th e  f lo a tin g  zone m eth o d  is n o t  
d e te rm in ed  b y  th e  h e ig h t d ifference b e tw een  th e  free m e lt surface lev e l a n d  
th e  shaper edge b u t  b y  th e  L ap lace  p ressu re . In  th e  case o f  th e  V erneuil m e th o d  
th e  m eniscus p ressure  w as found  from  a n  ad d itio n a l b o u n d a ry  co n d itio n  a t

th e  tip  o f a liq u id  drop  =  0
dr r = 0

A n an a lysis  of th e  f lo a tin g  zone c ry s ta lliz a tio n  is sim plified  i f  in s te a d  
o f pressu re  w e consider th e  m e lt volum e W  w hose tim e  v a r ia tio n  can be fo u n d  
from  th e  m ass con serv a tio n  law . B o th  th is  vo lum e an d  th e  pressure a re  th e n
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Z

Fig. 4.1. An idealized diagram  of crystal growth by th e  floating zone technique used to analyze 
the  capillarity  phenom ena and the hea t and mass tran sfe r conditions in  th e  process of c ry s ta l­

lization. 1 — growing crystal; 2 m elted crystal; 3 — m elt; 4 — heater

fo u n d  b y  jo in t ly  solving th e  c a p illa rity  a n d  th e rm a l p ro b lem s, ta k in g  in to  
acco u n t th e  m ass co n se rv a tio n  re la tio n sh ip . In d e p e n d e n tly  v a ried  in  th e  f lo a t ­
in g  zone c ry s ta lliz a tio n  are th e  c ry s ta lliz a tio n  fro n t position  hc and  th e  m e ltin g  
f ro n t p o s itio n  hm. T he  co n d itio n  of h e a t b a lan ce  a t  th e  m e ltin g  fro n t y ie ld s  
hm as a fu n c tio n  of tim e . In  th is  case th e  m o lten  zone le n g th  is h =  hc — hm. 
M inus sign in  th is  expression  follows from  hm being n e g a tiv e  in  th e  re fe ren ce  
fram e  of F ig . 4.1. A ll in  a ll, th e re  are  th e re fo re  four in d ep en d en tly  v a r ie d  
c h a ra c te ris tic s : c ry s ta l rad iu s  R ,  c ry s ta lliz a tio n  fro n t p o sitio n  hc, m elting  f ro n t  
positio n  hm, an d  m olten  zone volum e W  (four-degree-of-freedom  sy stem ). 
A ccord ing  to  L y a p u n o v ‘s th e o ry , a system  o f  equa tions d e te rm in in g  th e  s ta b i­
l i ty  of th e  c ry s ta lliz a tio n  p rocess in  th e  g en era l case is

ô R  =  A r r ôR  +  A Rhcàhc +  A Rhmôhm +  A r w ô W ,  

ôhc = A heRô R  +  A hcheôhc +  A hchmôhm +
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àhm — A hmRöR  +  A hmh'ôhc +  A hmhmôhm - f  A hmWô W ,  (4 .1)

ô W  =  A w r ôR  -f- A Wh'ôhc +  A Whmôhm -f- A w w  ôW .

A ccording to  E q . (1.5), th e  c a p illa r ity  coeffic ien ts are  d e te rm in ed , as in  a ll 
th e  cases discussed p rev io u sly  b y  p a r t ia l  d e riv a tiv e s  o f th e  angle oc0 over an

a p p ro p ria te  p a ra m e te r :  A RR =  -  V  —  , A Rhc = — V — - = - V — ± ,  A Rhm =

_v ^ 0  =  y ^ O  .
ЭЛ dh

■Арил A r w  — — V д<*0
dJF

. In  c o n tra s t  to  th e  S te p a n o v

tech n iq u e , w here an d  are  ca lcu la ted  a t  a c o n s ta n t p ressu re , in  th e  case

in  question  th ese  p a r t ia l  d e riv a tiv e s  are to  be  fo u n d  a t  a c o n s ta n t vo lum e. I n
dec

a d d itio n , — has  to  be  found . A n earlie r p u b lica tio n  [2] (its  re su lts  w ere u sed  
a W

to  fin d  c a p illa r ity  coefficien ts fo r S te p a n o v ’s m ethod) g ives expressions fo r  h  
as a fu n c tio n  of R ,  a 0, an d  P . U sing  th em , one can derive s im ila r expressions 
for W ; th e  p a r tia l  d e riv a tiv e s  in  questio n  fo r  th e  flo a tin g  zone c ry s ta lliz a tio n  
are th e n  fo u n d  by  w ritin g  th e  to ta l  d iffe ren tia ls  o f dh an d  d W  an d  e lim in a tin g  
d P  in  th em . D eta ils  o f th e  p ro ced u re  are  g iven  in  [3], and  th e  cap illa rity  coeffi­
c ien ts for d iffe ren t ty p e s  o f m enisci are lis te d  in  T able 4.1.

I t  has a lread y  been  n o ted  th a t  an an a ly s is  of th e rm a l phenom ena in  a 
c ry s ta l-m e lt-c ry s ta l sy stem  is fa c ilita te d  if  th e  reference fra m e  origin is chosen  
in  th e  m ax im u m  te m p e ra tu re  p o in t and  i f  th is  te m p e ra tu re  T m is assum ed

A r r Aph-ARhe A r w A hehe
A^ hmhm A h c R В c

small-
diameter
crystals

(R<a)

a r r

: > 0 x  r°

< 0 > 0 < 0 < 0 > 0 <0 > 0

4 .  < 0  R0

large-  
diameter 
crystal 

(R>a) or 
plate

< 0
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f ix e d . T he th e rm a l con d itio n s in  th e  grow ing  c ry s ta l an d  in  th a t  p o rtio n  of 
th e  m o lten  zone w hich is lo c a te d  be tw een  th e  origin a n d  th e  c ry s ta lliz a tio n  
f ro n t  a re  th e n  q u ite  sim ilar to  those  a n a ly z e d  earlier fo r th e  S tep an o v  te c h ­
n iq u e s ; c o n seq u en tly , A hcR a n d  A ĥ  co incide  w ith  th e  co rrespond ing  th e rm a l 
coeffic ien ts  A hR an d  A hh. M oreover, A hcĥ  —  0, since th e  te m p e ra tu re  g rad ien ts  
in  th e  in d ic a te d  p a r t  of th e  m o lten  zone a re  in d ep en d en t o f  th e  position  o f  th e  
m e ltin g  b o u n d a ry  hm. T he  t ru e  shape of th e  m eniscus is n eg lec ted  in  an  analy sis  
o f  th e rm a l p h en o m en a , b y  assum ing  i t  to  be  cy lind rica l w ith  rad iu s  R . U n d er 
th is  a p p ro x im a tio n  A h w  =  0. T he n e x t s te p  tak in g  in to  accoun t th e  tru e  
sh ap e  of th e  m eniscus co nsists  in  in tro d u c in g  th e  m ean  m eniscus rad iu s  w hich 
shou ld  be  s u b s titu te d  fo r R  in  th e  co rresp o n d in g  expressions for te m p e ra tu re  
g rad ien ts  in  th e  liqu id  p h ase . Such a su b s ti tu tio n  w ould  h av e  no p rin c ip a l 
im p o rta n c e  in  th e  case o f S te p a n o v ’s m e th o d , since th e re  th e  essen tia l fa c to r  is 
th e  c ry s ta l ra d iu s  R . In  th e  f lo a tin g  zone c ry s ta lliz a tio n , how ever, an  in d e p e n ­
d e n t  v a r ia tio n  o f volum e W  ev en  for fix e d  c ry s ta l rad iu s  R  re su lts  in  a changed  
m eniscus ra d iu s  and  in  a co rresp o n d in g ly  changed  te m p e ra tu re  g ra d ie n t in 
th e  liq u id  p h ase . O bviously , A heW has th e  sam e sign as A h A  A h*  >  0). In d e e d , 
a n  increase  in  W  and  th a t  in  R  re su lt in  a n  increased  m ean  ra d iu s  of th e  m en is­
cus an d  hen ce  in  an  en h an ced  h e a t f lu x  to  th e  c ry s ta lliz a tio n  fro n t an d  a d im i­
n ish ed  ra te  o f  c ry s ta lliz a tio n . W e assum e in  th e  f irs t ap p ro x im a tio n  A heW =  0, 
a n d  la te r  g ive a q u a lita tiv e  analysis  o f th e  consequences o f  th e  in d ica ted  effect 
fo r  th e  s ta b il i ty  of th e  c ry s ta lliz a tio n  p rocess. I t  has b een  m en tio n ed  above 
t h a t  th e  ad v a n c e m en t r a te  o f th e  m e ltin g  f ro n t can  be fo u n d  from  th e  h ea t 
b a lan ce  co n d itio n  a t th e  m e ltin g  b o u n d a ry :

K G ,  -  As Gs =  £ (4.2)

w here  V m is th e  v e loc ity  o f  th e  m e lted  c ry s ta l, G, a n d  Gs are te m p e ra tu re  
g rad ien ts  a t  th e  m elting  f ro n t  in  th e  m e lt an d  c ry sta l, resp ec tiv e ly . T h e  h ea t 
supp lied  to  th e  c ry s ta lliz a tio n  fro n t fro m  th e  liqu id  p h ase  flows in to  th e  
grow ing c ry s ta l  to g e th e r w ith  th e  lib e ra te d  h e a t of c ry s ta lliz a tio n . A t th e  sam e 
tim e , th e  h e a t  f lu x  from  th e  liq u id  p h ase  to  th e  m elting  f ro n t  m u st be su ffic ien t 
fo r m e ltin g  o f  th e  c ry s ta l ad v an c in g  a t  th e  v e loc ity  V m. As a re su lt, th e  te m ­
p e ra tu re  g ra d ie n t in  th e  l iq u id  phase a t  th e  m elting  f ro n t  is g rea te r th a n  th e  
co rresp o n d in g  g rad ien t a t  th e  c ry s ta lliz a tio n  fro n t. In  b o th  cases th e  te m p e ­
ra tu re  d ifference  T m — T 0 w ith  re sp ec t to  th e  m ax im u m  te m p e ra tu re  p o in t 
is th e  sam e, so th a t  we f in d  hm <  hc; th is  la s t  in e q u a lity  is th e  s tro n g e r  th e  
h igher th e  c ry s ta lliz a tio n  r a te  and , co rrespond ing ly , th e  a d v an cem en t ra te  
V m. I n  th e  f ir s t  ap p ro x im a tio n , th e  th e rm a l flu x  leav in g  th e  m e lt b y  h ea t 
exchange th ro u g h  th e  la te ra l  surface o f  th e  m eniscus is p ro p o rtio n a l to  hm 
and  can  b e  igno red  a t  sm all hm. W ith in  th is  a p p ro x im a tio n , th e  te m p e ra tu re
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g ra d ie n t in  th e  liq u id  phase  a t  th e  m elting  f ro n t  can  be  assum ed  eq u a l to
j ’ _T

= ------ —-------- ( th e  m inus sign  com es from  hm <  0). As follow s from  (4 .2),
hm

in  s te a d y -s ta te  cond itions

£ V m = - X 1 T m ~ T ° - X , G s.

In  th e  case o f d ev ia tio n  from  th e  eq u ilib rium , we ob ta in

àhm = - ^ T^ r ° dhm. (4 .3)
X, hrn

I t  can  be d e m o n s tra te d  th a t  from  th e  s ta n d p o in t of c ry s ta lliz a tio n  s ta b ility , 
th e  selected  ap p ro x im a tio n  w ith  A hmR — =  A hmW —  0 im plies t h a t
te rm s  p ro p o rtio n a l to  are  neg lec ted . In  o th e r  w ords, th e  c rite rio n  of a p p li­
c a b ility  of th e  ap p ro x im a tio n  in  q u estio n  is: hm/hc 1. T he h e a t  f lu x  from  th e  
la te ra l  m eniscus surface along th e  w hole zone le n g th  m ust be ta k e n  in to  acco u n t 
a t  sm all g row th  ra te s  and  fo r such  h ea t tra n s fe r  cond itions w hen  hm hc.

I t  was m en tio n ed  above th a t  th e  changes in  m elt vo lu m e can  be fo u n d  
b y  reso rtin g  to  th e  m ass co n se rv a tio n  law :

d W „  Qs=  л  —  
Si

r2
'
V dhm m  ( r /  dhm

dt
ro * m

dt \ d t )

w here qs and  den o te  th e  solid  an d  liqu id  p h a se  densities, re sp ec tiv e ly , an d  
r 0 is th e  rad iu s  o f th e  c ry s ta l m e lted . W ith  g iven  r 0, Vm, a n d  th e  pu lling  ra te  
V , th e  rad iu s  o f th e  grow ing c ry s ta l R 0 is found  fro m  th e  co n d itio n  of th e  s tead y - 
s ta te  g row th  r20V m =  R ^V . F o r  dev ia tio n s from  th e  eq u ilib riu m , th e  co rres­
p o n d in g  coefficien ts in  (4.1) are

^ w r  ~  В  G A hj b A  wh' =  C A h'h', A Wi,m =  — C A hj j m,

A w w  — C A hcW, B  — — 2 л qJ qiR qV , С ^ л  —  R q
Si

(we reca ll th a t  a t  th is  ju n c tio n  A hcW =  0).
A ccord ing  to  th e  G u rv itz  c rite rio n , th e  n ecessary  an d  su ffic ien t co n d i­

tio n s  o f s ta b ility  o f  system  (4.1), w ith  coefficien ts A  as an a ly zed  above, are

B A r w A rr

A h „ h m <  0, (4.5)

A r r  +  A h'hc <  0, (4.6)

B A r W  A h'h' >  0, (4.7)

( A r r  +  A hef,J ( A r r A ^ Ù '  —  A RheA h'R — C A r w A ^ r )  >  0. (4.8)
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I f  th e  th e rm a l coeffic ien ts (A  ĥ R and  Af, h j  a re  fo rm ally  se t to  zero in  in e q u a li­
tie s  (4.6) a n d  (4.8), th e  s ta b ili ty  c r ite r ia  derived  ea rlie r in  [1] are  o b ta in ed

|—~  >  0 a n d  <  oj . T h e  cond itions (4.5) — (4.8) d eriv ed  in  th e  p re sen t

p a p e r are  m ore  general. W h en  T m >  T 0 (su p e rh ea tin g  o f th e  zone, i.e. th e  neces­
sa ry  co n d itio n  o f g ro w th  in  th e  f lo a tin g  zone m e th o d ), A hj , m an d  A are 
n e g a tiv e , t h a t  is in e q u a lity  (4.5) is a lw ay s sa tisfied . As show n in [1, 3 ], A

Эос \
fo r all zone p a ra m e te rs  is positive  - ~ L  0, see T ab le  4 .IJ , th a t  is decreases

6sas th e  zone vo lum e in c reases . Since a t  th e  sam e tim e  В  =  — 2 л  —  R 0V  < 0 ,
Qi _

co n d itio n  (4.7) is sa tisfied  a t  all tim es. In e q u a lity  (4.6) is also sa tisfied  in  th e
Эос \

ran g e  of c a p illa r ity  s ta b ili ty , A r r < C  0 -—— >  0 . I t  has been m en tio n ed
3jR j

Эос
a lread y  [1] t h a t —— >  0 in  a  wide ra n g e  o f  zone p a ra m e te rs , b u t  in  [3] i t  was 

Э R
d e m o n s tra te d  th a t  th e re  are  such  m eniscus shapes fo r w h ich  s ta b ility  is v io la ted  

j '  oj . N everthe less i t  c an  be rig o ro u sly  d e m o n s tra te d  th a t  A r r  in  th e  f lo a t­

in g  zone g ro w th  is a lw ays sm aller t h a n  th e  co rresp o n d in g  A r r  o f sim ilar 
m enisci in  th e  S te p a n o v  tech n iq u es. T h is  m eans t h a t  th e  cap illa r ity  s ta b ility

b o u n d a ry  1—̂ 5- =  0 in  th e  f lo a tin g  zone m eth o d  is sh ifted  to w ard s sm aller

c ry s ta l  ra d ii. In  o th e r w ords, th is  m e th o d  m a y  p roduce  c ry s ta ls  w ith  r0/ R 0 >  2.
H a g g e r t y  re p o r te d  [4] th e  g ro w th  of th in  sa p p h ire  fila m e n ts  b y  the  

f lo a tin g  zone m eth o d , w ith  r J R 0 re a c h in g  10. T his la rg e  difference in  r 0 and  
jR0 is ex p la in ed  b y  th e  d ifference in  g ro w th  co n d itions: in  th e  S tep an o v  te c h ­
n iques th e  c ry s ta l ra d iu s  changes a t  a c o n s ta n t p re ssu re  w hile in  th e  flo a tin g  
zone g ro w th  i t  ch an g es a t  a c o n s ta n t vo lum e. T he tw o  m ethods rev ea l, ne­
v e rth e less , som e fe a tu re s  w hich  are q u a lita tiv e ly  com m on from  th e  p o in t o f view  
o f c ry s ta lliz a tio n  s ta b ili ty . T he g ro w th  in  th e  range o f c a p illa r ity  in s ta b il i ty  is 
possib le  fo r  b o th  if  th e  cond itions o f  th e rm a l s ta b il i ty  are  sa tisfied . A m ore 
d e ta iled  analy sis  of co n d itio n  (4.8) g iven  in  [3] show s th a t ,  as in  th e  S tep an o v  
te c h n iq u e , th e  g ro w th  o f la rg e -d iam ete r c ry sta ls  or p la te s  is u n s ta b le  in  th e  
ran g e  o f tw o  v a lu ed  m enisci, for R 0 c lose to  r 0.

I t  w as n o ted  ab o v e  th a t  changes in  th e  zone v o lu m e  W  a t  f ix e d  R  and  h 
re su lt in  changes in  th e  te m p e ra tu re  g ra d ie n t in  th e  liq u id  phase. T h is  fac to r 
w as n o t y e t  in c lu d ed  in to  th e  analysis o f  c ry s ta lliz a tio n  s ta b ility . I t  is obvious, 
how ever, t h a t  th is  e ffec t low ers th e  s ta b ili ty . In d e e d , a n  increase in  th e  zone 
vo lum e en h an ces th e  h e a t  f lu x  to  th e  c ry s ta lliz a tio n  f ro n t  an d  d im in ishes th e  
c ry s ta lliz a tio n  ra te  (see above), w hich  in  tu rn  increases th e  m elt v o lu m e  still 
fu r th e r . E v id e n tly , th e  overa ll s ta b ili ty  o f c ry s ta lliz a tio n  m ay  s till ta k e  place.
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N o such e ffec t is in h e re n t, all o th e r  fa c to rs  being e q u a l, in  th e  S te p a n o v  
tech n iq u e ; th is  is a d e fin ite  a d v a n ta g e  o f th e  m e th o d  as com pared  to  th e  
o th e r  th ree .

Conclusion

A n analy sis  given enab les to  se lec t o p tim a l design a n d  m odes o f c ry s ta l­
liza tio n  fo r a ll th e  m e th o d s  d iscussed a n d  to  recom m end  th e  adv isab le  ranges 
o f ap p lica tio n  fo r each  o f  th em . F o r  in s ta n c e , th e  C zochra lsk i te ch n iq u es  are 
m o st su itab le  fo r g row ing la rg e -d iam ete r  cry sta ls , w h ile  th e  Y erneuil te c h ­
n iques are  fav o u red  fo r sm a ll-d iam ete r ones. W hen c ry s ta lliz a tio n  p roceeds in 
n o n s te a d y -s ta te  co n d itio n s, as for ex am p le , in  grow ing la rg e -d iam ete r c ry s ta ls  
b y  th e  Y erneu il te ch n iq u es , th e  a u to m a tic  contro l u n its  m u st be em ployed , 
w ith  p a ra m e te rs  sa tis fy in g  th e  re su lts  g iven  in  th is  p a p e r . W e did  n o t  to u ch  
u p o n  th e  c ry s ta l  q u a lity  p rob lem s; i t  is nevertheless q u ite  obvious t h a t  v io la ­
tio n  of se t m odes of c ry s ta lliz a tio n  do c o n s titu te  a sou rce  of increased  defect 
c o n c e n tra tio n  in  c ry s ta ls . C onsequen tly , th e  s te a d y -s ta te  m ode of c ry s ta lliz a ­
t io n  is ad v an tag eo u s  in  grow ing  m ore p e rfe c t c rysta ls.
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ARTIFICIAL EPITAXY (DIATAXY) OF SILICON AND
GERMANIUM
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and

E . H a r t m a n n

RESEARCH LABORATORY FOR CRYSTAL PHYSICS OF TH E HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY

The artificial ep itaxy  (d ia taxy) of silicon an d  germ anium on amorphous quartz  sub­
stra tes was investigated  in order to  determ ine the b e s t type of relief p a tte rn , the m echanism  
of orientation  and o ther regularities of the process.

Introduction

T he in v es tig a tio n  of a rtif ic ia l e p ita x y  began  w ith  ex p erim en ts  in  1963 
[1]. T he f irs t successfu l re su lts  w ere o b ta in e d  b y  c ry s ta lliz a tio n  in  so lu tio n  on 
d iffrac tio n  g ra tin g s  w ith  crossing  system s o f  lines only  in  1972 [2]. F u r th e r  
w ork  w as ca rried  o u t by  th e  c ry s ta lliz a tio n  o f  p rinc ipa lly  sem ico n d u cto r m a te ­
ria ls  on special a r tif ic ia l su rface-re lief g ra tin g s  [3—6].

T he essence o f th e  idea  o f artific ia l e p ita x y  is th e  g ro w th  of single c ry s ta l  
lay e rs  on n o n o rie n te d  su b s tra te s  hav ing  a re lie f  p a tte rn  w h ich  in te ra c ts  w ith  
th e  m ic ro c ry sta ls  ap p earin g  in  th e  m ed ium  o f c ry s ta lliz a tio n . The te rm  “ a r t i ­
fic ia l e p ita x y ”  does n o t ex p la in  th e  idea o f  th e  m ethod . T herefo re  i t  w as r e ­
p laced  b y  a n o th e r, sh o rte r  te rm  — “ d ia ta x y ”  (draw ing e p ita x y ) .

In  th is  w o rk , th e  d ia ta x y  of silicon a n d  germ anium  on  am orphous q u a r tz  
su b s tra te s  w as in v e s tig a te d  b y  YLS c ry s ta lliz a tio n  in  o rd e r to  d e te rm in e  th e  
b e s t ty p e  of re lie f  p a tte rn , th e  m echanism  o f  o rien ta tio n , a n d  o ther re g u la r i­
ties o f process.

Experimental part

Substrates

F o u r ty p e s  o f m ic ro p a tte rn s  were u sed . T he firs t th re e  o f th em  (F ig . l a ,  
b an d  c) se rved  fo r th e  o rie n ta tio n  o f c ry s ta ls  grow ing on a face (111). 
A m ong th e m  w ere  hex ag o n al p a tte rn s  (F ig . lb )  for th e  hexagonal faces o f
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te rn  for the d iataxy

c u b o c ta h e d ra . A square  n e t  (F ig . Id ) w as u sed  for th e  o r ie n ta tio n  o f c ry s ta ls  
t h a t  grow  o n to  th e  s u b s tra te  w ith  a cu b e  face.

T he n e ig h b o u rin g  cells o f th e  p a t te rn s  in  Fig. l a  a re  in  tw in  p o sitio n . 
T h e  p a t te rn  o f F ig . lc  does n o t  include tw in  cells.

T he p a tte rn s  on th e  su b s tra te s  a re  o b ta in e d  b y  p h o to lith o g ra p h y  re lie f 
e tch in g . T h e  d a rk  sites in  F ig . 1 co rrespond  to  th e  p ro tu b e ran ces  of th e  m ic ro ­
relief, th e  l ig h t ones to  th e  depressions.

T h e  g ro w th  of silicon an d  g e rm an iu m  w as accom plished  b y  th e  VLS 
m ech an ism  b y  th e  ch loride m eth o d  [7] u s in g  gold or s ilv e r as so lv en ts . To
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b l U 2

Fig. 2. The cross-section of the substrate  p repared  for d iatax ial growth

im p ro v e  th e  adhesion  o f  m elt o f gold w ith  th e  su b s tra te  su rface  w hich a lre a d y  
has a fo rm al re lie f p a t te rn ,  th e  su rface  w as co v ered  b y  a th in  (2000 A — 2 /m i) 
la y e r  of W  b y  v a c u u m  ev ap o ra tio n . T h in  film s o f Mo and  T a  w ere used, i f  A g 
se rv ed  as a so lven t. A u an d  A g w ere also dep o sited  on th e  su b s tra te s  b y  
v acu u m  ev ap o ra tio n . T he th icknesses o f th e se  lay e rs  w ere 0.1 — 15 /tm. A cross 
sec tio n  o f  th e  p re p a re d  su b s tra te s  is show n in  F ig . 2. T he s u b s tra te  has a s u r ­
face  area  15—20 m m 2 and  a th ick n ess  of 1 m m .

Growth o f  d ia taxia l layers

T he g row th  o f d ia ta x ia l lay e r w as p e rfo rm ed  in  a v e r tic a l tu b e  re a c to r  
h av in g  H F  h ea tin g . T he te m p e ra tu re  o f th e  specim ens w as m easu red  w ith  an  
o p tic a l p y ro m e te r  w ith  + 1 0 °  accu racy . T he te tra c h lo rid e s  o f silicon an d  g e r­
m an iu m  conform  to  q u a lity  special class o f p u r i ty  and  h y d ro g en  w ith  dew  
p o in t —70 °C an d  oxygen  co n ten t 1 0~ 5 %  w ere  used.

Fig. 3. Typical shape of surface of thick d iatax ial layer observed using interferential con trast
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kT
F ig 4. The dependence of area of m onocrystalline layers of Si (dashed lines) and  Ge (conti­
nuous lines), grew from  th e  solution in  Au on supersaturation . Size of cells 10 ц т . Area of 

substrates 20 mm2. O’ A » □  — Ge; — • .  A, ■  — Si

T h e s tu d y  o f th e  m orpho logy  o f d ia ta x ia l  lay e rs  show ed th a t  th e i r  fo r­
m a tio n  occurs accord ing  to  th e  fo llow ing  schem e:

1) th e  fo rm a tio n  of a  su p e rsa tu ra te d  so lu tion  in  th e  m elt;
2) th e  ap p ea ran ce  o f  th e  c ry s ta lliz a tio n  cen tres  an d  th e ir  o r ie n ta tio n  

b y  th e  p a t te rn ;
3) th e ir  ta n g e n tia l  ex p an sio n  a n d  th e  fo rm atio n  o f  single c ry s ta l reg ions;
4) coalescence of th e  sep a ra te  sing le  c ry sta l reg io n  in to  a c o n tin u o u s  

m o n o c ry s ta llin e  lay e r.
I t  w as e s tab lish ed  b y  th e  m e th o d  o f th e  askew  polishing t h a t  a fte r 

c ry s ta lliz a tio n  m o st o f th e  so lven t (7 0 — 90% ) is fo u n d  betw een  th e  single 
c ry s ta l  an d  th e  su b s tra te . T h e  re s t o f th e  so lven t is e ith e r  driven  b a c k  to  th e  
sides o f th e  su b s tra te  o r is  squeezed  o u t o n to  th e  su rface  o f  th e  d ia ta x ia l  layer.
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I f  single c ry s ta l  regions do n o t  u n ite , th e  so lv en t rem ains in  th e  fo rm  o f 
a ve in . A n in s ig n ifican t p a rt o f  th e  so lvent (< 0 .0 0 1 % ) is c a p tu re d  b y  th e  
single c ry s ta l in  th e  fo rm  of so lid  so lu tion .

T h e  m orpho logy  o f a d ia ta x ia l la y e r  is e ssen tia lly  form ed b y  th e  in fluence  
o f  d isp laced  d ro p le ts  o f m e ta l-so lv en t. I t  consists o f  a g reat n u m b e r o f th e  l i t t le  
ro u n d  step s  (Fig. 3), whose faces a re  ev id e n tly  covered b y  a  th in  lay er of 
so lv en t ([8], p . 133). T h e  tra in s  a re  th e  traces  o f  th e  m otion o f  m e ta l d ro p le ts  
on th e  surface.

In flu en ce  o f  supersaturation

T h e  to ta l  sizes o f single c ry s ta l  areas are de te rm in ed  p r in c ip a lly  b y  th e  
adhesion  betw een  th e  su b s tra te  a n d  th e  l iq u id  phase an d  th e  n u m b er of 
c ry s ta lliz a tio n  c en tre s . B o th  of th e s e  fac to rs a re  func tions o f su p e rsa tu ra tio n . 
T he dependence o f th e  sizes of Ge a n d  Si d ia ta x ia l layers grow n fro m  A u so lu ­
tions vs th e  c ry s ta lliz a tio n  co n d itio n s is show n in  Fig. 4.

A t th e  beg in n in g  an  increase  o f  su p e rsa tu ra tio n  leads to  an  ex tension  
o f th e  single c ry s ta l areas. G ra d u a lly  th e y  ach iev e  th e  m a x im u m  size an d  
th e  su b seq u en t in crease  of su p e rsa tu ra tio n  in creases  th e  co m p e titio n  betw een  
th e  c en tre s  of c ry s ta lliz a tio n  a n d  gives rise to  th e  fo rm atio n  o f  th e  m osaic 
s tru c tu re s . T he a rea  o f single c ry s ta l  regions d im in ishes (F ig . 4) and  th e ir  
s t ru c tu ra l  p e rfec tion  decreases.

T h e  g row th  o f  su p e rsa tu ra tio n  and , co rrespond ing ly , th e  n u m b er o f 
c ry s ta lliz a tio n  cen tres , leads to  p o ly c ry s ta llin e  g row th .

Fig. 5. D iataxial g row th of Si a t supersaturation  <0 .1
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T h u s  th e re  ex is ts  som e o p tim u m  in te rv a l o f su p e rsa tu ra tio n  in  w hich 
i t  is possib le  to  o b ta in  th e  m ax im um  sizes of single c ry s ta l layers.

T he m ax im u m  sizes o f  m o n o cry sta llin e  layers o f Ge an d  Si, o b ta in e d  from  
th e  A u so lu tio n  w ere a lm o st equal to  th e  su b s tra te  sizes reach ing  10— 15 m m 2.

Fig. 6. An exam ple of p redendrite stage of crystallization

Fig. 7. Si dendrite, grown from solution in  Au on the triangle net. Size of cell; 10 f i in
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Fig. 8. Rounded grow th of Ge from the solution in  Au

B u t a lo n g  th e  p e r im e te r  o f th is  a re a  to o  rem ained  a p o ly c ry s ta llin e  border 
h av in g  a w id th  n e a r  1 mm. B y  u s in g  Ag as so lv e n t, single c ry s ta l  layers 
w hose a rea s  were a lm o s t tw ice less w ere  ob tained .

T h e  su p e rsa tu ra tio n  for th e  av e rag e  value o f  th e  te m p e ra tu re  800 °C 
for g e rm an iu m  and  1000 °C for silicon  sig n ifican tly  affected  th e  g ro w th  of 
layers. A t re la tiv e ly  sm all (less th a n  0.1) su p e rsa tu ra tio n s  Ge an d  Si fo rm  in 
th e  in it ia l  g row th  p e rio d  well face ted  c ry s ta ls  w ith  sm o o th  (111) su rfaces p a ra l­
lel to  th e  su b s tra te .

T hese  crysta ls  gro-w in th e  m onocry sta llin e  reg ions re ta in in g  th e  fac­
ing (F ig . 5).

T h e  increase o f  th e  su p e rsa tu ra tio n  above 0.1 in it ia te s  th e  f ir s t  m an ifes­
ta tio n  o f  m orphological in stab ility  — th e  “ p red en d ritic  s ta te ”  (F ig . 6). One 
can  see t h a t  f irs t a sm a ll c ry s ta lliz a tio n  cen tre  is fo rm ed . T hen  s ix  b ran ch es 
grew o u t from  th is  c e n tre , develop ing  in to  well fa c e te d  crysta ls . T h e ir  m or­
phologies show  th a t  in  th e  la te r  p e r io d  th e  grow th is sm oo ther; th is  is re la ted  
to  th e  low ering  of th e  su p e rsa tu ra tio n  in  th e  grow th zone caused b y  th e  c ry s ta l­
liza tion . F u r th e r  in c rea se  of su p e rsa tu ra tio n  induces th e  ap p earan ce  of th e  
w ell-developed  d e n d rite s  (Fig. 7).

I f  th e  su p e rsa tu ra tio n  con tin u es to  increase, ro u n d  crysta ls  w ith  a large 
n u m b er o f  cu rv ilin ea r s tep s  on th e  su rface  are fo rm ed , in stead  o f den d rites . 
This is especially  c h a ra c te ris tic  of th e  g ro w th  of Ge (F ig . 8).

A  v e ry  large su p e rsa tu ra tio n  ( ~ 0 .2 )  gives rise  to  p o ly c ry sta llin e  grow th 
accom pan ied  b y  m ass w hisker g ro w th .
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T he in fluence o f  temperature

T he size o f  th e  single c ry s ta l  a reas increases co n tin u o u sly  w ith  a rise of 
te m p e ra tu re  (F ig . 9). This can  be  ex p la in ed  b y  th e  b e tte r  adh esio n  o f th e  liqu id  
p h a se  w ith  th e  su b s tra te . T he in flu en ce  of th e  te m p e ra tu re  on th e  m orphology 
o f  th e  grow ing la y e rs  u n d er d iffe re n t su p e rsa tu ra tio n s  is show n in  Fig. 10 for 
Si ( in  th e  case o f  Ge th e  changes a re  sim ilar b u t  occur a t  a te m p e ra tu re  b y  
a b o u t  150 °C low er). O nly c h a o tic  m ass w hisker g row th  w as o b serv ed  below  
750 °C w ith o u t a n y  p rin c ip a l d irec tio n . T he d e n s ity  of th e  w hiskers often  
re a c h e d  109 c m -2 . W ith  th e  in c rea se  of th e  te m p e ra tu re  to  1100 °C, th e  
t r a n s i t io n  to  p o ly c ry s ta llin e  a n d  th e n  to  m onocry sta llin e  g ro w th  is g radually  
o b se rv ed .

A n increase  in  te m p e ra tu re  fa c ilita te d  th e  fo rm atio n  of sm o o th e r surfaces

Fig. 9. The influence of tem perature on the sizes of Si d iatax ial layers. Triangle net, size of
cells — 10 /пт, solvent — Au
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VC

Fig. 10. The influence of tem peratu re  on the morphology of d iataxial layers of Si. О  — single 
crystal, © — polycrystal, .. — dendrites, 0  — whiskers

of th e  m onocrysta lline  a reas. T he n u m b er o f steps w as d im in ished  a n d  th e  
la te ra l  face tin g  becam e m ore  sh a rp ly  defined .

A bove 1000 °C p red en d ritic  and d e n d ritic  c ry s ta lliz a tio n  was o b se rv ed .

In fluence o f  the thickness o f  the solvent layer

T he m o lten  layers o f A u or Ag te n d  to  form  d ro p le ts . The m ic ro re lie f 
o f th e  su b s tra te  p rev en ts  th is .

C on tinuous layers e q u a l to  th e  su b s tra te  a rea  can b e  o b ta in ed  as a re s u lt  
o f ta n g e n tia l g ro w th  and  a su b seq u en t co n cre tio n  of several single c ry sta l reg io n s 
w ith  th e  sam e o rien ta tio n  th a t  w ere deve loped  in  d iffe ren t sites of su b s tra te .

T he dependence  o f th e  size of th e  la y e rs  on th e  in i t ia l  th ickness o f  th e  
film  is show n in  Fig. 11.

F o r th e  o rie n ta tio n  o f th e  sm all c ry s ta ls  b y  th e  p a t te rn s  i t  is n ecessa ry  
th a t  th e  seed f lo a tin g  on th e  surface of th e  liq u id  phase b e  ab le  to  grow  to  th e  
size o f th e  cell w hile re ta in in g  h igh  m o b ility . T he o p tim u m  th ickness o f  A u
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Fig. 11. The dependence of the size of d iataxial layers on initial thickness of Au film. Size of
cells: 20 fu n

film s is 0.5 — 0.8  pm . I t  a p p ro x im a te ly  co rresp o n d s to  th e  d e p th s  of th e  m ic ro ­
re lie f  w ith  cell s ite  10—40 p m . In  th is  in te rv a l  of th ic k n e ss  th e  ac tio n  o f 
th e  o r ie n ta tio n a l m echan ism  is m ore e ffec tiv e  an d  th e  m ic ro re lie f re ta in s  th e  
l iq u id  p h ase  su ffic ien tly  w ell.

T he o r ie n tin g  actions o f  th e  p a t te rn  a re  worse if  th e  th ick n ess  o f  th e  
l iq u id  lay e r is la rg e r th a n  th e  relief d e p th .

In flu en ce  o f  the pa ttern  type

Since la y e rs  n ea rly  a lw ay s w ith  o r ie n ta tio n  (111) h a v e  b een  fo rm ed  o n  all 
ty p e s  of s u b s tra te s , th e  p a t te rn s  w hich ta k e  th is  fac t in to  acco u n t h a v e  b een  
th e  m ost e ffec tiv e . The to ta l  a re a  of single c ry s ta l regions se rv ed  as a m easu re
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o f effectiveness. T he effectiveness of th e  o rien ting  a c tio n  is d im in ished  from  
“ a ”  to  “ c” , “ b ” , “ d ”  as show n in Fig. 1.

T he o rien tin g  ac tio n  o f th e  p a t te rn  is de te rm ined  in  general b y  th e  form  
o f th e  cells an d  th e ir  d im ensions.

Fig. 12. The initial stage of d iatax ial growth of Ge from the solution in Au on a triang le  net

Fig. 13. The growing of a Ge crystallization centre on th e  p a tte rn  of Fig. lc
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Fig. 15. Ge layer with (100) orientation

The in it ia l  s ta g e  of g ro w th  a of Ge lay e r on  a p a r t  of a su rface  of th e  s u b ­
s t r a te  w ith  t r ia n g u la r  p a t te rn  is show n in F ig . 12. The g ro w th  proceeds fro m  
se v e ra l places s im u ltan eo u sly . I t  is possible to  f in d  th e  c e n tre s  of g row th  an d  
to  observe th e  sp re a d  of lay e rs  b y  using th e  a rra n g e m en t o f  th e  grow th s tep s  
o n  th e  single c ry s ta l  surface. T w o such cen tres  a re  show n in  F ig . 12.
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U sing th e  p a t te rn  w ith o u t tw in  cells th e  g row th  d irec tio n  <110) is th e  
m o st ad v an tag eo u s.

One can  see t h a t  th e  big single c ry s ta l area  developed  from  one cen tre  
(F ig . 13).

T he sm all c ry s ta ls  o f Ge w hich  h av e  been  grow n on th e  s u b s tra te  w ith  
th e  h ex ag o n a l p a t te rn  a rea  show n in  F ig . 14. Iod ine  e tc h a n t  w as used  to  re ­
m ove A u.

T he p a r t  o f th e  cen tres w here  th e re  is a lack  o f c ry sta lliz in g  m a te ria l 
gives a lm ost iso m etrica l c ry sta ls .

T h e  ap p earan ce  o f regions w ith  (100) o rien ta tio n  has been observed  in  
less th a n  1%  of th e  cases o f th e  g ro w th  o f single c ry s ta l layers an d  such  layers 
a p p e a r  m ore fre q u e n tly  on Ge th a n  on Si. Such a reg ion  in  th e  case o f Ge is 
show n in  F ig . 15.

T he a tte m p ts  to  con tro l d ia ta x ia l c ry s ta lliz a tio n  o f (100) lay e rs  on th e  
su b s tra te s  w ith  th e  sq u are  p a tte rn s  h av e  n o t succeeded.

In flu en ce  o f  the cell sizes

T his in fluence  can  be seen w ith  th e  aid  of th e  p a t te rn  show n in  F ig . l a  
(as th e  m ost effective one). T he cell size is c h a rg ed  from  10 pm  to  1 m m  an d  
th e  sm aller th e  size th e  s tro n g er is its  o rien ting  ac tion . W hen th e  cells are 
10 — 20 pm , i t  is possible to  o b ta in  lay e rs  of Ge and  Si from  A u so lu tio n  w hich 
cover a lm o st all th e  su b s tra te  surface. A n exam ple  is show n in Fig. 16.

Fig. 16. The orienting action of the p a tte rn  w ith cells of 20 /on under high density  of
crystallization centres
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Fig. 17. Ge sm all crystals on the surface of G e -  Au alloys in a triangle net of 450 /tm

I t  can  be seen  th a t  ev e ry  cell has a sm all o rien ted  silicon cry sta l.
I f  th e  cell size is increased  th e  o rien tin g  ac tio n  o f th e  p a t te rn  is g rad u a lly  

d im in ish ed . T h e  a rea s  of th e  single c ry s ta l reg ions d im in ish  also an d  th e ir  
q u a l i ty  d e te rio ra tes . In  th e  f i r s t  s tages of g ro w th  th e  n u m b e r o f n o n o rie n ta te d  
sm a ll c ry s ta ls  in creases . T his occurs because th e  increase  o f th e  cell sizes gives 
r is e  to  th e  w eak en in g  of th e  c a p illa ry  forces ac tin g  as th e  o rien ting  fa c to r .

The w eak en in g  of th e  c a p illa ry  forces becom es o bservab le  a t cell sizes of 
100 /лт  (F ig. 6). T h e  grow ing c ry s ta ls  te n d  to  jo in  in  p laces w here  th e  cap illa ry  
fo rces  are  s tro n g e r, i.e. in  th e  n a rro w in g  cell k n o ts . W ith  a fu r th e r  increase  
o f  th e  cell sizes sev era l c ry s ta ls  te n d  to  a p p e a r  s im u ltan eo u sly  in  th e  cell 
d is tu rb in g  each  o th e r  (Fig. 17). I n  th is  case th e  cell does n o t a c t as an  o r ie n t­
in g  fac to r.

T h e  perfection o f  the layers

T he s t ru c tu ra l  defects ap p ea rin g  d u rin g  th e  process o f  d ia ta x y  can  be 
d iv id e d  in to  tw o  g roups: defec ts  due to  th e  in fluence  of th e  p a tte rn , defec ts 
w h ich  are in d e p e n d e n t of th e  p a t te rn .  T h e  tw in s  an d  low -angle b o u n d aries  
r e la te  to  th e  f i r s t  g roup . T he tw in s  arise in  a ll p a t te rn s  exclud ing  th e  p a t te rn  
in  F ig . l c  w hile in  th e  case o f th e  p a t te rn  F ig . l a  all a d ja c e n t cells are  tw in n ed .

In  p ra c tic e , th e  n u m b er o f  tw in  b o u n d a rie s  can  be d im in ish ed  if  c ry s ta l­
l iz a tio n  occurs w ith  a low d e n s ity  o f n u c léa tio n  cen tre , w hen  each  cen tre  can  
g ro w  fo rm ing  a  la rg e  single c ry s ta l  a rea .
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If, a cc id en ta lly , a g row ing  c ry s ta l is  n o t  in  co rrec t p o sitio n  in  th e  cell, 
low  angle b o u n d a rie s  w ill be  g en era ted  in  th e  sp read ing  p rocess of th e  lay e rs .

T he tw in  an d  low -angle  b o u n d aries  a re  n o t s tra ig h t lines because th e y  
rep roduce  th e  fo rm  of c ry s ta lliz a tio n  f ro n t.

T he second  group o f s tru c tu ra l d ia ta x ia l  defects are  d islocations, s ta c k in g  
fa u lts , tr ip y ra m id s , e tc . S tack in g  fa u lts  h a v e  been o b se rv ed  v e ry  ra re ly , 
especially  a t  th e  b eg inn ing  stage  of g ro w th .

T rip y ram id s  have  b een  observed  o n ly  in  th e  th ic k  lay e rs  and  in  v e ry  
sm all q u a n tity .

The d efects  m ost f re q u e n tly  are  d isloca tions. E tc h in g  shows t h a t  th e  
d islocation  a rra n g e m en t is v e ry  irreg u la r . I n  som e reg io n s th e y  are a b se n t 
w hile in  o th e r  regions th e y  fo rm  la rg e  g roup ings. T heir ap p earan ce  m a y  be  _ 
caused  b y  th e  ca p tu re  o f m icro d ro p le ts  o f  th e  liqu id  p h a se  o f th e  im p u r ity  
partic les.

108
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800 900 1000 1100
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Fig. 18. The dependence of dislocation density in  Si d ia tax ia l layers on th e  condition of g row th 
(Triangle ne t, size of cells — 20 цт , solvent Au)
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Fig. 19. Si small crystal on the surface of Si —Au alloys in the cen tre  of a triangular cell

T h e d isloca tion  d en sity , accord ing  to  th e  e tch  p its , is 105—106 c m -2 
in  good lay e rs . In  Si lay e rs  grow n on single c ry s ta l sa p p h ire  su b s tra te s , i t  
equals 108 c m -2 [9].

T he d isloca tion  d en sity  depends on th e  grow ing co n d itio n s. I t  d im in ishes 
w ith  th e  in crease  of th e  te m p e ra tu re  a n d  w ith  th e  re d u c tio n  of th e  su p e r­
sa tu ra tio n  (F ig . 18).

The m echanism  o f  orientation

S m all c ry s ta ls  o f Si a n d  Ge in  S i—A u an d  G e—A u system s p ro v e  to  be  
a su rface  ac tiv e  im p u r ity  [10]. F o r th is  re a so n , and  ow ing to  th e ir  low d e n s ity , 
th e se  c ry s ta ls  m u s t be on th e  su rface  o f th e  liq u id  phase. H e re  th e y  grow q u ick ly  
being  v e ry  m obile, an d  w hen  th e ir  d im ensions becom e com m ensurab le  w ith  
th o se  o f th e  cell, th e ir  o r ie n ta tio n  occurs u n d e r  th e  a c tio n  o f cap illa ry  fo rces.

A n ex am p le  fo r th e  o r ie n ta tin g  a c tio n  o f  such forces is show n in  F ig . 19. 
H ere  a Si c ry s ta l is in  th e  c e n tre  of a p a t te r n  cell. One can  see th a t  th e  c ry s ta l  
does n o t  com e in to  c o n ta c t w ith  th e  cell w alls, being  in  s tr ic tly  o r ie n ta te d  
p osition .

T he o r ie n ta tio n  effect o f  cap illa ry  forces on m acroscop ic  scale is d e a lt  
w ith  in  a n o th e r  p a p e r [11].

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



ARTIFICIAL EPITAXY^ DIATAXY) OF SILICON AND GERMANIUM 183

Such a re  th e  m ain  reg u la ritie s  of th e  new  m eth o d  fo r  o b ta in in g  single 
c ry s ta l lay ers  on  n o n -o rie n ta te d  su b s tra te .

R ecen tly , th e  sam e p rin c ip le  has b een  developed elsew here, to o  [12]. 
I t  can  be e s tim a te d  as an  in d ica tio n  of i ts  perspec tive .
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The positions of crystals floating on the surface of a liquid in  triangu lar and quadra tic  
cells are investigated. I t  is dem onstrated  th a t  th e  orientations of th e  crystals can be explained 
by  capillary forces.

S tu d y in g  a rtific ia l e p ita x y  [1] i t  w as observed  t h a t  during th e  grow ing  
p rocess a sm all c ry s ta l o f  tr ia n g u la r  fo rm  f lo a tin g  on th e  su rface  of th e  so lu tio n  
in  a tr ia n g u la r  cell ta k e s  a positio n  a t  w h ich  th e  edges o f  th e  c ry s ta l a n d  th e  
cell w alls are  para lle l to  each  o th e r [2].

I t  is a p p a re n tly  obv ious th a t  th e  o r ie n ta tio n  of th e  c ry s ta l in  th e  cell 
is d e te rm in ed  b y  cap illa ry  forces. To p ro v e  th a t  th e  o r ie n ta tio n  is due  to  no

Fig. 1. The equilibrium  position of a triangular body  floating on the  surface of a liqu id  in a 
triangu lar cell. The surface of the  liquid is concave a t  the cell walls and  convex a t  th e  edges

of the body (or vice versa).

o th e r  forces, such as fo r in s tan ce  th e  c ry s ta llisa tio n  p ressu re  [ I ] ,  th e  fo llow ing 
ex p e rim en ts  w ere carried  o u t.

A  tr ia n g u la r  cell w as m ade from  m icroscopic slides (7 cm  long). T h en  
a  1 m m  th ic k  tr ia n g u la r  a lum in iu m  p la te  w as p u t  on th e  surface of w a te r  in  
th e  cell. T h e  p la te  o rien ted  itse lf  p a ra lle l to  th e  cell walls as dep ic ted  in  F ig . 1. 
T h is eq u ilib riu m  position  o f th e  p la te  p ro v e d  to  he v e ry  s tab le . I f  th e  p la te  
w as m oved  o u t of th is  p o sitio n  a f te r  som e v ib ra tio n s  i t  re tu rn e d  in to  th is  
positio n  ag a in . The e x p lan a tio n  of th e  e x p e rim e n t is v e ry  sim ple : th is  p o s itio n
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ensures th e  m in im u m  of th e  w a te r  surface ta k in g  in to  consid era tio n  th e  c u rv e d  
p a r ts  of th e  w a te r  surface to o .

A sim ila r  phenom enon  w as observed in  th e  case o f a q u a d ra tic  glass cell 
w ith  q u a d ra tic  a lum in iu m  p la te  (Fig. 2). A th in  NaCl c ry s ta l  p la te  of q u a d ra tic  
fo rm  flo a tin g  on  th e  su rface o f  sa tu ra te d  N aC l so lu tion  ta k e s  th e  sam e e q u ilib ­
r iu m  positio n , i.e . th e  p o sitio n  in  w hich th e  c ry s ta l edges a re  para lle l w ith  th e  
cell walls. I n  th is  case th e  su rface  of th e  N aC l so lu tion  w as convex  a t  th e  edges 
o f  N aCl c ry s ta l ,  as i t  w as show n b y  Gy u l a i  [3] earlier.

T he e q u ilib riu m  p o sitio n s of p la tes o f  v a rio u s  sy m m e try  in  cells o f d iffe r­
e n t  sy m m e try  show  a w ell-d e te rm in ed  re g u la r ity . T he re su lts  of th e se  o b se r­
v a tio n s  w ill be  pub lished  e lsew here [4].

In  th e  a b o v e  m en tio n ed  ex perim en ts th e  liqu id  su rface  a t  th e  cell w alls 
w as concave b u t  a t  th e  edges o f  th e  flo a tin g  b o d y  i t  w as co n v ex . If, converse ly , 
th e  liqu id  su rface  a t  th e  cell w alls is co n v ex  an d  a t th e  edges of th e  f lo a tin g  
p la te  is co n cav e , th e  o r ie n ta tio n  of th e  p la te  in  re la tio n  to  th e  cell is th e  sam e  
as in  th e  p re v io u s  case. A  co n v ex  surface o f  w a te r  a t  th e  cell walls cou ld  be  
p ro d u ced  b y  fillin g  th e  cell w ith  som ew hat m o re  w a te r th a n  th e  volum e o f th e  
cell (Fig. 3). O w ing  to  th e  su rface  tension  th e  w a te r d id  n o t  overflow . A n ice 
cube f lo a tin g  on a bulging w a te r  surface in  a  q u a d ra tic  cell ta k e s  an eq u ilib riu m  
positio n , w h ich  is i llu s tra te d  in  Fig. 2.

Fig. 2. The equilibrium  position o f a quadratic body floating on the  surface of a liquid in  a 
quadratic  cell. T he surface of th e  liqu id  is concave a t  th e  cell walls and  convex a t th e  edges

of th e  body (or vice versa).

S' ~~n

Fig. 3. The cell w ith  bulging w ater surface (side view)

Fig. 4. The equilibrium  position of a quadratic body floating on th e  surface of a liquid in  a 
quadratic  cell. T he surface of the liquid  is concave (or convex) bo th  a t  the cell walls and  a t

the edges of the body.
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I f  th e  w a te r  surface a t  th e  cell w alls w as also  concave (w hich  is th e  u su a l 
case), th e  ice cube d rifted  to  th e  co rner o f th e  cell (Fig. 4). I n  a  tr ia n g u la r  cell 
w ith  a bu lg ing  w a te r  surface th e  a lum in iu m  p la te  u sua lly  d r if te d  in to  th e  
co rn e r of th e  cell (F ig. 5) or s tick ed  to  th e  cell w all.

Fig. 5. The equilibrium  position of a triangular body floating  on the surface of a liquid in  a 
triangular cell. The surface of the liquid is concave (or convex) both a t th e  cell walls and  a t

th e  edges of the body.

Fig. 6. The equilibrium  position of a triangular body floating  on the surface of a liquid in a 
triangu lar cell. The surface of the liquid is concave (or convex) both a t the cell walls and  a t 

the edges of the body. The translational m otion of the body is prevented.

Fig. 7. The equilibrium  position of a quadratic  body floating  on the surface of a liquid in  a 
quadra tic  cell. The surface of the liquid is concave (or convex) both a t th e  cell walls and  a t 

the edges of the body. The translational m otion of the body is prevented.

I f  th e  liq u id  surface b o th  a t  th e  cell w alls a n d  a t  th e  edges o f th e  f lo a tin g  
b o d y  is concave (or convex) an d  its  tra n s la tio n a l m otion is p rev e n te d , th e  
f lo a tin g  b o d y  ta k e s  up  o r ien ta tio n  in  th e  c e n tre  of th e  cell. T h is was show n 
in  th e  follow ing w ay. A  hole Was drilled  in  th e  cen tre  of th e  A1 p la te . W a te r  
w as p ou red  in to  th e  cell so t h a t  th e  w a te r su rface  bulged o u t. T he A1 p la te  
w as p u t  on th is  bu lg ing  w a te r su rface  and a need le  was in se r te d  in  th e  hole 
so th a t  th e  A1 p la te  could ro ta te  freely a ro u n d  th e  needle b u t  could n o t  
sh ift from  th e  cen tre  of th e  cell. A tr ia n g u la r  p la te  took  an  eq u ilib riu m  p o s i­
tio n  in  a tr ia n g u la r  cell as d e m o n s tra te d  in  F ig . 6. In  th e  case o f  a q u a d ra tic  
cell w ith  a q u a d ra tic  p la te , th e  equ ilib riu m  p o s itio n  of th e  p la te  is as dep ic ted
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in  F ig . 7. I t  shou ld  be m en tio n ed  th a t  i f  th e  liq u id  w as m ercu ry , s im ila r p h e ­
n o m en a  cou ld  n o t  be o b serv ed , p ro b a b ly  because o f th e  b ig  fric tio n a l forces.

T hese ex p e rim en ts  in d ic a te  th a t  th e  cap illa ry  forces m ay  p lay  an  im p o r t­
a n t  p a r t  in  th e  a rtific ia l e p ita x y  as w ell as in  th e  g row ing  of shaped  c ry s ta ls .
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SYMMETRICAL CONFIGURATIONS BY 
CAPILLARY FORCES

By

E . H a r t m a n n

RESEA RCH  LA BORATORY FOR CRYSTAL PH Y SICS OF T H E  H UNGARIAN ACADEM Y OF SCIENCES
B U D A PEST, H UN G ARY

The equilibrium  positions of alum inium  plates o f different shapes floating  by capillary  
forces on w ater surface in  glass cells of various forms are  investigated. In  th e  centre of th e  cells 
the floating plates have an equilibrium  orien tation  fo r w hich the sym m etry  elements of th e  
cell and those of the floating  plate coincide w ith  each o th e r as far as possible.

I t  w as show n in  a p rev ious p a p e r  t h a t  a tr ia n g u la r  a lum in ium  p la te  
f lo a tin g  b y  cap illa ry  forces on th e  su rface  o f  w a te r  in  a tr ia n g u la r  glass cell 
ta k e s  an  eq u ilib riu m  positio n  fo r w h ich  th e  edges of th e  p la te  are p a ra lle l 
wri th  th e  w alls o f th e  cell [1].

T his p ap e r deals w ith  th e  eq u ilib riu m  p o sitio n  of p la te s  of d iffe ren t 
sy m m etry  in  cells o f  v a rio u s  sy m m e try .

T he glass cells w ere m ade fro m  m icroscop ic  slides. T h e  p la te s  of g iv en  
fo rm  w ere m ade from  an a lu m in iu m  sheet o f  1 m m  th ic k . T his th ick n ess  
w as necessary  to  p ro d u ce  a w ell-expressed  co n v ex  w a te r su rface  a t  th e  edges 
o f th e  flo a tin g  A1 p la te , because th e  pow ers a c tin g  on th e  edges of th e  p la te  
d ep en d  on th e  ang le  betw een  th e  ta n g e n t a n d  th e  v e rtic a l d irec tio n  in  th e  
p o in t of in flex ion . A ccord ing  to  B a r k e r  [2] th e  pow er (P ) a c tin g  betw een  tw o  
p a ra lle l p la te s , i f  th e  liq u id  su rface  a t  one p la te  is convex  a n d  a t  th e  o th e r  
p la te  is concave:

P  =  —H (  1 — sin  y ),

w here H  is th e  su rface  ten sio n , y  is th e  ang le  betw een  th e  ta n g e n t an d  th e  
v e rtic a l d irec tion  in  th e  p o in t o f inflexion.

To in v e s tig a te  ex trem e  cases th e  eq u ilib riu m  position  o f  a n o n -m ag n etic  
needle  in  th e  cells w as also s tu d ied .

T he observed  eq u ilib riu m  p o sitio n s are p re sen ted  in  F ig s , l a —4e.
In  som e cases ev e ry  sy m m e try  e lem en t o f  th e  cell a n d  th a t  o f th e  A1 

p la te  com plete ly  co rrespond  to  each  o th e r  (F igs. Id ,  2c, 3a a n d  4b). In  F ig . 4c 
a ll sy m m etry  e lem en ts  o f th e  p la te  (2m m ) co incide w ith  som e elem ents o f  
sy m m e try  o f th e  q u a d ra tic  cell. I n  F igs. 3b a n d  4a th e  eq u ilib riu m  po sitio n s 
a re  dep ic ted  a t  w h ich  one sy m m e try  e lem en t o f  th e  cell a n d  th a t  o f th e  p la te  
is com m on.
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R ely in g  on th e se  o b serv a tio n s th e  follow ing conclusion  can be  d raw n: 
p la te s  f lo a tin g  in  th e  c e n tre  o f th e  cells on  th e  surface o f a liq u id  filling  th e  cells 
ta k e  an  eq u ilib riu m  o rie n ta tio n  for w h ich  th e  sy m m e try  elem ents o f th e  cell 
a n d  th o se  o f th e  f lo a tin g  p la te  coincide w ith  each o th e r  as fa r as p o ssib le .

I t  shou ld  be m en tio n ed  th a t  in  n a tu r e  o th e r ex am p les  can b e  found , 
w here in te ra c tin g  system s in  eq u ilib riu m  are  p laced  sy m m etrica lly  to  each 
o th e r, fo r in s ta n c e  an  e lec tric  dipole in  a n  e lec tric  fie ld . C onsequen tly , i t  seems 
to  be possib le  th a t  th e  p rin c ip le  o b serv ed  in  th e  case o f  cap illa ry  fo rces  m ay 
also be ex te n d e d  to  o th e r  phenom ena. T h is  p rincip le  w ould  be s im ila r to  th e  
C urie p rin c ip le  [3].
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SOME RESULTS OF WORK ON ARTIFICIAL 
EPITAXY (DIATAXY)

By

N . N . S h efta l

INSTITUTE OF CRYSTALLOGRAPHY, ACADEMY OF SCIENCES OF THE USSR, MOSCOW, USSR

Some results of w ork on artificial epitaxy (d iataxy) are discussed.

T h e in itia l id ea  of w ork  on a rtific ia l e p ita x y  o rig in a ted  m ore th a n  15 
y ea rs  ago [1], b ased  on th e  h y p o th es is  th a t  i t  is possib le  to  c o n tro l th e  fo rm atio n  
o f  m o n o cry sta llin e  lay ers  of a rb i t r a ry  cry sta ls , in d ep en d en t o f th e ir  s tru c tu re , 
on su b s tra te s  o f likew ise a rb i t r a ry  su b stan ces; on m o n o cry sta llin e , po ly- 
c ry s ta llin e  or am o rp h o u s ones. T h is idea  was fo u n d ed  on th e  one  h an d , on th e  
ex p e rim en ta lly  con firm ed  ideal g ro w th  accord ing  to  th e  m echan ism  of K ossel— 
S tra n sk i and , on th e  o ther, on d a ta  on c ry sta l g ro w th  from  b locks an d  m icro ­
c ry s ta ls . I t  was co n jec tu red  th a t  th e  n u c léa tion  on a rtific ia l m icro re lief (con­
s is tin g  o f densely  a rran g ed  p a ra lle l “ m icro n e ts” , in  w hich i t  is  energe tically  
ad v an tag eo u s  to  position  th e  m icrocrysta ls  in  accordance w ith  th e ir  form ) 
p ro m o tes  th e  fo rm a tio n  of th e  f ir s t  m o n o cry sta llin e  layer on th e  su b s tra te , 
w h ich , un d er fav o u ra b le  co n d itio n s, can  grow' fu r th e r  as a sing le  c ry sta l.

F o r some tim e  ex p e rim en ta l resu lts , so i t  seem ed, co n firm ed  th is  idea . 
H ow ever, th e  dev e lo p m en t of ex p e rim en ta l w o rk  on th e  p ro d u c tio n  of layers, 
a n d  likew ise th e  ex p erim en ts  o f  H artm ann  [2, 3] in d ic a te d  a  n u m b er o f 
new  aspects  of an d  a new  m echan ism  for the  p rocess. E x p e rim e n ts  of K lyk o v  
[4] b y  th e  YLS m eth o d  b ro u g h t to  ligh t th e  fa c t th a t  m ic ro c ry sta ls  n ev e r 
a rra n g e  th em selv es  d irec tly  on th e  su b s tra te , b u t  ra th e r  on a v e ry  th in  lay e r 
o f  th e  so lv en t (c ry s ta lliz a tio n  fro m  a m elt has n o t  y e t  been p ro d u ced ). Secondly, 
th e  o rien ta tio n s  o f sm all c ry s ta ls , w h ich  are f lo a tin g  in  th e  so lu tio n  in th e  cell 
o f  th e  p a tte rn  are  p roduced  b y  forces of surface tension .

T h ird ly , as is in d ica ted  b y  th e  ex p e rim en ta l w ork  of K l y k o v  e t al [4] 
a c ry sta llin e  p a rtic le  settles dow n on th e  s u b s tra te  w ith  an  im p o r ta n t face 
o f th e  eq u ilib riu m  fo rm  and  one h as  th erefo re  n o t  succeeded in  forcing  of th e  
fo rm a tio n  of a new  face u n d er th e  influence o f th e  form  of th e  m ic ro p a tte rn . 
F u r th e r , in  ag reem en t w ith  th e  pub lished  w o rk  of H a r t m a n n  [3] eq u ilib ­
r iu m  is given b y  th e  sym m etric  positio n  of th e  sm all c ry s ta l in  th e  cell even 
if  th e re  is a lack  o f correspondence  of th e  cell a n d  th e  form  o f th e  c ry s ta l.In  
o th e r  w ords q u a d ra tic  cells can  o rien t a h ex ag o n a l c ry sta l in  co n fo rm ity  w ith  
i ts  hexagonal n a tu re , a lth o u g h  w orse ly  th a n  h ex ag o n a l cells.
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So m ic ro c ry sta ls  o f  germ an ium  in  ra re  cases o rie n t them selves on a q u ad ­
ra tic  p a t te rn ,  b u t  silicon is p rac tica lly  n o t  o rien ted  a t  a ll. T his can  b e  exp la ined  
b y  th e  fa c t  th a t  in g e rm an iu m  one e n co u n te rs  cubic faces, b u t in  silicon th ere  
occur o n ly  o c tah ed ra l ones.

W e re m a rk  also t h a t  th e  sm aller specific w eigh t o f  silver in  com parison  
to  gold m ig h t be one o f  th e  reasons fo r  th e  w orse o r ie n ta tio n  w hen i t  is used 
as so lv en t.

F in a lly , i t  shou ld  be  in d ica ted  t h a t  th e  liqu id  p h a se  tak es  p a r t  in  all 
ou r ex p e rim en ts . I t  is in  th is  liqu id  w h ere  th e  m ic ro c ry sta ls  flow. In  case of 
c ry s ta lliz a tio n  from  gas p h ase , or fro m  th e  m elt i t  is possib le to  ex p e c t th e  
o r ie n ta tio n  accord ing  to  th e  orig inal idea .

A s fo r th e  general re su lts  o f th e  w o rk , one m ay  th in k  th a t  a fu n d a m e n ta lly  
new  an d  im p o r ta n t p h enom enon  has been  e stab lish ed , nam ely  a r tif ic ia l epi­
ta x y , w h ich  gives new  possib ilities fo r  d irec ting  th e  processes o f g ro w th  of 
m o n o cry s ta llin e  lay ers , a n d  b ro ad en in g  th e  o p p o r tu n ity  ex isting  fo r th is  aim .

In  re c e n t tim e  a re la te d  w ork, c a rr ie d  ou t w ith  g re a t v igour an d  on a high 
tech n ica l level, has ap p e a re d  [5]. T h is w ork  has so fa r  been carried  o u t only 
on m odel m a te ria l (KC1) an d  no m o n o cry sta llin e  la y e rs , b u t only in d iv id u a l 
p a ra lle l o rien ted  m ic ro c ry s ta ls  h av e  b een  o b ta ined .

A ll th is  gives a d d itio n a l su p p o rt fo r th e  idea  t h a t  o rien ta tio n  w ith  the  
aid  o f an  a rtific ia l g ra tin g  w ill co n tin u e  to  develop.
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Note added in  proof

W e have received a p rep rin t of [3[ w here the authors m ade a note w ith  reference 
to  the English translation  of m y article on the  same problem  [1].

On account of th is i t  is worth-while to  notice the peculiarities of artificial epitaxy.
In  order to solve the problem  of growing m onocrystalline layers of any  crysta l on 

any nonorienting substrate  we rely on our ideas about the participation  of microcrystals 
in  processes of nucléation and  grow th of crystals [4], and also on the idea of the im portance 
of the en trance  angles for orientation [5]. We supposed th a t  it  is possible to com pel the 
m icrocrystals having dim ensions of approxim ately 0 . 1  pm  to  orien t by  deposition on nonorient- 
ing substra tes by means of relief m icropatterns on them. The m icropatterns m ust correspond 
to  our tasks and also the m orphology of th e  precipitated crystals .

On the basis of th is  consideration we have obtained a t  f irs t the oriented grow th of 
the N H ,I  crystals (from aqueous solution) on the optical diffraction crossgratings (600 
scratches on the mm) [6 ].

Then we obtained a good orientation of germ anium  crystals on polycrystalline tungsten, 
by m eans of parallel scratches in three directions under the angles 60°. The scratches were 
made on th e  substrate by  hand  using em ery paper of the sm all num ber (5).
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The fu rther experim ents in crystallization  were perform ed on special m icropatterns. 
On these patterns we have obtained alm ost unbroken m onocrystalline layers of silicon and 
germ anium  up  to 15mm2 on a quartz glass [7].

Thus ideas on m icrocrystals and en trance  angles are confirm ed and give us in principle 
the possibility to  solve th e  problem of th e  artificial epitaxy.

I am  grateful to  Dr. E. I. G i v a r g i z o v , who informed Prof. H. S m i t h  ab o u t my 
researches. 1 also express m y gratitude to  Prof. H. S m i t h  for sending me his p rep rin t [3].
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THE EFFECT OF THE SOLIDIFICATION FRONT 
SHAPE ON CRYSTAL PERFECTION

By

Y . N . E r o f e e v  and V . A . T a t a r c h e n k o

THE SOLID STATE PHYSICS INSTITUTE, ACADEMY OF SCIENCES OF THE USSR, MOSCOW, USSR

The theoretical and experim ental da ta  on therm al conditions close to the solid-liquid 
interface in  Czochralski grown alkali halide crystals are considered. The d istribution of axial 
and  radial tem pera tu re  gradients in a growing crystal has been defined to depend on the 
crystallization fron t configuration. The crystallization front cu rvatu re  affects th e  crystal 
structure  perfection and the im purity  d istribution  behaviour. The dislocation density  was 
m easured in  KC1 crystals. A rad ial d istribution of Sr and Na in KC1 crystals was m easured.

T he s tru c tu ra l p erfec tio n  of m elt-g row n  c rysta ls  is p re d o m in a n tly  due 
to  th e  th e rm a l co n d itions o f g row th . T hese co n tro l th e  th e rm a l stresses a rising  
in  th e  c ry s ta l.

T he th e o re tic a l ca lcu la tio n s [1, 2] re la te  d irec tly  th e  d en sity  o f d isloca­

tions to  th e  te m p e ra tu re  g ra d ie n t: q =  —  V  T, w here « is a linear coeffic ien t
6

of th e rm a l expansion , 6 is th e  B urgers v e c to r  of d islocations, is an  ax ia l 
or ra d ia l te m p e ra tu re  g rad ien t.

T herefo re , th e  d e te rm in a tio n  of th e  te m p e ra tu re  d is tr ib u tio n  in th e  c ry s ta l 
on th e  basis  o f th e  a c tu a l g row th  co n d itio n s is one o f th e  m ost im p o r ta n t  
p rob lem s.

In  o u r w orks [3, 4 ], th e rm a l co n d itio n s near th e  so lid -liqu id  in te rface  
are  in v e s tig a te d , an d  th e  d is tr ib u tio n  o f ax ia l and  ra d ia l  te m p e ra tu re  g ra ­
d ien ts  in  a  grow ing c ry s ta l  is o b ta in ed  b y  so lv ing  th e  s te a d y  s ta te  e q u a tio n s  
o f th e rm a l co n d u c tio n  using  a co m p u te r, an d  from  e x p e rim en ta l m easu rem en ts  
in  N aCl c ry s ta ls  grow n from  th e  m elt b y  th e  Czochralski m e th o d . The te m p e ra ­
tu re  g ra d ie n ts  w ere m easu red  b y  th e  te c h n iq u e  of grow n-in  th erm o co u p les  [3].

F ig . 1 rep re sen ts  sch em atica lly  th e  d is tr ib u tio n  o f an  ax ia l te m p e ra tu re  
g rad ien t a n d  th e  fo rm  o f th e  te m p e ra tu re  fie ld  in  c ry s ta ls  w ith  a convex  
to w ard s  th e  m elt (F ig . la )  an d  concave (F ig . lb )  so lid ifica tio n  f ro n t u n d e r 
ac tu a l co n d itio n s in  th e  p resence  of h e a t loss from  the  side su rface  of th e  c ry s ta l. 
Solid lines show  th e  iso th e rm s w hose g eo m etry  was d e te rm in ed  from  th e  ex p e ri­
m en ta l m easu rem en t of a ra d ia l te m p e ra tu re  d is tr ib u tio n . D ashed  lines show  
h e a t f lu x es . In  a c ry s ta l w ith  a convex  so lid ifica tion  fro n t, a m ax im u m  te m p e ra ­
tu re  g ra d ie n t is observed  n o t on th e  solid liqu id  in te rfa c e , b u t a t  som e d is­
tan ce  aw ay  from  it .  A t such  so lid-liqu id  in te rface  g eo m etry , th e  h e a t fluxes 
due to  re lease  of th e  la te n t  h e a t of c ry s ta lliz a tio n  a p p e a r  to  be focussed  on
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crystal

В

Fig. 1. D istribu tion  of the axial tem pera tu re  gradient and  a view of th e  tem perature field in 
crystals w ith the convex (A) and concave (B) crystallization front

distance from interface (mm)

Fig. 2. E xperim ental and calculated da ta  on the axial tem perature  g rad ien t dependence on a 
distance to the boundary  interface as the crystal d iam eter increases and  the crystallization

fron t curvature decreases

th e  g row th  ax is. C onvergence o f th e  h e a t flu x es  tow ards th e  g row th  axis an d , 
h ence , an  in c rease  o f th e  ax ia l g rad ien t slope a t  th e  m o m en t th a t  th e  iso th e rm s 
u n d erg o  a fu ll co n v ex -to -co n cav e  tra n s fo rm a tio n . So, th e  m ax im u m  m ag n itu d e  
a n d  position  d ep en d , 1) on th e  c u rv a tu re  o f th e  in itia l iso th e rm , th a t  is, on 
th e  c u rv a tu re  o f  th e  so lid ifica tion  fro n t, an d  2) on th e  ra te  o f  th is  tra n s fo rm a ­
tio n , th a t  is, on th e  cooling ra te  o f a c ry s ta l (on th e  c ry s ta l size).

T hese conclusions a re  confirm ed  b y  th e  ex p e rim en ta l m easu rem en ts . 
F ig . 2 rep re sen ts  th e  d is tr ib u tio n  o f th e  ax ia l te m p e ra tu re  g rad ien t along th e
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Fig. 3. Experim ental data  on synchronous m easurem ents of axial (a) and radial (b)
tem peratu re  gradients

c ry s ta l: th e  ex p e rim en ta l d a ta  a re  solid lines, th e  ca lcu la ted  d a ta  a re  d ash ed  
lines. As th e  c ry s ta l rad iu s  is in creased  (2.5, 5 an d  10 m m ) an d  th e  so lid ifica­
tio n  fro n t c u rv a tu re  decreased , th e  m ag n itu d e  of th e  g ra d ie n t is descreased  
(curves 1, 2, 3 in  F ig . 2) an d  its  m ax im u m  position  is d isp laced . In  th e  case 
of a f la t  an d  concave f ro n t (cu rves 4 in  F ig . 2) no p eak  is p resen t.

A sim u ltan eo u s d e te rm in a tio n  of ax ia l an d  rad ia l g rad ien ts  has show n 
th a t  a t  th e  m o m en t th a t  th e  a x ia l g ra d ie n t has reach ed  its  m ax im al v a lu e , 
th e  ra d ia l g rad ien t is zero (F ig. 3). To do th is , tw o d iffe ren tia l th erm o co u p les  
w ere grow n in th e  c ry sta l.

The te m p e ra tu re  d is tr ib u tio n  in  a c ry s ta l  w ith  a co n v ex  or concave so li­
d ifica tio n  fro n t m u st d e te rm in e  th e  th e rm o e las tic  s tre ss  fie lds in  each  case, 
because th e  stress  source is th e  in c o m p a tib ility  of th e rm a l d efo rm ations ex ­
pressed  b y  m eans of second d e riv a tiv e s  o f  te m p e ra tu re . F ro m  th e  ca lcu la tio n s 
b y  I n d e n b o m  [2], th e  stresses o p e ra tin g  a long  th e  g ro w th  axis can  be e s ti­
m a ted  from  th e  second d e riv a tiv e  of te m p e ra tu re  a  =  <xEL2 d2T /d Z 2, w here  
E  is th e  Y oung m odulus, L  is a co rrec tion  p a ra m e te r  d ep en d in g  on th e  cross 
dim ensions of th e  c ry s ta l and  on th e  g eo m etry  of th e  te m p e ra tu re  fie ld . I t  can  
easily  be seen th a t  th e  g rea te s t v a lu e  of a co rresponds to  th e  case o f a convex  solid-

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



198 V. N. EROFEEV and V. A. TATARCHENKO

liq u id  in te rface . T he presence of th e  ax ia l g ra d ie n t m ax im u m  is also d isa d v a n ­
tag eo u s , from  th e  v iew p o in t of th e  d is tr ib u tio n  of th e  signs of th e  th e rm o ­
elastic  s tresses a rising  in  a grow ing c ry s ta l [5]. The c ry s ta l  s ite  n ea r th e  ax ia l 
g ra d ie n t m ax im u m  is ac ted  up o n  by  th e  neighb o u rin g  c ry s ta l sites from  above 
an d  fro m  below , w hereas a t  a m ono to n o u s decrease o f th e  ax ia l g rad ien t (fla t 
o r concave so lid -liqu id  in te rface) th e  s tresses o p e ra tin g  along th e  g row th  
ax is do n o t  reverse  th e ir  signs, and  th e  co n tr ib u tio n s  fro m  th e  ne ighbouring  
sites p a r t ia l ly  com pensa te  one a n o th e r. T he fo rm atio n  o f  th e  th e rm o e lastic  
s tre ss  fie ld  can  m ark ed ly  be  affected  b y  th e  p ecu lia ritie s  o f th e  ra d ia l te m ­
p e ra tu re  d is tr ib u tio n  ta k in g  p lace in  c ry s ta ls  w ith  a convex  so lid ifica tion

Fig. 4. Dependence of the dislocation density  on the crystallization front sagging

a  b

1. дН=11тт, 2 .дН =5тт, З.лH =-3 mm. А.дН=10 mm 
5.дН=7тт; 6.дН=0 7.дН = - 4 т т ;  д=0.2

Fig. 5. R adial d istribution  of im purities in crystals w ith  different sagging of the fron t crysta l­
lization; C0 — the im purity  concentration in the  centre of the crystal cross-section; Cp — the 

im purity  concentration along th e  cross-section radius
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f ro n t. T he presence o f  te m p e ra tu re  m ax im a a n d  m in im a re s tr ic ts  th e  occur­
rence  o f free th e rm a l expansion  o f  th e  ad jo in in g  layers an d  can  give rise to  
essen tia l th e rm o e las tic  stresses.

T he q u a lita tiv e  conclusions are confirm ed  b y  th e  ex p e rim en ta l obser­
v a tio n s . W e have in v es tig a ted  th e  d islocation  s tru c tu re  of a lk a li ha lide  c ry s ta ls  
g row n from  the m e lt b y  the  C zochralsk i m e th o d , w ith  re sp ec t to  th e  so lid ifica­
tio n  fro n t shape. F ig . 4 re p re se n ts  th e  d isloca tion  d en sity  q in  KC1 c ry s ta ls  
as a fu n c tio n  of th e  m ag n itu d e  o f  th e  so lid ifica tion  fro n t sagging  A H , A H  =  0 
is a f la t  fron t, A H  >  0 is a c o n v e x  so lid ifica tion  fro n t, A H  <  0 is a concave 
f ro n t. T he stud ies w ere  p erfo rm ed  on c ry s ta ls  w ith  sim ilar b lock  s tru c tu re s . 
T he d islocation  d e n s ity  w ith in  th e  blocks w as estim a ted  fro m  th e  e tch  p it 
co n cen tra tio n s. A s seen in F ig . 4 , c rysta ls  w ith  a f la t  so lid -liqu id  in te rface  
h av e  th e  g rea test s tru c tu ra l p e rfec tio n .

T h e  so lid ifica tion  fron t sh a p e  affects th e  im p u rity  d is tr ib u tio n  in  a 
g row ing  crysta l, to o . W e have in v e s tig a te d  a ra d ia l d is tr ib u tio n  of s tro n tiu m  
an d  sodium  in cross-sections o f KC1 by  th e  ion ic  th e rm o c o n d u c tiv ity  an d  flam e 
p h o to m e try  tech n iq u es . The re s u lts  of th e  m easu rem en ts  are  rep resen ted  in 
F ig . 5. The im p u r ity  c o n cen tra tio n  is increased  from  th e  cross-section  cen tre  
to w a rd s  th e  p e r ip h e ry  in  c ry s ta ls  w ith  a convex  solid-liquid  in te rface , an d  from  
th e  p e rip h ery  to w a rd s  the c e n tre  in  c ry s ta ls  w ith  a concave so lid-liqu id  
in te rface . I t  is c o n s ta n t  in th e  case  of a f la t  in te rface . T he n o n -u n ifo rm ity  of 
th e  im p u rity  d is tr ib u tio n  is in c rea sed  w ith  an  increase  of th e  so lid ifica tion  f ro n t 
c u rv a tu re . All th e  c ry s ta ls  u n d e r  s tu d y  w ere o f th e  sam e size: 40 n m  in d ia ­
m e te r , p a ra m e te r  g  =  0.2 [6].

So, the  so lid ifica tion  f ro n t  shape re la te d  to  th e  th e rm a l cond itions of a 
c ry s ta l  grow th is o n e  of the im p o r ta n t  p a ra m e te rs  d e te rm in in g  th e  s tru c tu ra l 
p e rfec tio n  of a c ry s ta l .
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GROWTH AND PERFECTION OF Cr3Si SINGLE
CRYSTALS
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The crystal growth of C r3Si from the m e lt and the first results of characterization  by 
different m ethods are reported.

1. Introduction

U su a lly  th e  p h y sica l p roperties o f  in te rm eta llic  com pounds sen sitiv e ly  
depend  on th e  exact c o n cen tra tio n  in  th e  hom ogeneity  ran g e . T herefo re  high 
dem ands m u s t be fu lfilled  b y  m ate ria ls  u n d e r  in v es tig a tio n .

F o r co m p ara tiv e  s tu d ie s  of p h y s ic a l, especially  o f e lec trical p ro p ertie s  
o f V3Si, Cr3Si and  som e alloys in th e  q u as ib in a ry  sy s tem  V3S i—Cr3Si single 
c ry s ta ls  o f  th ese  su b stan ces  co rresp o n d in g  to  these  d em an d s w ere grow n.

T he in te rm e ta llic  com pound  Cr3Si is th e  “ fo re fa th e r’* of th e  A -15-struc- 
tu re  ty p e , to  w hich th e  su p e rco n d u c to rs  o f  th e  h ighest tra n s it io n  te m p e ra tu re  
a t  p re se n t belong. B u t u n t i l  now  no su p e rc o n d u c tiv ity  cou ld  be d e te c te d  for 
Cr3Si dow n to  10 m K . I n  th e  p resen t p a p e r  th e  c ry s ta l g ro w th  o f Cr3Si from  
th e  m elt a n d  th e  firs t re su lts  o f c h a ra c te r iz a tio n  are re p o rte d .

2. Growth of Cr3Si single crystals

2.1. P relim in a ry  remarks

M any p ap ers  are k n o w n  abou t th e  c o n s titu tio n a l d iag ram  o f th e  C r—Si- 
system  in  th e  in te re s tin g  c o n cen tra tio n  ran g e . The p ap e rs  agree reg a rd in g  th e  
fa c t th a t  Cr3Si is a co n g ru en tly  m e ltin g  p h ase . In  [1] i t  w as supposed  t h a t  th e  
m elting  m ax im u m  a t  a te m p e ra tu re  o f  ap p ro x im a te ly  1700 °C does n o t  co in­
cide w ith  th e  sto ich io m etric  c o n c e n tra tio n , b u t lies on th e  C r-rich side. D iffer­
e n t d a ta  a re  availab le  on  th e  h o m o g en e ity  range  of th e  com pound : acco rd ing  
to  [2] a h om ogene ity  ra n g e  a t  1000 °C e x is ts  betw een  18 a n d  31 a t %  Si acco rd ­
ing to  [3] be tw een  22 . . .2 8  a t  °/0 Si a n d  accord ing  to  [1] be tw een  2 2 .5 . .  .25.5 
a t  %  Si.

A t m e ltin g  te m p e ra tu re  th e  v a p o u r  p ressu re  of Cr a n d  Si c a n n o t be ig­
nored . A ccord ing  to  [1] th e  re la tiv e  Si losses are g rea te r  th a n  th e  Cr losses in  
th e  in te re s tin g  co n cen tra tio n  range. P o ly c ry s ta llin e  sam ples are u su a lly  p ro ­
duced  b y  d irec t m e lting  o f  co rrespond ing  am o u n ts  of Si an d  Cr u n d e r  in e r t
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gas p ressu re , fo llow ed by  an n ea lin g  for hom ogeneiza tion . T o  our know ledge 
re su lts  o f a successfu l g ro w th  o f Cr3Si single c ry s ta ls  h a v e  so fa r n o t b een  
re p o rte d  in  l i te ra tu re .

2 .2 . Growth experim ents

As s ta r t in g  m a te ria l fo r c ry s ta l  g row th  p o w d er com p acts  w ith  a d iam e te r o f  
ap p ro x . 6 m m  d ep en d in g  on th e  req u ired  c ry s ta l d iam ete r u p  to  90 m m  long w ere 
u sed . T hey  w ere  p rep a red  from  Cr/Si pow der m ix tu re s  (p a rtic le  size 45 . . . 80 pm ) 
in  M o-con ta iners a t  1000 °C an d  k e p t 24 h o u rs  in  a v a c u u m  ch am b er o f  
( 1 . . . 3 )  m P a  w ith o u t p reco m p ac tio n . As s ta r t in g  m a te r ia l for th e  p re p a ra ­
tio n  of pow der e lec tro ly tic  Cr an d  sem ico n d u c to r grade Si w ere applied . U sing  
a  p la n e ta ry  b a ll  m ill w ith  a g a te  as m a te ria l fo r vessel a n d  balls th e  p u r i ty  
o f  silicon cou ld  be  m a in ta in ed . B u t ch rom ium  pow der could  be  p roduced  o n ly  
in  a m ill th e  m a te r ia l  of w h ich  w as sta in less stee l or a h a rd  alloy. T herefo re  
th e  p u rity  o f  s ta r t in g  chrom ium  w as reduced  d u rin g  pow der p ro d u c tio n . D ep en d ­
in g  on th e  v esse l m a te ria l F e  or W , Mo, Co w ere  found , re sp ec tiv e ly , as m a in  
im p u ritie s . T h e  oxygen  c o n te n t o f th e  ch rom ium  an d  silicon pow ders am o u n ted  
to  1 a t % . I t  d id  n o t change a f te r  p ro d u c tio n  o f th e  pow ders and  w as fo u n d  
in  th e  co m p ac ts , to o . C a lcu la ting  th e  c o n c e n tra tio n  of th e  pow der co m p ac ts  
silicon an d  ch ro m iu m  losses w ere  accoun ted  fo r b y  e v a p o ra tio n  of th e  e lem en ts  
a n d  of SiO, to o , w h ich  form s b y  red u c tio n  o f co rrespond ing  oxides d u ring  h e a t  
t r e a tm e n t  o v er 1000 °C. T he c ry s ta l  g row th  fro m  pow der co m p ac ts  w as ca rr ied  
o u t b y  c ruc ib le less rf-zone m e ltin g  u n d e r a s ta t ic  a tm o sp h e re  of 70 k P a  A r 
a n d  10 k P a  H 2 fo r avo id ing  e lec tric  d ischarges. The in e r t gas w as p u rif ied  
b y  ti ta n iu m  m e ta l a t  800 °C. T h e  p u r ity  of th e  in e r t gas w as con tro lled  d u rin g  
m eltin g  b y  q u ad ru p o le -m ass  d e te c to r .

A tw o -s te p  process of g row ing  w as u sed : d u ring  a f i r s t  zone tra v e l a t  
a  r a te  of 2.3 m m /m in  and  a zone le n g th  of a p p ro x . 5 m m  th e  pow der co m p ac ts  
w ere  tra n sfo rm e d  in to  n ea rly  c o n s ta n t d ia m e te r  rods. T he co m p ac t w as ro ta te d  
d u rin g  m e ltin g . F o r  th e  p rocess o f single c ry s ta l  g row th  th e  la s t zone of th e  
o b ta in e d  ro d  w as m elted  once ag a in , co n n ec ted  w ith  a seed c ry s ta l and  d raw n  
oppo site  to  th e  d irec tio n  of th e  alloy ing  p rocess. The ra te  o f  d raw ing  fo r a ll 
ex p e rim en ts  a m o u n te d  to  0.4 m m /m in . T he seed  c ry s ta l ro ta te d  w ith  30 rp m . 
C hanging  th e  r a te ,  th e  in itia l ro d  f lu c tu a tio n s  o f th e  d iam e te r  could  be red u ced . 
D ep en d in g  on th e  d iam ete r o f  th e  s ta r tin g  po w d er co m p ac ts  single c ry s ta ls  
ran g in g  from  4 to  8 m m  in  d ia m e te r  an d  40 to  80 m m  in le n g th  w ere g row n.

2 .3 . Methods used fo r  characterization

The c o n te n ts  o f o ther th a n  Cr3Si p h ases  w as in v e s tig a te d  b y  m eta llo - 
g rap h ic  m e th o d s  a fte r  e lec tro ly tic  a lly  e tch in g  lo n g itu d in a l an d  cross sec tions 
w ith  10%  oxalic  acid . As su ffic ien tly  sensitive  chem ical m e th o d s  are lack in g
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th e  com position  o f single c ry s ta ls  was s tu d ie d  b y  m easu rem en ts  of r e s is tiv ity  
ra tio  a t room  an d  liqu id  h e liu m  te m p e ra tu re s , b y  p recision  d e te rm in a tio n  of 
la ttic e  c o n s ta n ts  b y  m eans o f  K ossel te c h n iq u e  and  of d e n s ity  b y  a w eighing  
m eth o d . I t  is  necessary  to  underlin e  t h a t  w ith o u t c a lib ra tio n  th ese  m e th o d s  
c a n n o t give co n cen tra tio n  them selves. F o r  th is  as a f ir s t  ap p ro x im a tio n  th e  
re la tio n  b e tw een  c o n c e n tra tio n  and  re s is tiv ity  ra tio  fo r V 3Si [4] was u sed .

T he re s is tiv ity  ra tio  o f  in te rm e ta llic  com pounds dep en d s on th e  d e v ia tio n  
o f  s to ich io m etric  c o n cen tra tio n  and  te m p e ra tu re , b u t  on  co n c e n tra tio n  of 
a to m ica lly  d issolved im p u ritie s  and  p h y s ica l perfec tion , to o . T herefo re  the  
im p u rity  c o n te n t and  th e  re a l  s tru c tu re  o f  specim ens w ith  d iffe ren t re s is tiv ity  
ra tio s  w ere in v es tig a ted . F o r  in v es tig a tio n s  of th e  re a l s tru c tu re  th e  h a lf  
w id th  of ro ck in g  curves o f  e la stica lly  sc a tte re d  n eu tro n s  w as d e te rm in ed  and  
B e rg —B a r re t t  an d  L ang  to p o g rap h s  w ere  ob ta ined .

3. R esults

B y m ean s of th e  describ ed  m e th o d  single c ry s ta ls  w ere o b ta in ed  only 
in  tho se  cases w here th e  co n c e n tra tio n  o f  th e  s ta r tin g  co m p ac ts  v a ried  be tw een  
2 3 .0 . .  .25 .2  a t  %  Si, su p p ly in g  c rysta ls  b e tw een  ap p ro x  2 3 .5 . .  .25 .4  a t  %  Si. 
T h e  given Si co n cen tra tio n s  are  real co n cen tra tio n s  in  th e  case of c ry s ta ls , b u t 
ex p ec ted  co n cen tra tio n s  fo r th e  co m p acts  a fte r th e  fu ll red u c tio n  o f  oxides 
an d  e v ap o ra tio n s  of SiO (ev ap o ra tio n  o f  e lem ents is n o t acco u n ted  fo r). W ith  
c o n cen tra tio n s  d ev ia ting  fro m  th e  given ran g e  a-C r or Cr5Si3 inclusions a p p ea red , 
due  to  th e  c o n s titu tio n a l suppercoo ling  o f  th e  m elt. A ty p ic a l single c ry s ta l  
is show n in F ig . 1. D uring  zone m elting  Cr an d  Si ev ap o ra te  especially  fro m  th e  
m o lten  zone. B u t e v a p o ra tio n  never d is tu rb s  th e  m e ltin g  process. F ro m  th e  
fa c t th a t  com position  o f th e  single c ry s ta ls  was enriched  in  silicon co m p ared  
w ith  in itia l m a te ria ls  in  e v e ry  case it  w as concluded th a t  th e  re la tiv e  Cr-loss 
is g rea te r th a n  th a t  of silicon  in  c o n tra s t to  th e  find ings in  [1].

Ow ing to  a su p erp o sitio n  of zone m eltin g  effect, inhom ogeneities o f th e  
in itia l m a te r ia l, zone vo lum e an d  possib ly  co n cen tra tio n  d ep en d en t e v a p o ra tio n  
losses th e  co n cen tra tio n  a long  th e  c ry s ta l is n o t c o n s ta n t. D epend ing  on th e  
in itia l co n cen tra tio n  tw o d iffe ren t ty p es  o f  co n cen tra tio n  cu rves w ere o b ta in e d  
in  th e  single crysta ls . F o r  co n cen tra tio n s  ran g in g  from  23.3 to  24.8 a t  %  Si 
th e  re s is tiv ity  ra tio  in c reased  from  th e  beg inn ing  to  th e  en d  of th e  c ry s ta ls , 
in d ica tin g  a  decrease o f d e v ia tio n  from  th e  sto ich iom etric  co n cen tra tio n . F o r 
com positions g rea te r  th a n  24.8 a t  °/0 Si th e  opposite  w as observed: th e  d e v ia ­
tio n  from  sto ich iom etric  c o n cen tra tio n  increased  to  th e  en d  of th e  c ry s ta ls . 
C rystals w ith  an  in itia l co n c e n tra tio n  low er th a n  23.3 a t  %  Si show ed in c rea s­
ing  d ev ia tio n  from  sto ich io m etric  co n cen tra tio n , too.
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Fig. 1. Cr3Si single crystal

T he la rg e s t re s is tiv ity  ra tio  co rrespond ing  to  th e  s to ich iom etric  com po­
s itio n  w as 20. T h is is low er th a n  th e  v alue  fo u n d  for s to ich iom etric  V3Si w ith  
th e  sam e im p u r ity  level. T h e  reaso n  fo r th is  b eh av io u r is n o t  clear y e t.

T he o b serv ed  c o n cen tra tio n  curves ca n  be  exp la in ed , supposing t h a t  
th e  c o n c e n tra tio n  of th e  m e ltin g  p o in t m ax im u m  does n o t coincide w ith  th e  
s to ich io m etric  c o n c e n tra tio n , b u t  is s i tu a te d  on  th e  C r-rich  side of th e  h o m o ­
g en e ity  ran g e . T h e  position  o f th e  m ax im u m  w as e s tim a te d  betw een  2 3 .7 . . . 
24.2 a t  %  Si. T h e  ex p lan a tio n  g iven above is su p p o rted  b y  th e  following f in d ­
ings: On th e  su rface  o f c ry s ta ls  w ith  th e  h ig h e s t re s is tiv ity  ra tio s  co rru g a tio n s 
could  be observ ed . T hey  w ere m issing in  c ry s ta ls  w ith  low er values (F ig . 2). 
C orruga tions are  caused  b y  th e  c o n s titu tio n a l supercoo ling  o f th e  m elt n e a r  th e  
in te rface . I f  th e  co n cen tra tio n s  o f m elting  m ax im u m  an d  sto ich iom etric  co m ­
p o sitio n  of th e  com pound  w ou ld  coincide, n o  co rru g a tio n s cou ld  be ex p ec ted  
fo r  m elting  n e a r  s to ich iom etric  c o n cen tra tio n . F u rth e rm o re , th e  rap id  q u e n c h ­
ed zones e x h ib ite d  Cr5Si3 inclusions fo r all c ry sta ls  w ith  co n cen tra tio n s 
g re a te r  th a n  ap p ro x  24.0 a t  %  Si.

T he m ain  im p u ritie s  o f single c ry s ta ls  grow n from  C r-pow der w ith  a 
h ig h er level o f h ig h -m eltin g  p o in t elem ents a re  given in  T a b le  I. B y o p tim iz a ­
tio n  of th e  p u r if ic a tio n  p rocess o f in e r t gas a n d  by  th e  u tiliz a tio n  of a m ill 
w ith  a sta in less  s tee l co n ta in e r  th e  im p u rity  co n cen tra tio n  could  be red u ced  
(T able I).

F o r single c ry s ta ls  on th e  Cr-rich side o f  th e  hom o g en eity  range la tt ic e  
c o n s ta n ts  a n d  densities in crease  from  (4.5580 +  0.0002) Â  and  (6.4443 +
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Fig. 2. Surface structure of Cr3Si single crystals near (left) and apart (right) from the melting maximum . The resistiv ity  ratios are r4 2K 1 =
=  1.7 and 17, respectively.
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Table I

Main im purities of Cr;iSi single crystals. Column 2 refers to  Cr-powder from a hard-m etal mill, 
colum n 3 to th a t from  a stainless steel mill and after im provem ent of the purification line of

inert gas

Impurity
Concentration 
in at. ppm

w 400 2
Nb 20 6
Ni 10 20
Fe 200 300
V 100 6
Ti 50 1
Co 200 1
0 1000 50
N 300 20

0.0002) g/cm 3, re sp ec tiv e ly , fo r a p p ro x im a te ly  sto ich io m etric  m a te ria l to  
(4 .5600 +  0.0002) Â  and  (6.4931 +  0.0002) g /cm 3 fo r c ry sta ls  w ith  a co n cen ­
t r a t io n  of ab o u t 23 .5  a t  %  Si. T h e  te m p e ra tu re s  fo r  th e  m easu rem en ts  of la tt ic e  
c o n s ta n ts  and  d en s itie s  were (298 +  5) К  an d  (296.0 0.5) K , resp ec tiv e ly .
U n ti l  now  no re lia b le  resu lts  h a v e  been o b ta in e d  on th e  S i-rich  side o f th e  
h o m o g en e ity  ra n g e . F rom  th ese  re su lts  i t  follow s th a t  like in  th e  case o f Y3Si 
a su b s ti tu tio n a l m odel of n o n sto ich io m etric  c ry s ta ls  shou ld  be valid . T h e  
o b se rv ed  la ttic e  c o n s ta n ts  fo r sto ich io m etric  c ry s ta ls  lie w ell betw een  th e  
r e s u lts  o f F l ü k i g e r  e t al [5], w h o  m easured  (4 .564 +  0.002) Â  a n d  Ch a n g  [6] 
(4 .555 +  0.001) Â . T h e  resu lts ag ree  w ith  th e  la t t ic e  co n stan ts  o f  P j a t k o v a  [1].

T he in v e s tig a tio n s  of th e  re a l  s tru c tu re  a re  n o t  com ple ted  y e t. B u t one  
c a n  say  th a t  th e  sing le  crysta ls  a re  o f high p e rfec tio n . The h a lf  w id th  of ro ck in g  
cu rv es  m easu red  w ith  n eu tro n s on  c ry sta ls  40 m m  long and  5 m m  in  d ia m e te r  
w as is some cases low er th a n  25 m in , ch a rac te riz in g  th e  m ax im u m  d e so rie n ta ­
t io n  betw een su b g ra in s . The av e rag e  d eso rien ta tio n  of su b g ra in s  d e te rm in ed  
fro m  th e  c o n tra s t  w id th  of B e rg  — B a rre tt to p o g ra p h s  w as in  th e  ran g e  of 
som e m inu tes. T h e  subgrains a re  e longated  in  th e  g row th  d irec tion . U n til  
n o w  no signs o f  a re la tio n  b e tw een  rea l s tru c tu re  an d  d ev ia tio n  from  sto ich io ­
m e tr ic  c o n c e n tra tio n  could be fo u n d .
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STRUCTURE OF P b 0 - R 20 3 - F e 20 3 MEETS

By

Á . VÉRTES

CEN TRA L RESEA RCH  IN ST ITU TE FOR PH Y S IC S , HUNGARIAN ACADEMY OF SCIEN CES 
BU D A PEST, HUNGARY

The analysis of the m athem atical m odel of liquid phase epitaxial crystal grow th has 
draw n a tten tio n  to  the relationship  betw een th e  growth process and the s tru c tu re  of high 
tem pera tu re  solutions. Param eters in the m odel are not fully reported  in the lite ra tu re  and 
even ionic equilibria are unknow n for the P bO  B 20 3 —Fe20 3 system  which is th e  preferred 
solvent for magnetic bubble storage technology.

E lectric conductivity  measurem ents re la ting  to the ionic equilibria are described and 
a relationship is derived betw een composition dependence of ac tiva tion  energies and  possible 
polyion form ation. The suppositions below are  supported by experim ents:

P b O =  P b 2+ +  o 2-  

B 20 3 +  3 O2-  =  2 BOjj- 

F e 20 3 +  3 O 2 -  =  2 FeOjj-

Equilibria are controlled by  oxide-ion ac tiv ity ; a decrease in  O2- ac tiv ity  leads to the 
polym erization of oxianions. This model enables us to suggest as a  general form

3 Y O |-  +  5 F e O r  =  Y 3F e 50 12 +  12 0 2~ 

for th e  surface integration step of YIG.

In tro d u c tio n

In  th e  p a s t few  y e a rs  th e  use o f  P bO -based  h ig h  te m p e ra tu re  solu tions 
has becom e increasing ly  w idesp read . T he m ethod  o f liqu id  p h a se  ep itax y  
(L P E ) [1] h as  becom e an  im p o rta n t p a r t  o f th e  te ch n o lo g y  of m ag n e tic  bubble  
dom ain  based  m ass s to rag e  devices. T h e  e p itax ia l g ro w th  of Y IG -ty p e  m ag­
n e tic  g a rn e ts  on a n o n m ag n e tic  g a lliu m -g ad o lin iu m -g arn e t (GGG) s u b s tra te  tak es  
p lace  in  a supercooled  h igh  te m p e ra tu re  so lu tion . In  m o st of th e  technologies 
th e  defec t-free  su b s tra te  is h o rizo n ta lly  ro ta te d . In  th e  dev e lo p m en t of th e  
tech n o lo g y  th e  im p o rtan ce  of th e  know ledge  of th e  g row th  k in e tic s  becam e 
ra p id ly  clear.

G h e z  an d  G ie s s  [2] p roposed  a  th eo re tica l m odel for th e  g ro w th  ra te  
w hich consists of tw o  s tep s . F irs t, th e  c ry s ta l c o n s titu e n ts  diffuse th ro u g h  the  
b o u n d a ry  lay e r to  th e  ro ta tin g  d isc ; secondly , th e y  ta k e  p a r t  in  a surface 
in te g ra tio n  step  w hich is described as a firs t o rd er chem ical re a c tio n . This 
m odel gives th e  tim e  dependence o f  th e  g row th  r a te  in  th e  fo llow ing  form :

F g(0 = D (cL — Ce)
9'à

1 , 2 ÿ  exp ( — «n D t j ô 2) 1
i  +  я  ä i  +  ä  +  j p « ;  J ’ ( и
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w h e re  <5 is th e  w id th  of the  b o u n d a ry  layer, D is th e  diffusion co n stan t, к  is 
th e  k in e tic  co effic ien t for th e  su rface  reac tio n , R  =  D/(ô, к), q' is th e  d en sity  
o f  th e  c ry s ta l, cL, ce a re  the  rea l a n d  equ ilib rium  co n cen tra tio n s  o f  th e  so lu tion , 
re sp e c tiv e ly , x n-s a re  th e  roo ts o f  th e  eq u a tio n  : t a n  x  -f- R x  =  0. The w id th  
o f  th e  b o u n d a ry  la y e r  is o b ta in ed  fro m  h y d ro d y n am ic  ca lcu la tio n s:

a = 1 . 6  D I/y /V 1/V"1/ï, (2)

w h ere  rj is th e  v isc o s ity , q is th e  d e n s ity  of th e  m e lt, r  is th e  r a te  o f  th e  ro ta tio n .
L e t us see w h ich  m ateria l p a ra m e te rs  a re  in v o lv ed  in  th e  m odel of G h e z  

a n d  G i e s s . T he w id th  of th e  b o u n d a ry  la y e r  depends on D , rj and  q, th e  
g ro w th  process is governed  b y  D , k , q’ and  ce. In  th e  usual k in e tic  ex perim en ts 
rj, q ,  q ’ and  ce a re  supposed  as b e in g  know n fro m  o th e r m easu rem en ts , w hile 
th e  d iffusion  an d  k in e tic  coeffic ien ts  are  d e te rm in ed  as reg ression  p a ram ete rs . 
H o w ev er, these  e s tim a te d  values seem  to  be v a lid  o n ly  w ith  re g a rd  to  th e  o rd er 
o f  m ag n itu d e  [2, 3 ]. I t  was because  o f these u n c e rta in tie s  th a t  th e y  decided to  
a n a ly se  th e  m odel [4]. The m ain  problem s a re  re la te d  to  th e  ch a rac teris tic s  
o f  th e  surface in te g ra tio n  step , to  th e  in fluence o f  th e  h ea t o f  c ry s ta lliza tio n , 
a n d  to  th e  neg lec t o f  convective t r a n s p o r t .  O n th e  o th e r h a n d  th e  s tru c tu re  
a n d  tra n s p o r t  p ro p e rtie s  of th e  m e lt  phase sh o u ld  be s tu d ied .

T he in v e s tig a tio n s  can be d iv id e d  in to  tw o  groups. T he f i r s t  is based  on 
th e  m easu rem en t o f  th e  L P E  g ro w th  k inetics as a fu nc tion  o f  supercooling, 
g ro w th  te m p e ra tu re , ro ta tio n  r a te  a n d  o r ien ta tio n  o f  th e  s u b s tra te  [5, 6]. T he 
re s u lts  give d irec t in fo rm atio n  on  th e  a p p licab ility  of th e  m odel and  on th e  
v a l id i ty  of its  a ssu m p tio n s. T he o th e r  group concerns th e  physico-chem ical 
in v e s tig a tio n  of th e  h ig h  te m p e ra tu re  so lu tion , w h ere  special in te re s t  is d evo ted

cel (resistance temperát Lre

Fig. 1. Block schem e of experim ental setup
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Fig. 2. Earlier m easurem ents in the PbO — B 20 3—F e 20 3 system  [ 8  —10] are characterized by 
m uch higher B 20 3 content th a n  in the L P E  solvent (—►). The compositions investigated  by 

H i r a s h i m a  and Y o s h i d a  [8 ] (o) com pared w ith our measurem ents ( • )

to  th e  d iffusion c o n s ta n ts  of th e  co m p o n en ts , th e  v isco s ity  of th e  m e lt and  to  
th e  so lu te  — so lven t in te rac tio n s .

O ur in v es tig a tio n s  a re  re s tr ic te d  to  th is  second ty p e  of ap p ro ach  and  to  
th e  P b O  — B.,03—F e20 3 te rn a ry  sy s tem .

Electric conductivity m easurem ents

In  o rd er to  describe  th e  L P E  grow th  process in d ep en d en t va lu es  of 
d iffusion  an d  k in e tic  coeffic ien ts a re  needed . T hus th e  question  a rises as to  
th e  re a l fo rm  of th e  c ry s ta l  c o n s titu e n ts  in  th e  m e lt. In  o ther w o rd s: W h at 
ty p e s  o f ionic eq u ilib ria  ex is t in  th e  sy s te m ?  E a rlie r in v estig a tio n s o f P bO  — 
B 20 3—F e20 3 m elts w ere focussed on th e  B 20 3 r ic h  glass fo rm in g  region. 
T he L P E  so lven t c o n ta in s  PbO  as i ts  m ain  com ponen t an d  n o t m ore  th a n  20 
m o l%  o f th e  o th e r tw o  oxides.

Experim ental

T he ex p e rim en ta l se tu p  (F ig . 1) is based  on th e  AC v o ltag e -d ro p  
m eth o d . T he c o n s ta n t c u rre n t d r iv e n  b y  a cu rren t g en e ra to r  has 1 m A  am pli­
tu d e  a n d  1 kH z freq u en cy  (it w as ea rlie r verified  t h a t  th is  freq u en cy  is high 
enough  to  avoid  th e  effects of e lec tro d e  po la riza tio n ). The v o ltag e -d ro p  is 
m easu red  b y  a lock-in  am plifier w ith  p o te n tia l w ires lead ing  d ire c tly  to  the  
e lec trodes. Two special req u irem en ts  w ere ta k e n  in to  aco u n t in  th e  cell con-
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s tru c tio n :  th e  e x tre m e ly  s trong  corrosiveness a n d  th e  re la tiv e ly  h igh  co n d u cti­
v i ty  o f th e  lead  ox id e . F req u en cy  an d  g eo m etrica l c h a rac te ris tic s  of th e  cell 
w ere  also in v e s tig a te d  and o p tim ized .

F ig . 2 show s th e  com position  range  of ea rlie r  m easu rem en ts  in  th e  system  
[ 7 - 9 ]  com pared  w ith  ours. T h e  re su lt o f H i r a s h i m a  an d  Y o s h i d a  [7—9 ]  

re la te  to  glass te ch n o lo g y , th e re fo re  th e ir  com positions are on th e  B 20 3 rich  side.

Fig. 3. T em perature  dependence o f electric conductiv ity  in PbO —F e 20 3 systems

Fig. 4. Tem perature dependence of electric conductivity in (94 — *)% PbO — 6 % B 20 3 — x%  
F e 20 3 system . The slope of th e  curve of 15% F e 20 3 is not constan t.
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Fig. 5. Tem perature dependence of electric conductiv ity  in (90 -  x)°/0 PbO — 10% B 20 3 — 
x%  F e 20 3 systems. In  system s containing F e 20 3 th e  slopes of the curves are no t constan t.

T he te m p e ra tu re  dependence of specific  co n d u c tiv itie s  on d iffe ren t com ­
p o sitions is show n in F igs. 3, 4 and  5 in  A rrh en iu s-ty p e  p lo ts. A c tiv a tio n  
energies (Figs. 6 and  7) are  w orked  o u t b y  lin ea r reg ression . I t  can  e a s ily  be 
seen th a t  th e  slope of th e  curves a t h igh  F e20 3 co n ten t is n o t c o n s ta n t. This 
is p ro b ab ly  due to  th e  dev ia tio n s described  b y  A n g e l l  [10] b u t, in th e  absence 
o f  a p p ro p ria te  glass tra n s it io n  te m p e ra tu re s , we w ere n o t  able to  u se  his 
a p p ro x im a tio n .

Discussion

T h e in te rp re ta t io n  o f su ch  m easu rem en ts  is u su a lly  m ade in a q u a l i ta ­
t iv e  w ay , a lth o u g h  th e re  is a re la tio n  b e tw een  th e  size o f  ions r, a n d  th e  
e q u iv a le n t co n d u c tan ce  A . L e t us co m b in e  th e  S to k es E in ste in  a n d  th e  
N e rn s t eq u a tio n s :

Л  = F 2 y  Zi*,
3 N n V i r j ’

(3)

w here  N  is th e  A vogadro  n u m b er, F  is th e  F a ra d a y  c o n s ta n t, z, is th e  charge , 
r, is th e  rad iu s , x t is th e  m o lar ra tio  o f th e  i- th  ion. T h is  fo rm ula o f  course 
inc ludes th e  a p p ro x im a tio n s  app lied  in  th e  d eriv a tio n  o f th e  S tokes— E in s te in  
an d  N e rn s t eq u a tio n s. H ow ever, i t  is su ita b le  as a m eans o f  exp la in ing  th e  effect 
o f  chang ing  th e  com position . T he ap p ea ran ce  of new co m p o n en ts  has a d irec t 
in flu en ce  b y  a lte rin g  th e  J ?  z ^ i / r ,  sum  a n d  an  in d irec t e ffec t b y  ch an g in g  th e  
v iscosity . '
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Fig. 6. Composition derivative of ac tiva tion  energies as a function of composition in  PbO  — 
B 20 3 ------ an d  P bO —Fe20 3 -------systems. The “ peaks”  are due to  polyion form ation

Fig. 7. Composition dependence of Е л  in the te rn a ry  system. E qui-ac tivation  energy curves 
are indicated by  dashed  lines. The values are in  k j/m o le . The com position indicated b y  a

circle is due to the L P E  solvent

In  th e  case  o f  polyion fo rm a tio n  w hen re(- i-ions give rij jf-ions th e  ch an g e  
in  th e  e q u iv a le n t c o n d u c tiv ity  is:

. Щ дЛ
a —— +  V —

дх,- дх,-

F 2n iz i [ 1 1
Ж л

(4)

w h ere  ri jZj =  n i z i is involved  because  of c h a rg e  co n serv a tio n . This e q u a tio n , 
in  p rincip le , g iv es  th e  o p p o r tu n ity  to  m ake a rough  e s tim a tio n  of th e  p o ly io n  
size from  A (x t). rj(x ,) d a ta , b u t  q u a n ti ta t iv e  v a lu e s  have no  re a l  significance b e ­
cau se  of th e  ap p ro x im a tio n s . T a k in g  in to  a c c o u n t th e  A rrh en iu s  ty p e  b e h a v io u r 
o f  th e  tr a n s p o r t  coefficients, one can  o b ta in

8 In ( % Л )4 E V -  E a)
dxi 21

z .x . dXj
( 5)
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•where E A, E n a re  th e  a c tiv a tio n  energies, Л 0, rjn are th e  p re -ex p o n en tia l fa c ­
to rs . T hus th e  re la tio n  b e tw een  th e  com position  dependence  of a c tiv a tio n  
energies an d  th e  size o f po ly ions becom es ev id en t. In  a ro u g h  ap p ro x im atio n  
one can n eg lec t th e  te rm  co n ta in in g  th e  p re -ex p o n en tia ls  an d  th e  effects o f 
th e  v isco sity  d ev ia tio n . In  F ig . 6 th e  com position  d ependence  of д Е л /д хог-  
is show n fo r th e  P bO  — B 20 3 an d  PbO  — F e 20 3 b in a ry  sy s tem s accord ing  to  
our own an d  o th e r  [11] m easu rem en ts . In  th e  PbO  — B 20 3 system  th e re  a re  
tw o  com position  ranges w here  s tru c tu re  changes m ay  occu r, viz. b e tw een  
35 and  80 m o l%  PbO  an d  betw een  0 an d  10 m ol%  P bO . In  th e  c o n te x t o f 
E q . (4) i t  m ean s th a t  one can  ex p ec t polyion fo rm atio n  in  th e se  regions. F o llo w ­
ing  th e  assu m p tio n s of B o c k r is  [11 ] th e  f ir s t  range  is due to  a chain-like p o ly ­
b o ra te  an ion  fo rm a tio n  w hereas a t  th e  B 20 3 rich  end a p o ly ion  ne tw ork  fo r­
m atio n  ta k e s  p lace.

P u re  le ad  oxide in  th e  m e lt phase is assu m ed  to  be in  a com pletely  d isso ­
c ia ted  form . T h is is in  acco rdance  w ith  th e  h igh  values o f i t s  specific c o n d u c ti­
v ity . T he q u es tio n  is w h e th e r or n o t free e lec tro n s or holes ta k e  p a r t  in  co n ­
d u c tio n . In  o th e r  w ords: Is  th e  lead  oxide a liq u id  sem ico n d u c to r?  A lth o u g h  
lead  chalcogenides beh av e  as sem iconducto rs in  th e  m elt p h a se  too  [12]; co n ­
d u c tiv ity  d e te rm in a tio n s  of P bO  in  th e  reg ion  o f its  phase tra n s it io n  su p p o rte d  
th e  idea of ion ic  co n d u c tio n . So th e  eq u ilib riu m :

P bO  ;± РЬ2+ +  О2"  (6)

is m oved a lm o st com plete ly  to  th e  rig h t h a n d  side.
The P bO  — B 20 3 sy stem  has been in v e s tig a te d  over th e  w hole co m p o si­

tio n  range. E le c tr ic a l co n d u c tiv ity  m easu rem en ts  [11, 13, 14], E M F [15, 16] 
an d  ca lo rim etric  [17] in v es tig a tio n s  verify  t h a t  w ith  a v a lu e  of less th a n  20 
m o l%  B 20 3 c o n te n t, th e  0 2~ ions — p ro d u ced  b y  co m p le te  d issociation  o f 
PbO  — form  m onom er an ions w ith  th e  B 20 3 in  an ac id -b ase  eq u ilib riu m . 
T he possible an ions are  B 0 3™ an d  perh ap s B O ^ .  In  our ra n g e  o f in te re s t th e  
B 20 3 c o n te n t is lesss th a n  10 m o l% , th u s

B 20 3 +  3 O2-  ^  2 B O ^-. (7)

The a c tiv a tio n  en erg y  of co n d u c tiv ity  in  PbO  — F e 20 3 system s does 
n o t v a ry  w ith  th e  com position  up  to  15 m o l%  F e20 3 (see F ig . 6). This m a k e s  
i t  p robab le  t h a t  F e20 3 does n o t  form  po ly ions. H ow ever, a decrease in  c o n d u c ­
t iv i ty  w ith  in c reasin g  F e20 3 c o n te n t in  F ig . 2 should  in  th e  sp irit of E q . (3) 
be re la ted  to  th e  decrease in  th e  n u m b er o f  O2 - ions a n d  to  th e  ap p ea ran ce  
of la rger io n s, re sp ec tiv e ly . So F e20 3 seem s to  tak e  p a r t  in  th e  ac id -base  
reac tio n :

F e 20 3 +  3 0 2~ ;± 2 F eO |~  (8)

an d  to  form  th e  F e 0 3~ ox ian ion . The p resence  of F eO | ion s is su p p o rted  b y  
th e  fa c t th a t  Y F e 0 3 sep a ra te s  a t  m uch low er supercooling fro m  th e  m elt.

STRUCTURE OF PbO— B20 3— Fe30 3 MELTS
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A c tiv a tio n  energies fo r  th e  te rn a ry  system  are show n in Fig. 7 in  th e  
fo rm  of e q u i-a c tiv a tio n  en e rg y  lines. In  th e  so lven t reg ion  th e  lines go a lm o st 
p a ra lle l w ith  th e  s tra ig h t lines of c o n s ta n t PbO  c o n te n t. T his refers to  th e  
concep t t h a t  B 20 3 and  F e 20 3 decrease th e  co n d u c tiv ity  o f  PbO  in a s im ila r 
w ay . O ne ca n  m en tion  a sh a rp  increase  in  a c tiv a tio n  energies ab o v e  L P E  
so lven t co m position  th a t  is p ro b ab ly  d u e  to  polyion fo rm a tio n .

U sing  th is  ox ian ion  m odel one can  suggest a sim ilar m echanism  fo r Y 20 3 
so lv a tio n  in  th e  form  o f Y O ^-  ions. T he h y p o th es is  is in  good ag reem en t w ith  
e le c tro c ry s ta lliz a tio n  e x p e rim e n ts  [18].

A n o th e r  prob lem  is th e  geom etry  o f  oxianions. T h e  valence e lec tro n  
p a ir  rep u ls io n  th e o ry  gives tw o  versions: tr ig o n a l-p la n a r  a n d  tr ig o n a l-p y ra m i­
d a l c o n fig u ra tio n s  [19]. To f in d  th e  rea l g eo m etry  is fa r  fro m  our p re se n t p o s­
sib ilities.

T he o x ian ion  m odel h a s  some consequences for th e  n a tu re  of th e  surface 
in te g ra tio n  s te p , too . To u n d e rs ta n d  th e  ro le  of th is  re a c tio n  le t us com pare  
th e  co o rd in a tio n  of m e ta l a to m s in  th e  m e lt and  in  th e  c ry s ta l. The supposed  
tr ig o n a l-p la n a r  or tr ig o n a l-p y ra m id a l g eo m etry  of th e  oxianions in  th e  
m e lt d iffer su b s ta n tia lly  fro m  th e  o c ta h e d ra l coo rd in a tio n  o f m etallic  ions in 
th e  g a rn e t c ry s ta l — as is k n o w n  from  X -ra y  d iffrac tio n  m easu rem en ts . T his 
m eans t h a t  th e  to rs io n  o f b o n d  angles d u rin g  th e  in te g ra tio n  is u n av o id ab le . 
T he fo rm al eq u a tio n  p resc rib es  bond  b re a k in g , too :

3 Y 0 33-  +  5 F e 0 3~ =  Y 3F e 50 12 +  12 O2“ . (9)

T h is e q u a tio n  does n o t, o f  course, co rresp o n d  to  th e  re a l m echanism  because 
o f th e  low  p ro b a b ility  o f coex istence o f th e  large n u m b e r o f negative  ions a t 
th e  sam e p lace . H ow ever, i t  is useful to  d ra w  a tte n tio n  to  th e  problem  o f O2- 
a c c u m u la tio n  an d  to  its  t ra n s p o r t  from  th e  surface.
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INDUCED STRIATIONS IN LPE GARNET LAYERS

By

P . G Ö R N E R T  and S. B O R N M A N H

CENTRAL INSTITUTE OF SOLID STATE PHYSICS AND MATERIAL SCIENCES 
ACADEMY OF SCIENCES OF GDR, 69 JENA, GDR

A t a given chemical composition of a solution the composition of the deposited m aterial 
depends on the growth ra te . Therefore well defined changes of the grow th rate can be used to 
prepare single crystals or L P E  layers w ith defined changes of the composition. In  the  case of 
garnet single crystals the grow th rate  has been m odulated by the varia tion  of the undercooling 
to generate induced striations, which are a tool in investigating and  optimizing the grow th 
process in  high tem perature solutions. D uring th e  course of liquid phase epitaxy experim ents 
(L PE ) of garnets the variations of the grow th ra te  were produced by  changing the ro ta tion  
rate  to  generate a layered structure. By m easuring the thickness of the layers optically  one 
gets the dependences of th e  grow th rate  as a function  of the tim e, ro ta tion  rate, and  u nder­
cooling b y  one experim ent w ith  one substrate in  each case.

B ased  on th e  w o rk  o f L e v i n s t e i n  e t al [1] an d  G i e s s  e t al [2] th e  
iso th e rm a l L P E  d ip p ing  m eth o d  w ith  ax ia l su b s tra te  ro ta t io n  p lays th e  d o m i­
n a n t  ro le  in  grow ing e p ita x ia l g a rn e t film s on n o n m ag n e tic  su b s tra te s  for 
ap p lica tio n s in  th e  m icrow ave and  m em o ry  tech n iq u e . B esides th is  te ch n ica l 
im p o rtan ce , th e  sam e techno logy  is ex ce llen tly  su itab le  fo r stu d y in g  b o th  th e  
e le m e n ta ry  processes in  th e  course o f c ry s ta l  g row th  an d  th e  re la tio n  b e tw een  
c ry s ta l g ro w th , th e  re a l s tru c tu re , a n d  p ro p erties .

In  th is  pap er th e  possib ility  w ill be  show n of m easu rin g  of th e  g row th  
ra te  econom ically  an d  e x a c tly  on th e  b asis  o f induced  s tr ia tio n s  in  ep ilay e rs , 
th e  g ro w th  ra te  being one o f th e  m o st im p o r ta n t p a ra m e te rs  of all p rob lem s 
linked  w ith  c ry sta l g ro w th .

U sing  th e  d iffusion  b o u n d a ry  la y e r  ap p ro x im a tio n  th e  s te a d y  s ta te  
g row th  r a te  v in  th e  so lv en t-so lu te  b in a ry  system  is g iven fo r d ilu ted  so lu tio n s by

deff
D

D
v — —  

cs

re p re se n ts  th e  in te g ra l re s is tiv ity

deft _  d 1
D  D  к

( 1 )

( 2 )

w hich c o n ta in s  th e  t r a n s p o r t  (Ô/D) su ch  as convection , d iffusion  and  in te rfa c ia l 
processes ( l /к) such as deso lvation , a d so rp tio n , su rface  diffusion, in c o rp o ra ­
tion . T h e  m eaning  o f sym bo ls is ex p la in ed  in  th e  lis t a t  th e  end of th e  te x t .

T h e  so-called d iffusion  b o u n d a ry  la y e r  th ick n es ô (see Fig. 1) is p ro p o r­
tio n a l to  th e  neg a tiv e  sq u are  roo t o f  th e  ro ta tio n  ra te  (Ô ~  r~112) acco rd ing
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X ' = X + v t

F i g .  1. The solute concentration c in front of the growing interface ( x  >  0) and in the solid
state (x  <  0)

to  L e v ic h  [3] a n d  B u r t o n  e t  al [4]. T h e  k in e tic  coeffic ien t к  is defined  b y  
m ass co n se rv a tio n  (see F ig . 1)

D  =  Ц с, -  ce) . (3)
о

The co m p o sitio n  of th e  solid s ta te  is g iven  b y  th e  com position  o f so lu te  
a n d  by  th e  g ro w th  ra te . A t c o n s ta n t so lu te  com position  v a ria tio n s  of th e  
g ro w th  ra te  ca n  b e  acco u n ted  fo r accord ing  to  E q s. (1) an d  (2) b y  
(i) changes o f  th e  effective d riv in g  force (cL — ce)

(ii) changes o f  th e  h y d ro d y n a m ic a l co n d itions o r, s tr ic tly  sp eak in g , v a ria tio n s  
o f th e  ro ta t io n  ra te  in  th e  case of L P E  film s.

F o r  ideal so lu tio n s  th e  re la tio n  be tw een  th e  d riv in g  force exp ressed  in  co n cen t­
ra tio n s  (cL — ce) =  zlc an d  in  te m p e ra tu re s  (T L — T e) =  ZlT is defined  b y  
th e  so lu b ility  c u rv e  in  th e  m a th e m a tic a l fo rm

A c = ^ - Â T ,  (4)
R T 2

w here  Ф is th e  ac tiv a tio n  en e rg y  of so lu tion . E q . (4) is w ell fu lfilled  in  h igh  
te m p e ra tu re  so lu tio n s for th e  g ro w th  of g a rn e ts . Ф is th e  sum  of th e  b in d in g  
energy  of g ro w th  u n its  an d  th e  in te ra c tio n  en erg y  of so lu te  w ith  so lven t m ole­
cules.

In  th e  case  o f g a rn e t single c ry s ta ls  g row n b y  th e  slow cooling m eth o d  
q u ick  v a r ia tio n s  o f th e  g ro w th  te m p e ra tu re  re su lt in  v a ria tio n s  of th e  g a rn e t 
com position  w h ich  were rev ea led  on c ry s ta l slices by  chem ical e tch in g  an d  
called  in d u ced  s tr ia tio n s . T h e  schem e o f th e  ex p e rim en ta l a rra n g e m en t of our 
slow cooling ex p e rim en ts  w ith  th e  induced  s tr ia tio n  g en e ra to r (p rog ram m er 2) 
is show n in F ig . 2. W ith  th e  help  o f th ese  in d u ced  s tr ia tio n s  as p resen ted  in
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temperature controller set
I-----------------------------------------------------1

Fig. 2. Scheme of the experim ental arrangem ent for crystal growth experim ents by slow cooling

Г
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IV
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3W  min 315 min 2Ю min
----------------------- r ------ — H

6K -ШК jum ps

Fig. 3. Cooling program  and induced striations in  a Ga substitu ted  Y IG  single crystal (optical 
m icrograph of a chemically etched slice)
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c tip in pull out
Fig. 4. Substra te  ro ta tion  rate  r versus tim e t and induced striations in  a (YSm)3(FeGa)50 12 

epilayer on {111} GGG (optical micrograph, chemically etched); supercooling
A T =  (18 ±  1.5) К

Fig. 5. G rowth ra te  v* normalized to  1 К  undercooling of (YSm)3(FeG a)50 12 films (X )  and  
o f a m ultilayer ( • )  grown on {111} GGG as function  of the square roo t of the ro ta tio n

rate  r 1/2
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Fig. 6. T em perature T  of the high tem perature solution, rotation ra te  r of the substra te , and 
growth ra te  v of a m ultilayer as function of tim e t 

T L: liquidus tem perature; r =  0 rp m  corresponds to  r eff =  5 rpm  given b y  therm al convection .

Fig. 3 we h av e  in v es tig a ted  q u a n tita tiv e ly  th e  grow th p rocesses d u ring  g a rn e t 
single c ry s ta l g row th  [5, 6 ]. A  review  [7] w ill be p u b lish ed  elsewhere.

In  th e  case of g a rn e t ep ilayers in d u c e d  s tria tio n s  as show n in  F ig . 4 
w ere g en e ra ted  b y  quick changes of th e  ro ta t io n  ra te  [8]. T he a d v a n ta g e  of 
th is  m eth o d  is th a t  th e  tra n s ie n t  tim e  for chan g es of th e  ro ta t io n  ra te  as w ell as 
fo r th e  fo rm a tio n  of th e  d iffusion  b o u n d a ry  layer

Ô2

D y 2
(5)

is in  th e  ra n g e  o f seconds w h ich  was ex p e rim en ta lly  co n firm ed  b y  D a v ie s  
e t  al [9]. U sing ty p ic a l va lu es  ô 3 • 1 0 -3 cm fo r r  =  150 rp m  an d
D  =  2 • 10 6 cm 2/s we get r t ^  0.5 s fo r у  =  л -  у is e q u a l to  л  for v e ry  large  
k in e tic  coeffic ien ts (к —*■ o o )  a n d  jr/2 for v e r y  large ro ta tio n  ra te s  (r —► o o  ) [Ю ].
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T h e  re la x a tio n  tim e  for so lu te  ex h au stio n  [5]

r 2 ( 6 )

is in  th e  ra n g e  o f some h o u rs . F o r ty p ic a l  values ôeüjD  ^  1.5 • 103 s /cm , 
V  =  70 cm 3, a n d  F  =  2 cm 2 w e ge t T2 ^  15 h . T h a t is w h y  th e  grow th r a te  of 
L P E  film s fo r  a to m ic  rough  in te rfaces , as {111} in  the g a rn e t system , is n e a r ly  
c o n s ta n t fo r d ip p in g  tim es ^  30 m in if  th e  g ro w th  te m p e ra tu re  does n o t v a ry  
re m a rk a b ly .

U sing a ro ta t io n  p ro g ra m  w ith  d iffe re n t ro ta tio n  ra te s  sep a ra ted  b y  
in d u ced  s tr ia tio n s  we m easu re  th e  g row th  r a te  as a fu n c tio n  of the  ro ta t io n  
r a te  b y  one e x p e rim en t w ith  one su b s tra te  (see Fig. 5).

I f  we co m b in e  the  L P E  d ipping  te c h n iq u e  w ith  a cooling one [11] as 
p re se n te d  in  F ig . 6 E q . (1) c a n  be  w ritten  as

V =  C A T =  Cbt, ( ? )

w h ere  b is a c o n s ta n t  cooling r a te  and t is t im e . The la y e r  th ickness w h ich  is 
m a rk e d  b y  in d u c e d  s tr ia tio n s  is

/» =  « - ,  (8)
2

Fig. 7. Layer th ickness h measured by  induced stria tions as a function  of time square t2 for 
1 (X ) (YSmCa)3(FeG e)50 12 and 2 (©) (YSm)3(FeGa)50 12 garnet on {111} GGG substra tes; 

cooling rate b =  0.34 K jmin (1) and  0.45 K/min (2)
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Fig. 8. The surface k inetic coefficient к  of vicinal faces of {111} as a function of th e  vicinal 
angle a for tw o (YSm)3(FeGa)50 12 samples

as show n in  F ig . 7. F ro m  th e  slope of th e  h(t2) cu rves we ca lcu la te  C an d  th u s  
re la tio n  b e tw een  g ro w th  ra te  a n d  undercoo ling .

K now ing  C we get th e  in te g ra l re s is tiv ity  <5e({l/D . In  th e  case o f g a rn e t 
s u b s tra te s  o rien ted  in  {111} th e  k in e tic  coeffic ien t is in  th e  o rder o f  1 0 -2 cm /s 
an d  th e  in te g ra l re s is tiv ity  is e q u a l to  th e  re s is tiv ity  of m ass tra n s p o r t  (óef(/I) =  
=  d/D ) as is show n b y  th e  lin ea r dependence of th e  g row th  ra te  on th e  square  
ro o t o f th e  ro ta t io n  ra te  in  F ig . 5.

B y  fu r th e r  ex p erim en ts  w ith  o th e r o rie n ta tio n s  as e.g. v ic in a l faces of 
{110} in  th e  g a rn e t system  we h av e  m easu red  k in e tic  coeffic ien ts [12, 13] 
p lo tte d  in  Fig. 8. T hese m easu rem en ts  fo rm  th e  basis  fo r s tu d y in g  e lem en ta ry  
re a c tio n s  of th e  in te rface  w hich is th e  aim  of o u r w ork .

L ist o f symbols

b constan t cooling ra te  
C param eter defined by Eqs. (1) and (4) 
ce equilibrium concentration  of solute (g/cm3)
Cj interfacial concentration  of solute (g/cm3)
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Cl  b u lk  liquid concentration  of solute (g/cm 3)
C5  solid sta te  concentration  of solute; m ass density (g/cm 3)
D  diffusion coefficient of solute
F  surface of the su b s tra te
h epilayer thickness
fc k inetic  coefficient
r  ro ta tio n  ra te  (rpm )
R  gas constant
t tim e
T  tem perature  (K )
A T  undercooling (K )
V grow th rate
V  volum e of the solution
x  m oving space coordinate
x '  nonm oving space coordinate
y  angle characterizing transport and  in terfacial processes 
ô diffusion boundary  layer thickness
<5eff effective diffusion boundary  layer thickness
Ф ac tiva tion  energy of solution
Tl re laxation  tim e fo r th e  formation o f th e  diffusion boundary  layer
T , re laxation  tim e fo r solute exhaustion
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CZOCHRALSKI-TYPE CRYSTAL GROWTH SYSTEM 
DEVELOPED AT THE CENTRAL RESEARCH  

INSTITUTE FOR PHYSICS

By

F . T o b is c h

TECHNICAL DEPARTMENT, CENTRAL RESEARCH INSTITUTE FOR PHYSICS, HUNGARIAN ACADEMY 
OF SCIENCES, BUDAPEST, HUNGARY

A n equipm ent for Czochralski-type crystal grow th has been bu ilt in  order to  produce 
the basic m aterial of bubble domain m em ory research carried o u t in  th e  C entral Research 
In s titu te  fo r Physics.

The main technical d a ta , construction of the different u n its  and their functions are 
reported  from  the po in t of view of engineering.

M ono cry sta l su b s tra te s  of v a rio u s  sizes are  n eed ed  as basic  m a te r ia l  for 
th e  b u b b le  dom ain  m em ory  re sea rch  in  progress a t  th e  C en tra l R esearch  
In s t i tu te  for P hysics. A techno log ica l base fo r th e  p ro d u c tio n  of su ch  su b ­
s tra te s  h a s  been  e la b o ra te d  a t  th e  I n s t i tu te .

T h e  su b s tra te s  a re  m ade from  th e  slices of m o n o c ry s ta l rods. T h e  c ry s ta l 
rods a re  p roduced  b y  C zochra lsk i-type  c ry s ta l pu lling  [1 —2].

A n  eq u ip m en t (M alvern  Co.) h a d  been  p u rch ased  b y  th e  I n s t i tu te  to  be 
used  fo r  th e  ro u tin e  g ro w th  of c ry s ta ls  l ' ' x 4 "  in  size.

A s th e  n e x t s tep  c ry s ta ls  o f 2 "  in  d iam ete r h a d  to  be  grow n, w hich 
req u ired  a la rger eq u ip m en t.

T h ree  w ays could  be considered  in  o rd er to  acq u ire  th e  la rg e r e q u ip m e n t:
— to  b u y  th e  com plete  sy stem
— to  b u y  on ly  som e u n its  a n d  to  develop an d  b u ild  th e  re s t
— to  b u ild  loca lly  th e  co m p le te  eq u ip m en t.
O u r own c a p a c ity  fo r d ev e lo p m en t an d  bu ild ing  p ro v e d  to  be  in su ffic ien t 

for th e  in s ta lla tio n  o f th e  com plete  e q u ip m e n t. T hus, i t  w as decided  t h a t  some 
u n its  w ould  be p u rch ased , w hile th e  assem bly  and  th e  in c o rp o ra tio n  o f  o th e r 
re q u ire d  e lem ents w ould  be ca rried  o u t a t  th e  I n s t i tu te .

T h e  e q u ip m en t consists  of th e  fo llow ing m ain  u n its  (F ig . 1).

1. M echan ical u n it  — th e  d riv in g  m echan ism  to  p ro v id e  fo r th e  m o v em en ts
needed  fo r g ro w th

2. W o rk  ch am b er — to  p rov ide  fo r  th e  a tm o sp h eric  co n d itio n s o f  g ro w th
3. B a lan ce  ch am b er — to  house th e  b a lan ce  w eighing  th e  c rucib le
4. M echan ical fram e  — to  ho ld  to g e th e r  th e  d iffe ren t u n its

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



228 F. TOBISCH

coo li ng  w a t e r  
p o w e r  s u p p l i e s  A.C. 50 H z  
1 0 k H z  c o n n e c t i o n  
c a b l e s  of c o n t r o l  s y s t e m  
v a c u u m  p i p e s

1. M e ch a n ic a l  un i t
2 .  W ork  c h a m b e r
3. B a l a n c e  c h a m b e r  

Mechanical  f r a m e
5. Vacuum s y s t e m

MF g e n e r a t o r
C o n t r o l  a n d  switching  unit

Fig. 1

5. V acu u m  sy stem  — to  p ro v id e  fo r v acu u m , i f  req u ired
6. G en e ra to r — to  p ro v id e  fo r th e  g ro w th  te m p e ra tu re
7. C on tro l an d  sw itc h in g  u n it  — to  reg u la te  a n d  p ro te c t th e  process of g row th .

T he u n its  a re  co n n ec ted  b y  pow er a n d  low  pow er cab les, an d  b y  w a te r  
a n d  a ir  c o n d u c tin g  p ipes.

T h e  e q u ip m e n t is su ita b le  fo r  pu lling  C zo ch ra lsk i-ty p e  2 "  d iam e te r 1 2 "  
lo n g  single c ry s ta l-b u ll, in  v a c u u m  or p ro te c tiv e  gas a tm o sp h ere .

T h e  o p e ra tio n a l co n d itio n s a re  th e  fo llow ing:

pow er su p p ly
cooling w a te r
h e a tin g  w a te r
co m p ressed  a ir
p re ssu re  free  w a te r  o u tflo w

3 X 380/220 V m ax . 50 kW , 50 H z
m ax . 50 litre /m in  25 °C
m in . 5 litre /m in  60 °C
m ax . 5 litre /m in  30 °C 6 • 105 P a

F ig . 2 show s th e  assem bled  eq u ip m en t. T h e  g en e ra to r , th e  m echan ical 
u n i t  an d  th e  e lec tro n ic  ba lan ce  w ere acq u ired  co m m erc ia lly  w hile  th e  re s t w as 
b u i l t  in  our w o rk sh o p .
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D esc rip tio n  o f  som e o f th e  u n its :

M echanical un it

F ig . 3 show s th e  m ech an ica l u n it. I t  w as b o ugh t a lo n g  w ith  th e  co n tro lle r 
from  th e  L e y b o ld —H eraeu s  K G . (F R G ). A ccord ing  to  th e  C zochralski 
sy s tem  th e  pu lling  rod  ro ta te s  and  m oves in  th e  ax ia l d irec tion . I t  is w ate r- 
cooled an d  20 m m  in  d iam e te r . I t  can  m o v e  300 m m  in  th e  d irec tio n  o f  pull, 
a t  a speed  w hich  can  b e  se t co n tin u o u sly  fro m  0.2 to  100 m m /hour. T h e  ro ta ­
t io n a l speed  is also c o n tin u o u s ly  v a riab le  fro m  0.2 to  125 rp m . B o th  m o v em en ts  
a re  e lec tro n ica lly  co n tro lled  to  an  accu racy  o f + 0 .5 % . T h e  fa s t speed  can  be 
ra ised  from  50 to  30 000 m m /h o u r. M anual con tro l is n o t  p rov ided  fo r.

W ork chamber

I t  is a doub le-w alled , w ater-coo led , h o rizo n ta lly  p o sitioned  cy lin d rica l 
vessel. I t s  f ro n t lid  can  be  opened . I t  h a s  6 n o n -w ater-co o led  jo in ts , 4 o f  40 m m , 
an d  2 of 10 m m  in  d ia m e te r  as w ell as 4 doub le-w alled  m a in  flanges. T h e  u p p er 
flan g e  can  be co n n ec ted  to  th e  m echan ica l u n it  w hile th e  low er one, w h ich  is 
co n n ec ted  th ro u g h  an  a d a p te r  to  th e  b a la n c e  cham ber, serves also fo r s u p p o r t­
ing  th e  vessel. T he 200 m m  d iam ete r flan g es on th e  r ig h t  an d  on th e  le f t  side 
can  be  co nnec ted  to  th e  v a cu u m  pum p a n d  th e  pow er su p p ly , re sp ec tiv e ly . The 
w ater-coo led  co n n ec to r to  th e  pow er su p p ly  is of specia l design for th e  elim i-

F ig. 2
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Fig. 3

n a t io n  of d rif t c u r re n t  losses. T h e  cham ber can  be  observed  th ro u g h  2 cooled , 
sh ie ld e d  w indow s w ith  po larizers.

T h e  lid  is p ro v id e d  w ith  q u ic k  locks, th e  ch am b er w ith  a spring sa fe ty  
v a lv e  w hich a c ts  as a  safe ty  v a lv e  fo r  g row th  u n d e r  ov erp ressu re  an d  as m a n u ­
a lly  o p e ra ted  a ir  in le t  valve in  th e  case of o p e ra tio n  u n d e r v a c u u m  p ressu re .

D im ensions : in side  d ia m e te r  490 m m , o u ts id e  d iam e te r 560 m m , w id th  
900 m m , d e p th  ( len g th ) 850 m m , h e ig h t 1060 m m , m ass (e m p ty ) ab t. 300 kg .

B alance  chamber

A  sta in less s te e l vacuum  c h a m b e r is p ro v id e d  fo r th e  b a la n c e . The b a lan ce  
c a n  b e  sh ifted  in  th e  x , y  d irec tio n s  b y  + 5  m m  a n d  set in  th e  ax ia l d irec tio n s 
o f  th e  pu lling  ro d  to  an  accu racy  o f  1/100 m m . T h e  w eight can  b e  read  th ro u g h
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a large-sized  w indow . T he h e a t  g en era ted  in  th e  b a lance  ch am b er is d iss ip a te d  
b y  a s e p a ra te  cooling c irc u it. T he f ro n t  an d  re a r  lids o f  th e  ch am b er can  be 
opened  b y  q u ick  closing c lam p s. T he e lec trica l leads a re  in tro d u c e d  in to  th e  
ch am b er th ro u g h  3 c u rre n t le a d th ro u g h  w ith  21 poles.

D im ensions: w id th  450  m m , le n g th  900 m m , h e ig h t 360 m m , m ass a b t. 
50 kg.

T he c rucib le  w ith  th e  m e lt is w eighed  b y  a M e ttle r P 15  ty p e  e lec tro n ic  
d ig ita l b a lan ce  to  an a c c u ra cy  o f 10“ 3 N  u p  to  150 N . T h e  o u tp u t signal o f  th e  
balance  is fed  to  th e  c o m p u te r  w hich co n tro ls  th e  g ro w th .

M echanical fra m e

I t  ho lds th e  m ech an ica l u n it, th e  w ork  ch am b er, th e  v acu u m  sy stem , 
th e  b a lan ce  ch am b er an d  th e  w a te r  d is tr ib u to r  m ain  in  a fix ed  rig id  p o sitio n . 
M oreover, i t  absorbs th e  v ib ra tio n s  o f th e  c ry s ta l p u lle r. I t  consists  o f  an 
a n g u la r  b ase  w ith  a screw ed-on  tu b u la r  co lum n to  w h ich  th e  m ovab le  ta b le  
an d  th e  consol su p p o rtin g  th e  m ech an ica l u n it  can  be f ix e d . T he b ase  fram e  
can  be m o v ed  on 4 ro llers o r p ro p p ed  u p  on low ered s ta n d s . T he m ech an ica l 
fram e  is o f  a  w elded c o n s tru c tio n , b u ilt  w ith  reg ard  to  a d e q u a te  load  c a p a c ity  
an d  to  a b so rp tio n  of v ib ra tio n s .

H e ig h t an d  position  o f  th e  w ork  ch am b er, th e  m echan ica l u n it  a n d  th e  
b a lan ce  ch am b er can be se t a t  will.

D im ensions: w id th  1350 m m , le n g th  1350 m m , h e ig h t 2500 m m , m ass 
a b t. 800 kg.

V acuum  system

I t  is a sy stem  of 200 m m  in  n o m in a l d iam e te r su ita b le  fo r th e  g en era tio n  
o f low  a n d  h ig h  v acuum . T h e  fo rev acu u m  is p roduced  b y  a ro ta tio n a l fo re ­
v acu u m  p u m p , th e  high v a c u u m  b y  w a te r  cooled-, a n d  liq u id  N 2 t r a p s  and  
b y  oil d iffusion  pum p. T he sy s tem  co n ta in s , in  ad d itio n , e lec tro m ag n etic  va lv es  
(2 o f 40 m m  in  d iam eter a n d  1 of 10 m m  in  d iam eter) a n d  a 200 m m  d ia m e te r  
e lec tro p n eu m atic  valve p ro te c te d  from  ra d ia tiv e  h ea t b y  a  w ate r-coo led  screen .

The v acu u m  system  is co n tro lled  fro m  a special c o n tro l pan e l w hile  th e  
v a cu u m  is be in g  m easured  b y  use  o f a T u n g sram  (H u n g a ry ) p ro d u c t P ira n i 
an d  P e n n in g -ty p e  in ts ru m e n t.

T he v a cu u m  e q u ip m e n t is m ade fro m  stain less s tee l.
T he f in a l vacuum  w h ich  can  be ach iev ed  w ith o u t w arm  w a te r  h e a tin g , 

w ith  liq u id  N 2 is a t  least 1.33 • 10“ 3 P a  as m easured  a t  th e  200 m m  d ia m e te r  
va lve .

Generator

T h e in d u c tio n  g e n e ra to r  is a ro ta tin g  ty p e  p u rch ased  from  th e  EM A  firm  
(F R G ). I t s  pow er o u tp u t is  m a x . 40 kW , freq u en cy  10 k H z . T he cooled e lec tric
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c o n d u c to r  c o n n e c tin g  th e  g e n e ra to r  -with th e  v a c u u m  ch am b er deserves closer 
a t te n t io n  b ecau se  i ts  geom etrica l d im ensions fo rm  along w ith  th e  in d u c tio n  
co il o f  th e  c h a m b e r  a te rm in a l re s is tan ce  m a tc h e d  to  th e  g en e ra to r. Cooling is 
n e ed ed  for th e  h ig h  c u rren t den sities .

Cooling water system

The w a te r  d is tr ib u to r  a n d  th e  o u t-flo w  tu b e  are m o u n te d  on th e  rig id  
fra m e . T he s e p a ra te  co o lin g -tap w a te r c u rre n ts  are p ro te c te d  from  p ressu re  
fa ilu re s  b y  flo w  in d ica to rs .

Program m er a n d  controller u n it

T his u n i t  h a s  also b een  developed  a t  th e  In s t i tu te ,  how ever, as th is  
w o rk  does n o t  be lo n g  to  th e  f ie ld  of m ech an ica l eng ineering , here  i t  is to  be  
n o te d  only  t h a t  in d iv id u a l b locks are  p ro v id e d  fo r th e  electron ics o f th e  
v a c u u m  sy stem , th e  g en era to r an d  of th e  p ro g ram m er-co n tro lle r un its .

The e q u ip m e n t is o p e ra te d  a t  th e  Solid  S ta te  R esearch  In s t i tu te  o f th e  
C e n tra l R esea rch  In s t i tu te  fo r  P h ysics [3]. A ccord ing  to  th e  p resen t re q u ire ­
m e n ts , w ork  is in  progress to  e lab o ra te  a  sy s tem  fo r th e  g row th  of 3 "  size 
c ry s ta ls  on th e  p rin c ip le  of th e  described  e q u ip m e n t so th a t  also th e  m echan ical 
u n i t  will be  b u i l t  a t  th e  I n s t i tu te .
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THE GROWTH OF TWO INCH DIAMETER 
GGG CRYSTALS

By

J .  P a ITZ and L . G oSZTONYI

CENTRAL R ESEA R C H  IN STITU TE F O R  PHYSICS, HUNG ARIA N  ACADEMY OF SCIENCES 
BU D A PEST, HUNGARY

The economical, technical and scientific aspects of th e  grow th of two-inch diam eter 
GGG crystals are discussed.

Introduction

T h e te s t  w h e th e r  a c ry s ta l is o f  p rac tica l use, is a long an d  co m p lica ted  
p ro ced u re . F irs t, i t  h a s  to  be show n th a t  th e  c ry s ta l  p ro p ertie s  h av e  p rac tica l 
v a lu e  a n d  som e k in d  o f device can  b e  m ade from  th e  c ry s ta l. S econdly , i t  has 
to  be  p o in ted  ou t t h a t  th e  f lu c tu a tio n  in  th e  p ro d u c tio n  does n o t in fluence  th e  
ap p lic a tio n  or th e  c ry s ta l  can  be  grow n in  device q u a lity  rep ro d u c ib ly . T h ird ly , 
i t  m u s t be p roved  t h a t  th e  c ry s ta l c an  be p ro d u ced  in  large sizes an d  q u a n titie s  
w hich  m akes th e  p ro d u c tio n  econom ical. The f i r s t  an d  second q u estio n  can  be 
answ ered  w ith  sm all c ry s ta ls  on la b o ra to ry  scale. In  th is  p a p e r, before  dealing  
w ith  th e  g row th  o f  la rg e  c ry sta ls , I  w a n t to  to u c h  a l i t t le  b i t  closer th e  econom y 
asp ec ts  o f g row th  because  th is  lead s us to  th e  answ er o f th e  th ird  qu estio n . 
N o t to o  m uch is p u b lish ed  on th e se  problem s, p e rh a p s  because th e  costs o f 
c ry s ta l  p ro d u c tio n  in  general a re  o n ly  a sm aller p a r t  of th e  e n d p ro d u c t.

E conom y aspects

N o m a tte r  w h a t th e  a c tu a l c ry s ta l  is, a c ry s ta l  w hich  is ap p lied  fo r an  
e lec tron ic  device, th e  so-called e lec tron ic  c ry sta l, undergoes th e  fo llow ing gene­
ra l p rocedure . A fte r th e  c ry s ta l h as  been  pu lled  th e re  a re  five  fu r th e r  s tep s  in  
th e  p ro d u c tio n . T h e  c ry s ta ls  are c ry s ta llo g rap h ic  o rien ted  b y  X -ra y  or o p tica l 
m e th o d s , slices are  c u t  m ain ly  b y  d iam o n d  saw. T hese  slices a re  po lished , ep i­
ta x ia l  film s are g row n  on th e  su rface , a s tru c tu re  or e lectrodes are  e v a p o ra te d  
or sp u tte re d  on th e  surface. F in a lly , chips are  c u t  from  th e  p la te s . I t  can  be 
show n th a t  th e  la rg e r  th e  c ry s ta l th e  sm aller th e  costs/ch ip . T ab le  I  show s 
howr th e  tim e  d ep en d s for every  single s tep  on a  c h a ra c te ris tic  len g th  o f th e  
c ry s ta l  (here it  is supposed  th a t  le n g th  and  ra d iu s  are  p ro p o rtio n a l, w h ich  is 
g en era lly  tru e ). I t  is obvious th a t  b y  increasing  c ry s ta l  d im ensions th e  w o rk ­
ing  tim e s  decrease a t  le a s t lin ea rly . T h is is th e  s tim u la tio n  fo r a c ry s ta l g row er
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Table I
Time dependence of various w orksteps vs 

linear dim ension of th e  crystal

Workstep
time/chip
reverse

proportional to

Growth L2

O rientation L3

Cutting L
Polishing L2

E pitaxy L2

Dicing L

to  p u ll la rg e r a n d  la rg e r c ry s ta ls  even  i f  th e  p rice /c ry s ta lk ilo g ram  does n o t 
ch an g e . A n o th e r  analy sis  w ou ld  show  th a t  fo r la rge  c ry s ta ls  th e  price/k ilo- 
g ra m  m a y  even  decrease.

GGG crystals

F ro m  its  v e ry  b eg inn ing  in  1970, b u b b le  tech n o lo g y  based  on ra re -e a r th  
iro n  g a rn e ts  h a s  req u ired  su b s tra te s  o f  h igh  c ry s ta llin e  q u a lity . T h e  in itia l 
c ry s ta ls  grow n fo r  use  as su b s tra te s  w ere ty p ic a lly  2 cm  in  d ia m e te r  an d  4 to  
5 cm  in  le n g th . A s th e  film  g ro w th  tech n o lo g y  developed  th e  re q u ire m e n ts  fo r 
th e  in te rn a l q u a li ty  o f th e  s u b s tra te  in c reased  an d  as th e  b u b b le  techno logy  
h as  p ro p a g a te d  fro m  research  s tag e  in to  p ilo t p la n t  o p era tio n , th e  need  for 
la rg e r  d ia m e te r  su b s tra te s  h a s  developed . T y p ica l q u a lity  re q u ire m e n ts  to d a y  
a re  < T  de fec t/cm 2 an d  a d ia m e te r  o f a t  le a s t 2 " .  T ab le  I I  sum m arizes th e  
a d v a n ta g e s  o f  th e  increase o f size, to g e th e r  w ith  th e  re q u ire m e n ts  from  th e  
p o in t  o f view  o f b u b b le  devices. T he to ta l  n u m b e r o f p e rm itte d  d efec ts  is given 
fo r  th e  v a rio u s  d ia m e te r  su b s tra te s  assum ing  th e  defec t d en sity  to^be less th a n

AljOj tube

fixing

Pt ( 50 yum ) GGG seed ( ф 5 mm )
< HI >

Fig. 1. F ixing th e  seed in  seedholder
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Table II
N um ber of defects and usable area for GGG substra tes

Sub diameter
Sub

area (cm2)
Usable 

sub. area %
Total

defects

25 m m  (1") 5.07 3.60 71 3
32 mm (1.25") 7.92 6.05 76.4 6

38 m m  (1.5") 11.40 9.13 80 9
50 m m  (2") 20.27 17.2 85 17

75 m m  (3") 45.60 40.9
'

90 40

1/cm 2. I t  shou ld  be  n o te d  t h a t  th e  defec t co u n t includes b o th  m a te ria l a n d  
po lish ing  defects . T h u s, th e  a c tu a l m a te r ia l  defects re q u ire d  to  m ee t th e  
above spec ifica tio n  are in  th e  ran g e  of 0.4 to  0.6 defec ts/cm 2.

T he use o f  la rge  d ia m e te r  su b s tra te s  also allows fo r th e  m ore e ffic ien t 
use o f th e  s u b s tra te  surface, i.e . th e  p recen tag e  o f usab le  su rface  area  is la rg e r. 
F o r com parison  T ab le  I I  in c ludes even th e  3 "  d iam ete r c ry s ta l.

Scaling

B ecause o f q u a lity  p ro b lem s m en tio n ed  above, th e  g ro w th  sy stem  h a d  
to  be designed so t h a t  th e  re su lts  o b ta in ed  in  20 m m  d ia m e te r  g row th  could  
be d u p lica ted  in  2 "  d iam e te r  g row th . S caling  fac to rs w h ich  are  believed  to  
have  a m a jo r in flu en ce  on th e  c ry s ta l g ro w th  process an d  w h ich  were ju s tif ie d  
re c e n tly  b y  B r a n d l e  are : 1) c ry s ta l d iam e te r/c ru c ib le  d iam ete r r a t io , 
2) crucib le  d iam e te r/h e ig h t ra t io , 3) g row th  r a te ,  4) ro ta t io n  ra te , 5) p h y s ic a l 
d im ensions of th e  fu rnace . O nce one o f these  p a ra m e te rs  h as  been  fixed , a ll th e  
o th e rs  can  be sca led  accord ing ly .

F o r sm alle r GGG c ry s ta ls  th e  general ru le  of th u m b  is th a t  th e  c ru c ib le  
d ia m e te r  shou ld  b e  a b o u t tw ice  th e  c ry s ta l d iam eter. T h erefo re , a cru c ib le  
d iam e te r  w as se lec ted  fo r 2" d iam e te r g ro w th  so th a t  th e  c ry s ta l d iam e te r/ 
c rucib le  d iam e te r

ß  r c ry s ta l
R  c rucib le

w as in  th e  ran g e  to  0.5 of 0.4. F u rth e rm o re , as has been p o in te d  ou t b y  o th e rs  
[1], th e  c rucib le  a sp ec t ra tio

. H  c rucib le
A  =  ---------- :-----

jR crucib le

shou ld  be a p p ro x im a te ly  u n ity . This value o f  th e  aspect ra t io  fo r th e  c rucib le  
is a good com prom ise be tw een  th e  large m e lt volum e, (i.e. m ax im u m  c ry s ta l

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



236 J .  PAITZ and L. GOSZTONYI

len g th ) an d  th e rm a l co n v ec tio n . In  our ex p e rim en ts  w ith  22 m m  d ia m e te r  
GGG c ry s ta ls  i t  w as p o in te d  o u t th a t  th e rm a l cond itions, t h a t  is th e  th e rm a l 
iso la to r sy s tem  an d  th e  p o sitio n  of th e  c ru c ib le  in  R F  co il, m u st assure  a  free 
th e rm a l co n v ec tio n  th ro u g h o u t th e  g row th . W h en  th e  v e r tic a l th e rm a l g ra d ie n t 
in  th e  cru c ib le , w hich p ro d u ces a free co n v ec tio n  in  th e  crucib le , d rops to  a 
m in im um  th e  co n d itio n  fo r p la n e  grow ing in te rface  can  he p reserv ed  no  longer. 
O n th e  o th e r  h a n d  w ith  h ig h  aspect ra t io  d u e  to  th e  v e r tic a l g ra d ie n t th e  
m e lt is s tro n g ly  o v e rh ea ted  d u rin g  th e  s ta r t in g  period  o f th e  grow th .

T h e  a c tu a l g row th  r a te  w hich can  be  su sta in ed  b y  grow ing c ry s ta ls  
w ith o u t in te rfa c e  b reak d o w n  is a s tro n g  fu n c tio n  of th e  m a n y  p h y sica l p a ra ­
m eters  a re  o f th e  grow ing sy s tem . I f  th e se  p h ysica l p a ra m e te rs  are sca led  so 
th a t  th e  ra tio  o f  th e  sm all to  th e  large sy s te m  is c o n s ta n t th e n  th e  la rg e r sy s tem  
shou ld  be ab le  to  su sta in  th e  sam e g ro w th  ve lo c ity  as th e  sm all sy stem . T he 
ac tu a l tim e  averaged  g ro w th  ra te  of th e  c ry s ta l  is a fu n c tio n  of th e  c rucib le  
d iam e te r, th e  ra tio  o f th e  liq u id  to  solid  d e n s ity  and  th e  c ry s ta l d iam e te r . I t  
is given b y

=  P ' к
к  -  D \,  ’

w here h =  a c tu a l g row th  r a te  (cm /hr), P  =  p u ll r a te  (cm /h), R  =  c ruc ib le  
d iam e te r  (cm ), к  =  ra tio  o f  th e  liq u id  to  so lid  den sity , r c =  c ry s ta l d ia m e te r

(cm ). T h u s once D  =  r<:rystal h as  been) se t, th e  value o f P  can  be ca lcu la ted ,'  7 p  1 7
-^crucible

using as a basis th e  v a lu e  of h, o b ta in e d  in  th e  sm aller system  (for 22 m m  
d iam e te r c ry sta ls). In  th is  m a n n e r one can  be  assured  t h a t  th e  ac tu a l g ro w th  
ra te  of th e  c ry s ta l has b een  m a in ta in ed  c o n s ta n t in  th e  sca ling  process.

R e c e n tly , i t  has been  show n th a t  th e  m eltb ack  d iam e te r of a  GGG 
c ry s ta l c an  b e  re la te d  to  th e  te m p e ra tu re  g rad ien t, r o ta t io n  ra te , c ry s ta l  
d iam e te r a n d  th e  crucib le d ia m e te r  [2, 3]. I f  th e  th e rm a l system  is designed  
to  p ro d u ce  th e  sam e th e rm a l g rad ien t, th e n  C a rru th e rs’ re la tio n sh ip  c a n  be

Table III
G row th param eters for GGG substrates

0  22 mm 0  50 mm

Growth ra te 0.7 cm/h 0.7 cm/h
R otation  ra te 55 RPM 22 RPM

rc/R 0.4 —0.5 0.4—0.5
Melt mass 0.45 kg 5 kg
Crystal weight 250 g 2 kg
Length 1 2 0  mm 150 m m
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Fig. 2. Sketch of therm al setup for GGG growth

used  to  o b ta in  th e  c o rre c t ro ta tio n  r a te  necessary  to  p ro d u ce  in te rface  inversion . 
A su m m a ry  of th e  ty p ic a l  values fo r  th e  grow th o f  22 m m  an d  50 m m  cry sta ls  
is g iven  in  T able I I I .  N o te  th a t  w ith  th e  ex cep tio n  o f th e  ro ta tio n  ra te  all 
o th e r p a ra m e te rs  m e n tio n e d  above h a v e  been scaled  to  produce  th e  sam e va lue .
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S ta rtin g  m ate ria l

T he s ta r t in g  m a te ria l w as th e  sam e as fo r sm all c ry sta ls . B o th  G a20 3 
a n d  G d 20 3 w ere o f  5N  p u r ity . T h e y  w ere fired  a t  som e 1000 °C to  rem ove 
tra c e s  of w a te r . T h e  oxides w ere m ix ed  in  a b a ll-m ill w ith  a ra tio  o f congruen t 
co m p o sitio n . F o r  sm all d iam e te r  c ry s ta l  g ro w th  th e  sh ift in  th e  c ry s ta l  com ­
p o s itio n  aw ay  fro m  th e  s to ich io m e tric  com position  w as obvious. T ypical 
w e ig h t losses d u e  to  th e  e v a p o ra tio n  o f G a20 3 in  th e  m e lt w ere su ffic ien t to  
sh if t  th e  liq u id  co m position  fro m  th e  s to ich io m etric  to  th e  c o n g ru en t com po­
s itio n  an d  even  fu r th e r  ou t o f  th e  g a rn e t phase . F o r  a large c ry s ta l  th e  m elt 
to  su rface  ra tio  is  m ore  fav o u rab le  a n d  th e  a m o u n t o f loss is n o t  su ffic ien t to  
co m p en sa te  fo r th e  difference b e tw een  th e  sto ich io m etric  an d  c o n g ru e n t com ­
p o sitio n . T h ere fo re  i t  is n ecessary  to  sh if t th e  s ta r t in g  m elt com p o sitio n  aw ay 
fro m  th e  s to ich io m e tric  to w ard s  th e  co n g ru en t com position , in  o rd e r to  m ain ­
ta in  a u n ifo rm  la t t ic e  p a ra m e te r  over th e  e n tire  c ry s ta l len g th  [4, 5].

A n o th e r d ifference  in  th e  p re p a ra tio n  o f s ta r tin g  m a te ria ls  fo r large 
a n d  sm all c ry s ta ls  is th a t  a f te r  m ix in g  an d  p ressing  ta b le ts  th e y  h a v e  to  be 
f ire d  again . T he ch a rg e  for th e  b ig  cru c ib le  is som e 10 tim es m ore th a n  for th e  
sm a ll one a n d  d u r in g  th e  m ix ing  a n d  s to rin g  th e  abso rbed  w a te r  p roduces a 
co n sid erab le  w a te r  c o n cen tra tio n  in  th e  grow ing a tm o sp h ere , w h ich  leads to  
th e  c rack ing  o f  th e  cry sta ls .

F u rn ace

A lth o u g h  a b igger sy stem  w as designed a n d  b u ilt  for p u llin g  th e  large 
c ry s ta ls  [6] th e  f ir s t  ex p erim en ts  w ere  m ade in  th e  M etals R esea rch  M SR 5 
sy s tem . Seed o f  5 m m  d iam e te r  w as c u t o u t from  a p e rfec t c ry s ta l. I t  w as 
in se r te d  in  an  a lu m in a  tu b e  w ith  50 ц  p la tin u m  foil betw een  th e  seed and  
th e  tu b e  to  p re v e n t  solid s ta te  re a c tio n  of th e  tw o  d iffe ren t ox ides (Fig. 1).

A n ir id iu m  crucib le  o f 100 m m  in  d iam e te r  b y  100 m m  in  h e ig h t and  of 
3 m m  w all th ic k n e ss  was u sed . T h e  s ta r tin g  m a te r ia l w eighed  5 kg. The 
th e rm a l se tu p  is show n in  F ig . 2. T h e  w hole se tu p  w as su p p o rted  b y  a  sta in less 
s te e l d isk  a n d  tu b e  w hich w as fix e d  to  th e  e lec tron ic  ba lan ce . T h e  alum ina 
cru c ib le  tu rn e d  upside-dow n a n d  th e  a lu m in a  r in g  served  fo r  th e  th e rm a l 
in su la tio n  as w ell as su p p o rt of th e  w hole sy stem . T h e  crucible is covered  b y  
a n  irid iu m  a f te rh e a te r  rin g  to  red u ce  ra d ia tio n  loss o f th e  free m e lt surface. 
W ith o u t th is  r in g  an  u n reaso n ab le  a m o u n t o f pow er is n eed ed  fo r  m elting  
th e  en tire  ch a rg e  o f th e  crucib le . T h e  second a f te rh e a te r  is m ad e  o f  P t —R h 
allo y  sh ee t w h ich  w as m o u n ted  in  a  m agnesia  ho lder. T he w hole th e rm a l 
s e tu p  w as designed  w ith  th e  g ro w th  re q u ire m e n ts  in  sig h t, on th e  o th e r  h an d  
k eep in g  th e  to ta l  w eight o f isu la tio n  crucib le  ch arg e  system  below  10 kg (the  
m ax im u m  lo a d  o f  th e  ba lan ce  is 10 k g  !).
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G row th

T he w hole g ro w th  p rocedure  fro m  d ipp ing  th e  seed to  th e  h e a t  tre a tm e n t 
o f th e  grow n c ry s ta l is m ade un d er a u to m a tic  co n tro l. T h e  g row th  s ta r ts  w ith  
ex ten s io n  o f th e  seed th a t  is a cy lin d rica l c ry s ta l is grow n w ith  a d ia m e te r  equal

Fig. 3. 2 "  d iam eter GGG crystal

to  th e  seed an d  20 m m  long . The e x ten s io n  can be g row n a t  a r a te  o f  7 m m /h  
an d  is enough  fo r th e  d islo ca tio n  to  grow  o u t, w hich can  fo rm  a t th e  seed  c ry sta l 
ju n c tio n . T he pu lling  ra te  is th en  slow ed dow n to  3 m m /h  and  th e  d iam e te r  is 
increased  to  th e  n o m in a l v a lue . T h e  decrease of th e  pu lling  ra te  is necessary  
to  av o id  in te rface  b reak d o w n  in th e  c e n tra l  p a r t  o f th e  c ry s ta l asso c ia ted  w ith  
th e  h ig h ly  convex  sh ap e  o f th e  in te rfa c e  [7]. T he ro ta tio n  ra te  is c o n s tan t 
d u rin g  th is  perio d  an d  is se t to  30 rp m  w hich is a l i t t le  h it  h ig h er th a n  th a t  
belong ing  to  th e  in v eriso n  given in  T ab le  I I I .  This is v e ry  im p o r ta n t to  avoid 
in te rface  in s ta b ility  a f te r  th e  in version  occurred . R each in g  th e  n o m in a l d ia ­
m e te r  th e  pu lling  r a te  can  be increased  to  5 m m /h (th is  co rresponds to  a g row th  
ra te  o f  7 m m /h) an d  th e  ro ta tio n  is slow ed dow n g ra d u a lly  to  22 rp m  during  
a p e rio d  o f 4 h o u rs. F ig . 3 shows a G G G  c ry s ta l o f 50 m m  in  d ia m e te r  w eigh­
ing 1.6 kg.
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BUBBLE FILMS GROWN ON CALCIUM - 
GERM ANIUM-GALLIUM  GARNET 

(CGGG) SUBSTRATES

By

V . S m OKIN and J u .  S t AROSTIN

IECM, MOSCOW, USSR

The paper deals w ith th e  growing of (Sm LuC a)3(SiLuFe)ä0 12 films on substra tes 
CGGG, w ith the phase balance, g row th kinetics an d  its  influence on th e  magnetic properties 
of th e  films.

CGGG as a su b s tra te  d u e  to  its  low c o s t is m uch b e t te r  su ited  for m ag n e ­
tic  b u b b le  film s th a n  tr a d itio n a lly  used G G G . B u t th e  p ro p e rtie s  of th e  f irs t  
b u b b le  film s (L u C a)3(S iL u F e )50 12/CGGG [1] appeared  to  b e  u n sa tis fa c to ry  
fo r p ra c tic a l u se  due to  low  values o f  th e  un iax ia l a n iso tro p y  c o n s ta n t 
K < 2 - 1 0 3 e rg /cm 3 and C urie te m p e ra tu re  (T c <  150 °C).

This p a p e r  deals w ith : 1) grow ing (S m L uC a)3(S iL u F e )50 12 CGGG film s 
w ith  o r ie n ta tio n  (iii), c o n ta in in g  bubbles w ith  opera tio n a l d ia m e te r  d =  5 : 2 urn 
an d  p a ra m e te rs , sa tisfy in g  m em o ry  dev ice  req u irem en ts ; 2) phase ba lan ce  
s tu d y , g row th  k in e tic s  an d  i ts  in fluence on  m agnetic  p ro p e rtie s  of th e  film s; 
3) choice of a sim p le  s tra te g y  o f grow ing a se t o f film s w ith  id en tica l c h a ra c te r ­
is tic s ; 4) p ro b ab le  d irec tion  o f  g e ttin g  film s w ith  b e tte r  p a ra m e te rs .

F ilm s w ere grow n b y  co n v en tio n a l d ip p in g  tech n iq u es  from  th e  P b O  — 
B 20 3 so lu tion  (w eigh t o f m e lt is 250 g, s u b s tra te  d ia m e te r  —20 —(-25 m m ). 
T he com position  o f th e  film s w as d e te rm in ed  b y  m ic ro -X -ra y -sp ec tra l 
analysis . S to ich io m etric  re la tio n sh ip s  fo r th e  g a rn e t w ere o b ta in ed  fro m  th e  
va lu es  of T c, m a g n e tiza tio n  4>nM, la ttic e  p a ra m e te r  a a n d  d a ta  for b u lk  m a te ­
ria ls  ta k in g  in to  acco u n t th e  n o t  too  h ig h  accu racy  o f th e  d e te rm in a tio n  of 
th e  co n ten ts  o f th e  ligh t e lem en ts  (in our case Ca and  Si) a n d  also a co n sid e r­
able p ro b a b ility  o f  in tro d u c in g  lu te tiu m  in to  o c tah ed ra l sites.

As i t  follow s from  th e  o b ta in ed  d a ta  th e  su b s titu tio n  o f one fo rm u lae  
u n it  o f iron  fo r lu te tiu m  re su lts  in  increasin g  th e  la ttic e  p a ra m e te r  of th e  film  
Uj on th e  av erag e  b y  0.18 Â . W ith in  th e  l im its  of th e  e r ro r  of m easu rem en t 
( +  0.05 f.u .) ch a rg e  co m p en sa tio n  betw een  tw o  an d  fo u r-v a le n t ions h as  ta k e n  
place.

T he s trip e  dom ain  w id th  W , bubb le  co llapse  field H n, C urie te m p e ra tu re  
T c, u n iax ia l (K ) a n d  m ag n e to c ry s ta llin e  (K i)  an iso tro p y , coerc iv ity  H c w ere 
m easu red  b y  m ag n e to o p tica l m e th o d s; b o n d  m eth o d , in te rfe ren ce  m e th o d  an d  
V elio—Coleiro m e th o d  w ere u sed  fo r m easu rem en ts  of th e  la tt ic e  spacings of
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th e  film s (aj) a n d  th e  su b s tra te s  (ac), film  th ick n ess  (h) a n d  dom ain  w all m o b i­
l i ty  (jU0), re sp ec tiv e ly . S a tu ra tio n  m a g n e tiz a tio n  4?rM w as ca lcu la ted  fro m  
th e  va lu es  H tí, W  an d  ft.

T h e  m a in  m elts  A, B , C fo r grow ing L P E  film s w ith  bubb le  d ia m e te r  
d  =  5, 3 an d  2 fim  are  c h a ra c te riz e d  w ith  th e  follow ing m o la r  ra tio s c o n s t i tu t ­
in g  oxides [2] R J =  28; R 2 =  0 .1 2 0 -0 .1 5 ;  R 3 =  10.4; K 4 =  0.165; f í 3 =  
=  1.15; R sm =  0 .0 3 7 -0 .0 6 5 .

T he b o rd e r  o f c ry s ta lliz a tio n  betw een  th e  phases g a rn e t-m a g n e to p lu m b it 
is  in  R 3 =  35 reg io n  fo r a m e lt hom ogeneized  a t  1120 °C, fo r  12 hours an d  s t i r ­
re d . W ith o u t s tir r in g  th e  m e lt ex fo lia tion  is ta k in g  place a n d  th e  phase b o rd e r  
m oves to  R 3 =  30.

N o te  t h a t  th e  values o f  R l (i.e. th e  iro n  to  ra re  e a r th  ra tio ) is in creased  
a n d  th e  v a lu e  o f th e  P b 0 /B 20 3 ra tio  R 3 is decreased  in  com parison  w ith  th e  
u su a lly  p u b lish e d  v alues fo r  low ering th e  o c tah ed ra l lu te t iu m  co n te n t an d  
in tro d u c in g  o f  th e  sam arium .

Table I
Composition and param eters of m agnetic bubble garnet films grown from  different melts (A, B , C) 

A(Sm0 i06L uli9eCa0i98)(Si0i98L u 0i04Fe398)O12 

B(Sm0 09L u 1 9 8Ca0 93)(Si0 93L u 0 05Fej 02)O12 

C(Sm0 12L u 2j02Ca0 84)(Si0 84L u 0 03F e417)0 12

Parameter A В c

li, f/,m 5.29 2.90 2.05
ív, fim 5.40 2.95 1.85
H 0, Oe 94 158 2 1 2

4 яМ , G 189 306 394

r c,°C 189 199 208

cm
2 .1 2 2.27 2.35

К 4 0 - - Дcm 1 0 .0 16.9 18.0

K ‘ - 1 0 - 3 , ^ i |cm '1
3.7 3.0 4.3

9 6.3 4.5 2.9
H c, Oe 0.25 0.35 0.55

Of, Â 12.2457 12.253 12.2584
in

|U°’ sec • Oe
17 10 7.5

Symbols :
L  film thickness, w stripe dom ain width, H 0 bubble collapse field , 4.tM  m agnetization, 

T c Curie tem perature, A  exchange coefficient, К  uniaxial anisotropy constant, cubic aniso­
tro p y  constant, q quality  factor, H c coercive force, ay film lattice param eter, /г0 dom ain wall 
mobility
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The ty p ic a l com positions an d  p a ra m e te rs  of th e  film s grow n on CGGG 
su b s tra te s  are  g iven  in  th e  T a b le  I .  The p a ra m e te rs  given in  th e  T ab le  I  c lose ly  
m eet th e  req u irem en ts  of p ra c tic a l ap p lica tio n s in  m agnetic  m em ory  dev ices.

Fig. 1. Dependence of the L PE  film  grow th rate  ( / )  from  the m elt A on th e  ro tation  speed о» 
and the supercooling A T  =  7 °C (v), 13 °C (o) and 19 °C (A). The curves 1, 2 and 3 are cal­
culated w ith regard  to diffusion-reaction model for D  =  4.3 X 10~ 6 cm2/sec and К  =  5.4X

X 10- 1  cm/sec

4ТГМ G

Fig. 2. Dependence of the m agnetization 4.~rM on th e  supercooling A T  for the films grown
from  th e  melts A(2) and  B (l)
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T. *c

Fig. 3. T em perature program  of grow th for a set o f films (a). The d rift of the sa tu ra tion  tem ­
perature T s ■— (b), anisotropy constan t К  — (c), m agnetization 4 :тЛ/ — (d) and grow th rate 

f  — (e) from film  to film  (N). a  and •  m ark  previously unstirred  melt.

C on ten ts  o f o c tah ed ra l L u  is reduced  b y  2 — 3 tim es in  com parison  w ith  d a ta  
in  [1].

F ig . 1 show s th e  dependence o f  th e  g row th  r a te  for th e  m e lt A  on 
th e  ro ta t io n  speed fo r th e  th re e  su p ercoo ling  te m p e ra tu re s  A T  =  7, 13 and  
19 °C (cu rves 1, 2 an d  3, resp ec tiv e ly ). T h e  curves are  ca lcu la ted  in  ac c o rd ­
ance  w ith  th e  d iffu sion -reaction  m odel w ith  th e  d iffusion  coeffic ien t of 
D  =  4 .3 x l 0 ~ e cm 2/sec an d  К  =  5.7 X lO -4 cm /sec.

F ig . 2 show s th e  d ependence  of th e  m ag n e tiz a tio n  4тгM  on th e  su p erco o l­
ing  A T  fo r film s grow n from  m elt A (cu rv e  2) an d  from  m elt В (c u rv e  1). 
H ere  th e  sp eed  of th e  low ering  4 я М  w ith  th e  increase o f A T  is slow er th a n  
t h a t  fo r th e  y t tr iu m  g a rn e ts  w hich is ex p la in ed  b y  th e  increased  o c ta h e d ra l 
lu te tiu m  c o n te n ts .
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T he d rif t o f th e  sa tu ra tio n  te m p e ra tu re  T s, g row th  r a te  / ,  m ag n etiza tio n  
4 jrM  an d  an iso tro p y  К  w ere in v e s tig a te d  in  th e  process o f g row ing  a se t of 
film s (F ig. 3).

T he m e lt t h a t  w as n o t s t ir re d  p rev io u sly  is ch a rac te rized  b y  th re e  (I, I I ,  
I I I )  an d  th e  one th a t  w as s tir re d  b y  tw o ( I I , I I I )  sep a ra te  reg ions. In  reg ion  I  
T s is red u ced  b y  ~ 1 0  °C for th e  second sam ple  due to  s tir r in g  w ith  ro ta tin g  
su b s tra te s  an d  g ra d u a l en rich in g  o f surface lay e rs  w ith  lead  oxide. In  region 
I I  th e  r a te  o f g ro w th  a t  c o n s ta n t te m p e ra tu re  Tg slow ly (linearly ) reduces 
d u e  to  irrev ers ib le  reducing  o f T s ~ 0 .3  °C /sam ple. A t th e  sam e tim e  th e  m ag ­
n e tiz a tio n  p ra c tic a lly  does n o t  change w hich can  be ex p la in ed  b y  th e  fa c t 
t h a t  g a rn e t leaves th e  m elt a n d  th e re  is only  a w eak  dependence  (F ig . 2). In  
reg ion  I I I  (as a ru le  a fte r  th e  1 6 th  sam ple) T s an d  /  decrease ex p o n en tia lly , 
4 я М  increases, К  fa lls , w hich is co n n ec ted  w ith  m e lt ageing a n d  can  be rem oved  
w ith  h om ogeneiza tion  a t  1020 °C fo r 6 hou rs. A fte r  hom ogeneiza tion  a rep ea ted  
grow ing of series o f film s w ith o u t m elt co rrec tio n  is possible.

T he m ag n e tic  q u a lity  fa c to r  q is less th a n  3 only  a t  A T  <; 6 °C and  
f  <  0.25 pm /m in  due  to  th e  red u ced  g row th  r a te  an d  a sh a rp  d ev ia tio n  from  
1 o f th e  d is tr ib u tio n  coefficien t o f Sm re la te d  to  Lu.

T he a p p a re n t p rac tica l lim it of bubb le  d ia m e te r  d  =  2 iini on su b s tra te s  
CGGG (see T ab le  I : a j ,H c an d  q) can  be red u ced  to  1.5 m  as a re su lt of 
u sin g  Cd2+ an d  N a 1+ in s tead  o f  Ca2 + . P rev io u s in fo rm atio n  show s th a t  film s 
E u 0 20 L u 2 05 C d075 S i075 L u 0 04 F e4 2i О 1 2  h a v e  th e  fo llow ing p a ram e te rs : 
h  =  1.7 pm ; tv =  1.5 pm ; H n =  280 Oe; 4ri M  =  500 Gs; =  12.252 A.

On th e  o th e r  h an d  film s (B i E u  Lu C a)3(Si Lu Mn F e )50 12/CGGG w ith  
o rie n ta tio n  (110) being  in  com pression  (aj, — os) / a ^ ~  3 • 1 0 -:i w ith  bubb le  
d ia m e te r  o f d =  p m  an d  show ing o rth o rh o m b ic  an iso tro p y  h a v e  been  grow n 
g iv ing  ex cep tio n a lly  good d y n am ic  c h a rac te ris tic s  [3].

The authors express their g ratitude to Prof. К . P. B e l o v  and Dr. В. V. M i l l e  for their 
kind gift of single crystals of CGGG and valuable advice and to M. I. S h y p e g i n  for m easure­
m ents of lattice param eters.
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PRECISE ADJUSTMENT OF MAGNETIC PROPERTIES 
OF BUBBLE GARNET WAFERS BY ETCHING

By

I .  F e l l e g v á r i

HUNGARIAN OPTICAL WORKS, BUDAPEST, HUNGARY 

and

M. P a r d a v i - H o r v á t h

CENTRAL RESEARCH INSTITUTE FOR PHYSICS, HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST, HUNGARY

Chemical etching in phosphoric acid was em ployed for postgrow th  m odification of 
m agnetic bubble dom ain collapse field  (J f0) of epitaxially  grown (YSmCa)3(FeGe)50 12 m agnetic 
garnet layers. The dependence of th e  etching process on the etching conditions, the etching 
ra te  and the m agnetic and surface features of the  layers was investigated. I t  is possible to 
achieve a pre-determ ined change in  th e  collapse field solely by controlling the etching tim e 
a t  a given tem pera tu re . For etching a t  140 °C th e  etching rate  is A H J A t  =  (0.500 ±  0.05) 
Oe m in - 1  for a decrease in thickness 0.045 p m  m in -1 .

In tro d u c tio n

M agnetic  g a rn e t lay e rs  grow n b y  th e  liq u id  phase e p ita x ia l m eth o d  h a v e  
fo u r p ro p ertie s  t h a t  d e te rm in e  th e  ap p lic a b ility  o f th e  lay e rs  fo r b u b b le  do m ain  
m em ories. F o r  5 pm  dom ain  ap p lica tio n s th e  follow ing v a lu e s  of these  p ro p e r­
tie s  a re  re q u ire d : th ick n ess: h =  (5 +  0 .5)pm , collapse fie ld  o f  bubb le  d o m ain s: 
H 0 =  (100 ^  1) Oe, period  o f s trip e  dom ain s: p 0 — (10 +  1) p m , co e rc iv ity : 
H c <  0.5 Oe.

One o f th e  m ost im p o r ta n t  m ag n etic  p ro p erties  a ffec tin g  th e  device 
perfo rm ance  is th e  collapse f ie ld , w hich m u s t be  con tro lled  b y  th e  L P E  g ro w th  
process. H ow ever, experience show s th a t  in  e p ita x ia l film s th is  p a ra m e te r  v a rie s  
fro m  one la y e r  to  a n o th e r, som etim es over a su b s ta n tia l ra n g e , even w hen  th e  
film  g row th  co n d itio n s are  co n tro lled  to  th e  u tm o s t. T he re a l values v a ry  a f te r  
g ro w th  for 9 0 .2 %  of our g a rn e t film s b e tw een  110 an d  90 Oe. M odification  
is n o t possib le w hen  th e  co llapse fie ld  is less th a n  100 Oe, b u t  we w ere success­
fu l in  fin d in g  a te ch n iq u e  fo r  m o d ifica tion  w hen  101 <  H 0 %  110 Oe.

T h erm al an nea ling  is one  of those  tec h n iq u e s  in  w h ich  th e  collapse f ie ld  
changes as a re su lt  of chan g in g  th e  s a tu ra tio n  m ag n e tiza tio n  o f th e  film . T h is  
m e th o d  is n o t  su itab le , h ow ever, for film s con ta in in g  Ge4+ ions, because  o f 
th e  h in d ered  re d is tr ib u tio n  o f  Ge4+ b e tw een  te tra h e d ra l an d  o c ta h e d ra l 
positions.

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



248 I. FELLEGVÁRI and M. PARDAVI-HORVÁTH

C hem ical e tch in g  is a sim ple an d  ra p id  m e th o d  fo r ta ilo rin g  th e  co llapse 
fie ld  of ex is tin g  film s [1, 2, 3] because of th e  th ickness dependence  o f th e  co l­
lap se  fie ld  [4]:

H 0 = f ( h ) ,

H n =  4 л М 1 + JH
4 h

31
~h

( 1 )

( 2)

O n chan g in g  th e  th ick n ess , e .g . b y  e tch in g , th e  collapse f ie ld  change is:

A H 0 4<лМ [31
[i M[31

A h  2 h 1 h Г  2 r a )

w here 4 л М  is th e  m ag n e tiz a tio n  an d  l th e  ch a ra c te ris tic  le n g th  of th e  b u b b le  
g a rn e t film .

F o r A H 0 — 1 Oe, a th ick n ess  decrease  of ab o u t 0.1 fim  is req u ired .

E xperim en ta l

G arn e ts  are  chem ica lly  s tab le  m a te ria ls . I t  is k n o w n  [1, 5, 6, 7, 8] th a t  
ph o sp h o ric  ac id  or its  m ix tu re s  w ith  su lp h u ric  acid  can  b e  used  for ra re  e a r th  
g a rn e t e tc h in g  b u t  o u r ex p erim en ts  h a v e  show n th a t  a n  etch ing  m ix tu re  
c o n ta in in g  H 2S 0 4 d e te rio ra te s . A g rea t dea l o f p re c ip ita tio n  to o k  p lace w hich  
in c reased  w ith  increasing  su lp h u ric  ac id  c o n te n ts . W e in v e s tig a te d  m ix tu re s  
c o n ta in in g  H 2S 0 4 a t  d iffe ren t te m p e ra tu re s , b u t  th ese  m ix tu re s  w ere u n s u i t ­
ab le  b ecau se  in  a ll cases su lp h u ric  v a p o u r  w as observed . T h is  w as no t p re v e n te d  
ev en  b y  h a v in g  k e p t th e  acid  w arm  fo r th i r ty  hours.

W e also  tr ie d  p u re  H 3P 0 4 acid . W e tr ie d  th is  a t  v a rio u s  te m p e ra tu re s  
fro m  128 °C to  170 °C: we observed  no p re c ip ita tio n  an d  no  colouring. F o r  th is  
reaso n , in  ou r in v es tig a tio n s  we used  com m ercia l 85%  H 3P 0 4 w ith  a s ta r t in g  
d e n s ity  o f 1.7 g c m -3 , as o u r e tc h a n t.

T h e  e tc h in g  a p p a ra tu s  w as a th e rm o s ta t  co n ta in in g  20 1 of 87%  glycerine  
as th e  h e a tin g  liqu id . A t te m p e ra tu re s  above 160 °C, v a c u u m  oil w as used . 
T h e  a m o u n t o f e tc h a n t w as 150 m l, i t  w as co n ta in ed  in  a glass beaker.

T h e  c ry s ta l  to  be  e tc h e d  w as h e ld  in  a p la tin u m  h o ld e r w hich cou ld  be 
ro ta te d  d u rin g  e tch ing . T h e  f ir s t  s tage  in  c lean ing  th e  c ry s ta ls  was b y  u l t r a ­
sonic a g ita tio n  in deionized  w a te r , th is  w as follow ed b y  n e u tra liz a tio n  in  30%  
K O H  so lu tio n . A ny o rth o p h o sp h o ric  ac id  rem ain in g  on th e  layers was n e u tr a l­
ized  b y  d in t  o f n e u tra liz a tio n .

T he th ick n ess  o f th e  m agnetic  g a rn e t lay e r w as d e te rm in ed  in te rfe ro - 
m e trica lly , th e  collapse fie ld  w as m easu red  p h o to e lec trica lly  based  on th e  
F a ra d a y  e ffec t [9].
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R esu lts

T he ra te  of e tch in g  depends on te m p e ra tu re . F o r p rec ise  an d  rep ro d u c ib le  
e tch ing  th e re  is an  o p tim u m  etch in g  r a te  a tta in a b le  a t  fix ed  te m p e ra tu re . 
F irs t, we h a d  to  choose a  su itab le  te m p e ra tu re  for e tch in g . T he e tch in g  process 
is an  en d o th e rm ic  one a n d  w hen th e  te m p e ra tu re  increases th e  speed  o f e tch in g  
increases, to o . T h a t te m p e ra tu re  m u st be  chosen  w hich y ie ld s  th e  req u ired  e tc h ­
ing  ra te , th e  r a te  b e ing  checked  b y  m easu rin g  th e  decrease  in  th ick n ess  o f th e  
m agnetic  film . P h o sp h o ric  acid  loses w a te r  on h ea tin g  a n d  polym ers beg in  to  
fo rm  in  i t .  T h e  eq u ilib riu m  of p o ly m eriza tio n  is reach ed  a f te r  a long period . 
E tc h in g  p ro b a b ly  re su lts  from  th e  ac tio n  o f  PO jy ions, w hose change is in v e r­
sely p ro p o rtio n a l to  th e  change of th e  po ly m eriza tio n  r a te .  In  o rder to  rep ro d u ce  
th e  sam e degree o f e tc h in g  we h av e  to  k n o w  th e  eq u ilib riu m  s ta te . O n th e  basis

Fig. 1. Film  thickness change (Ah) during chemical etching vs equilibration tim e (i). E tching 
tim e: 20 min, rotation speed of the wafer: 98 rpm

Fig. 2. Film  thickness change (Ah) during etching vs equilibration tim e (<). E tching tim e:
2 min, ro tation  speed 90 rpm
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Fig. 3. F ilm  thickness change (Ah) during etching vs equilibration tim e  (t). E tching tim e:
1 m in, ro tation  speed: 90 rpm

o f ou r e x p e rim e n ts  i t  tu rn e d  o u t th a t  th e  e tc h a n t  m u st b e  m a in ta in ed  a t  a 
chosen  te m p e ra tu re  fo r tw e n ty  fo u r hours to  reach  th e  s ta t io n a ry  p o ly m eriza ­
tio n  ra te . T h is perio d  w as lo n g  enough in  a ll o f our ex p e rim en ts , these  b e in g  
perfo rm ed  a t  128, 140, 160 an d  170 °C.

A t 128 °C sam ples w ere  ta k e n  p erio d ica lly  fo r 48 h o u rs  (F ig. 1). F o r  
th e  f irs t  24 h o u rs  u n til  re a c h in g  th e  e q u ilib riu m  th e  e tc h in g  effects v a r ie d  
co n sid e rab ly . A fte r 24 h ours w e could  get c o n s ta n t e tch in g  ra te s . In  th a t  th e  
a c tiv ity  o f th e  phosphoric  ac id  is n o t too  h ig h  a t  th is  te m p e ra tu re , we h a d  to  
u se  an  e tc h in g  tim e  of 20 m in . F o r a 20 m in  e tch ing  tim e  th e  th ick n ess  
decrease w as 0.7 pm . T his r a te  o f th ick n ess  decrease w as c o n s ta n t fo r th e  
n e x t  24 h o u rs . A t 128 °C th e  speed  of e tch in g  is 0.025 pm  m in -1 .

T he e tc h a n t  w as h e ld  a t  160 °C e tch in g  te m p e ra tu re  fo r  24 hours to  re a c h  
e q u ilib riu m . T h e  e tch in g  e ffec t increased  in  th e  f irs t 20 h o u rs  an d  a f te r  t h a t  
i t  d id  n o t ch an g e . T he h ig h e r th e  te m p e ra tu re  th e  h ig h er th e  e tch ing  effec t, 
so we n eed ed  o n ly  2 m in  e tc h in g  tim e  fo r  a m easu rab le  th ick n ess  ch an g e . 
T h e  speed o f  th e  e tch ing  a t  160 °C is 0.25 p m  m in -1  (F ig. 2).

A t 170 °C e tch in g  te m p e ra tu re  th e  e q u ilib riu m  w as a t ta in e d  in  te n  h o u rs  
(F ig . 3). T h e  speed  o f ro ta t io n  o f  th e  c ry s ta ls  d u rin g  e tch in g  w as th e  sam e as 
in  th e  p rev io u s cases, b u t  th e  e tch in g  tim e  w as only  1 m in . A fte r te n  h o u rs  
th e  e tch in g  ra te  becom es c o n s ta n t , viz. 0.9  p m  m in  -1 .

O ur e x p e rim e n ts  show ed t h a t  th e  te m p e ra tu re  of 128 °C is to o  low , th u s  
th e  speed o f  e tch in g  is to o  low . H ow ever, a t  160 °C an d  a t  170 °C e tch in g  is 
to o  ra p id . In  v iew  of th is , i t  seem ed th a t  e tc h in g  a t  140 °C w o u ld  be su itab le .

T he in v e s tig a tio n  w as s ta r te d  w ith  th e  e tc h a n t h a v in g  been  k e p t a t  
140 °C fo r 24 h o u rs . T he e tc h in g  ra te  w as de te rm in ed  b y  m easuring  th e  
e tch in g  tim e  dependence  o f th e  th ick n ess  ch an g e  (F ig. 4). T h e  m easured  th ic k ­
ness decrease w as d irec tly  p ro p o rtio n a l to  th e  e tch ing  tim e . T he speed  o f
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4 Л

Fig. 4. Thickness decrease (Ah) of th e  epitaxial layer vs etching time (. 1/). E tching tem pera tu re :
140 °C, rotation speed: 90 rpm

AfcL

Fig. 5. Collapse field  change (A H 0) vs etching tim e (At). E tching tem pera tu re : 140 °C, ro ta tio n
speed: 90 rp m

e tch in g  w as 0.045 /um m in -1 . T he s tra ig h t line showing th e  p ro p o rtio n a lity  
w as rep ro d u c ib le  an d  th e  d e v ia tio n  from  th is  line was fo u n d  to  he e q u a l to  
th e  e rro r of th e  m easu rem en ts . T his in v e s tig a tio n  gave us th e  connection  b e t ­
w een th e  th ick n ess  change a n d  th e  e tch in g  tim e .

I f  th e  e tch in g  process cau sed  d e te rio ra tio n  in  the  su rface  o f th e  as-g row n 
film , i t  could  n o t  be  used. T h e  surface fe a tu re s  w ere in v e s tig a te d  m icroscop i­
ca lly  an d  b y  T a lly s tep  co n tro l o f th e  su rface  irregu la rities. T h e  speed o f  r o t a ­
tio n  o f th e  c ry s ta ls  in  th e  e tc h a n t  was fo u n d  to  have a m a rk e d  effect on  th e  
su rface  m orpho logy . W ith  a slow  ro ta tio n  r a te ,  etch ing  w as slow  and  th e  s u r ­
face becam e v e ry  rough . W ith  fa s te r  ro ta t io n  — for ex am p le  90 rp m  — th e  
e tch in g  ra te  v a r ie d  over a w ide range  and  w as  n o t  rep ro d u c ib le . The b es t sp eed  
o f ro ta tio n  a t  140 °C was 27 rp m . On in c rea s in g  th e  te m p e ra tu re  th e  su rface  
roughness in c rea sed  in d ep en d en tly  of ro ta t io n  ra te .
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T he d e ta ile d  in v e s tig a tio n  o f th e  m a g n e tic  p ro p erties  o f  th e  g a rn e t la y e rs  
w as s ta r te d  a t  th is  te m p e ra tu re . T he ch an g e  in  th ickness w as p ro p o rtio n a l to  
th e  change in  th e  collapse f ie ld  (3). B ecause o u r  m ost im p o r ta n t  ta rg e t w as th e  
a d ju s tm e n t o f  th e  m agnetic  p ro p ertie s , w e h a d  to  p ro v e  th e  v a lid ity  o f  th is  
re la tio n sh ip  a n d  to  es tab lish  th e  re p ro d u c ib ility  of th e  co llapse field  c h an g e .

Table I
Change of collapse field along the surface of the L P E  layer

D
[mm]

h,
[Oe] [Oe]

AHn
[Oe]

H„
[Oe]

ah„
[Oe] [Oe]

AH„,
[Oe]

AHJAt 
[Oe m in-1]

0 110.4 109.4 1.0 108.4 1.0 107.3 1.1 1.0
2 110.7 109.6 1 .1 108.6 1.0 107.6 1.0 1.0
4 1 1 1 .2 1 1 0 .2 1.0 109.1 1 .1 108.0 1.1 l . i

6 110.9 109.8 1 .1 108.8 1.0 107.7 1.1 l . i
8 110.5 109.4 1 .1 108.3 1 .1 107.2 1.1 l . i

1 0 109.6 108.6 1.0 107.5 1 .1 106.3 1 .2 l . i

D:
H 0:
H o i  ■
H 02, H 03: 
A H  values:

distance along the d iam eter of the layer;
original value of collapse field;
value of collapse field after first etching ( 2  min);
value of collapse field a fter second and th ird  etchings (2  m in);
changes in collapse field  values between subsequent etchings.

Table II
Relationship between collapse field  and film thickness of LPE layers grown in succession

t
[min]

h
[/Am]

h'[x[m]
Ah

[/Am] H0[Od] h'o
[Oe]

AH,
[Oe]

AHJAh 
[Oe /Am-1]

2.5 4.5 4.4 0.1 114.0 113.1 0.9 9.0

5.0 4.3 4.1 0 .2 114.7 112.5 2 .1 10.5

7.5 4.5 4.2 0.3 114.1 1 1 0 .8 3.3 1 1 .0

1 0 .0 4.5 4.0 0.5 114.1 108.9 5.2 10.4

12.5 4.6 4.0 0 .6 114.9 109.4 5.5 9.2

15.0 4.8 4.0 0 .8 114.5 106.6 7.9 9.9

17.5 5.1 4.2 0.9 114.9 105.6 9.3 10.3

2 0 .0 5.0 4.0 1.0 114.9 104.9 1 0 .0 1 0 .0

t:  etching tim e;
h: original thickness of layer;
h ' : thickness after etching;
Ah: thickness change;
H 0: original value of collapse field;
HÓ: value of collapse field a fter etching;
A H 0: change of collapse field.
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O ne o f th e  L P E  layers w as an a lysed  a f te r  h av in g  been h e ld  in  th e  acid  fo r  tw o  
m in u tes . T h is process w as re p e a te d  th re e  tim e s  for th e  sam e  crysta l. T h e  col­
lapse  fie ld  w as m easured  a t  six  d is tin c t p o in ts  along th e  d ia m e te r  of th e  lay e r. 
T h e  changes w ere neglig ib le b earin g  in  m in d  th e  e x p e rim e n ta l errors ( +  1 Oe 
in  H 0 a n d  + 0 .1  pm  in  h). W e w ere able to  p rove  th a t  th e  collapse fie ld  a lte rs  
u n ifo rm ly  on th e  surface (T ab le  I). T h e  e p ita x ia l g a rn e t lay ers  u sed  in  th e  
ex p e rim en ts  fo r in v e s tig a tin g  th e  collapse fie ld  — film  th ic k n e ss  re la tio n sh ip  
w ere grow n in  succession a n d  h a d  n ea rly  id en tica l p ro p e rtie s  (Table I I ) .  T he 
f ir s t  e tch in g  tim e  w as 2.5 m in : i t  was in c re a se d  b y  2.5 m in  fo r every successive  
lay e r. C hanges in  th e  co llapse field  a n d  th e  film  th ic k n e ss  were m easu red  
s im u ltan eo u sly  a t  th e  sam e p o in t o f the  f ilm . In  th is  w ay  w e w ere able to  d e te r ­
m ine th e  ch an g e  o f H 0 a n d  f ilm  th ick n ess  w ith  tim e, i.e . th e  desired d ecrease  
o f th e  collapse fie ld  on d ecreasin g  the  th ic k n e ss :

А Щ = АЩ _ 1 _

A h  A t A h /A t ’

T he change in  th e  co llapse fie ld  w ith  t im e  (Fig. 4) show s th a t  th e  co llapse  
f ie ld  an d  th e  e tch in g  tim e  ch an g e  in  p a ra lle l, too . The e q u a tio n  of th e  s tr a ig h t  
line w as c a lcu la ted  b y  th e  m e th o d  of le a s t  squares. I ts  s lope  is:

I IT

(0.500 +  0.05) Oe m in " 1,
A t

fo r T  =  140 °C an d  a ro ta tio n  ra te  of 27 rp m .
W ith  th e  help  of th is  re la tio n  we can  m od ify  in  a p rec ise  w ay  th e  co llapse  

fie ld  b y  a p red e te rm in ed  v a lu e .
O ur ex p erim en ts  h av e  p ro v ed  th a t  a  desired  change in  th e  collapse fie ld  

o f a b u b b le  m em o ry  g a rn e t la y e r  can  be ach iev ed  very  a c c u ra te ly  by  c o n tro ll­
ing  on ly  th e  t im e  of e tch ing  a t  a given te m p e ra tu re . The m e th o d  is also a p p lic ­
ab le to  sm aller d iam ete r b u b b le  dom ain  m a te r ia ls  for w h ich  u ltim a te  p rec is io n  
is needed  in con tro llin g  th e  co llapse field . T h e  techn ique  ca n  be  ad a p te d  v e ry  
easily  to  m u ltiw a fe r  e tch in g .
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ИСПОЛЬЗОВАНИЕ МЕТОДА ДТГ(М) ДЛЯ ИЗМЕРЕНИЯ 
ТЕМПЕРАТУРЫ КЮРИ НЕКОТОРЫХ МАГНИТНЫХ 

ОКСИДНЫХ МАТЕРИАЛОВ

Е. БЕРЕГИ

НАУЧНО-ИССЛЕДОВАТЕЛЬСКИЙ ИНСТИТУТ СВЯЗИ, Г. БУДАПЕШ Т, В Е Н ГРИ Я

Я. СТАТИС и Ш. ГАЛ

П О ЛИ ТЕХ Н И ЧЕСК И Й  УН И В ЕРСИ ТЕТ, Г. БУ ДАПЕШ Т, В ЕН ГРИ Я

Излагается возможность использования метода ДТГ (М) для измерения температуры 
Кюри некоторых магнитных оксидных материалов. Были рассмотрены следующие ве­
щества:

Y3Fe5_xGax0 12 где х =  0; 0,4; 0,67; 0,9; 1,3

'AFeä-x->'üa*Scy0 1;, где X =  0,8; у  =  0; 0,11 ; 0,18; 0,4.

Измеренные методом ДТГ(М) температуры Кюри были сравнены с Т с, полученными обыч­
ным методом экстраполяции кривой 4л М $( Т ) ,  с литературными данными и с расчетными Т с , 
полученными использованием расчетной формулы Т с, представленной статистической 
теорией G i l l e o . Сделан вывод, что метод можно рекомендовать для быстрого и надеж­
ного измерения Т с, для получения информации об однородности исследуемых магнит­
ных систем и что он особенно важен при исследовании многофазовых магнитных систем.

В данной работе излагается возможность использования метода 
ДТГ(М) для измерения температуры Кюри некоторых магнитных оксидных 
материалов. Были рассмотрены следующие вещества:

Y3Fe5_xGax0 12 где X =  0; 0,4; 0,67; 0,9; 1,3
и

УзFе5_х_уGaxScy0 12 где х =  0,8; у =  0; 0,11; 0,18; 0,4

Температура Кюри, как известно, одно из основных свойств, характеризу­
ющих ферромагнитные вещества. Она довольно чувствительна к структурным 
и композиционным изменениям. В результате этого измерения Тс могут быть 
использованы для определения и идентификации различных магнитных фаз в 
многофазовой системе.

Температура Кюри рассматриваемых материалов была измерена ме­
тодом ДТГ (дифференциальный термогравиметрический анализ) в магнит­
ном поле. Этот метод разработан в термолаборатории Политехнического Уни­
верситета г. Будапешта.

Как известно, ДТГ представляет собой метод, с помощью которого 
можно регистрировать изменения веса вещества с изменением температуры. 
Так получают кривую в координатах вес-температура. Дифференцирование
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Р и с .  1 .  Кривые ДТГ(М) монокристал. ЖИГ-а (1), поликристал. ЖИГ-а (2), Ni — сферы (3)

этой кривой во времени дает кривую ДТГ. Все измерения проводились на 
электронных термовесах марки «DuPont» в атмосфере воздуха и в магнитном 
поле, создаваемом постоянным магнитом, гексаферритом бария.

Как уже упоминалось, в нашем случае измерения кривых ДТГ велось в 
магнитном поле, но измерялся не вес образца, а сила взаимодействия между 
образцом и полем. Сила взаимодействия мгновенно автоматически компенси­
руется, так что положение образца в магнитном поле не меняется.

При достижении температуры Кюри образца намагниченность исчезает 
и кривая ТГ быстро растет. Этот переход состояния образца из ферромагнит­
ного в парамагнитное на кривой ДТГ в магнитном поле проявляется в виде 
острого пика. Образцы в виде поликристаллических и монокристаллических 
сфер диаметром 1 мм помещались в платиновый тигель. Температура повы­
шалась линейно со скоростью 10 ° С/мин от 20 °С до температуры Кюри образца.

Достоверность измерений была проверена на сферических образцах 
спектрально чистого Ni, монокристаллического и поликристаллического 
ЖИГ-а.

Ниже приведены температуры Кюри этих веществ и для сравнения 
указаны литературные данные [1]
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Метод ДТГ (M) (°К) Литератур, данные (°К)
спектр, чист. Ni 637 631
монокр. ЖИГ 563 560
поликр. ЖИГ 562 560

Ниже на рис. 1 приведены кривые ДТГ(М) вышеупомянутых материалов.
Как вино из рисунка, пики, соответствующие температуре Кюри, исклю­

чительно резкие. Пик поликристаллического ЖИГ-а более широкий по сра­
внению с пиком монокристаллического ЖИГ-а, что по всей вероятности свя­
зано с влиянием межкристаллических границ образца.

На рис. 2 представлена серия пиков, соответствующих температуре 
Кюри галлий замещенных иттрий — железистых гранатов. Как видно из 
сравнения пиков, ширина их однозначно связана с величиной замещения 
ЖИГ-а немагнитными ионами. При замещении х= 0 ,90—1,30 у пика по­
является «плечо», характерное для составов с более низкими Тс, а при 
X =  1,30, как видно из графика, образец представляет систему твердых 
растворов гранатов.

Принимая во внимание, что уширение пиков наблюдалось для веществ с 
большим содержанием немагнитных ионов и измерялось для сфер, вес кото­
рых составлял всего 1—5 мг, для лучшего наблюдения негомогенности ве­
щества были сняты кривые, характеризующие температуру Кюри для крис­
таллов с большим содержанием немагнитных ионов (см. рис. 3).

Как видно из рис. 3, наряду с основным пиком, характеризующим Тс 
вещества, и «плечами» существуют побочные пики. Это говорит о том, что в 
гранате присутствуют две (или больше) магнитные фазы с различными КОМ-

dm Гтд~] 
dt [rninj a s

56Э
498

и
(1) (2) (3)

----------- 1 I------------------- 1 I----------------- 1
T(°K)

P uc. 2 . Кривые ДТГ(М) монокристаллов Y3Fe5_ xGaxO,5c x =  0 (1); x  — 0,4 (2); x  =  0,67 (3);
X =  0,9 (4); x =  1,3 (5)
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Т ( ° К )

Р и с . 3 . Кривые ДТГ(М) монокристаллов Y3Fe5_x_yQaxSCv012 с х  =  0,8; у  =  О (1); х  — 0,8;
у  =  0,11 (2); X =  0,8; у  =  0,18 (3)

позиционными параметрами х и у, т. е. имеют преимущество две магнитные 
фазы с температурами Кюри:

Т с главного пика (°K) T c побочного пика (°К)

1. ;462 430
2. 447 430
3. 423 432

Аналогичные результаты, появление добавочного пика, наблюдались на 
кальций — ванадий — висмутовых феррогранатах; эксперименты в этой ра­
боте проводились на дериватографе методом ДТАМ [2]. Появление добавоч­
ного пика при Тс =  430 °К вероятно отражает схожесть условий выращива­
ния упомянутых кристаллов, а также близость их композиций.

Для определения соответствия литературных и наших эксперименталь­
ных данных, нами были расчитаны Тс некоторых гранатов. Для расчетов была 
использована формула выведенная из модели G i l l e o  [ 3 ] .  Далее, были исполь­
зованы результаты химического анализа наших образцов (основанного на 
катионной хромотографии и последующем комплексометрическом анализе) 
и данные о распределении ионов галлия по двум подрешеткам монокристалли­
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ческого граната, приведенные в работе [4]. Принимая во внимание, что кон­
центрация ионов скандия далека от значения у  =  0,7, при котором ожидается 
переход ионов из октаэдрической в тетраэдрическую подрешетку, все ионы 
Sc3+ приписывались октаэдрической подрешетке.

Таблица I

Образец Ха  +  X d * Xd** X„** №* T«расчет
T,

Д Т Г (М )
Tc

экстрап.

í. 0 0 0 0 560 563 _
2. 0 0 0 0 5 6 0 562 533

3. 0 ,4 8 0 ,4 7 0,01 0 518 498 —

4 . 0 ,6 7 0 ,6 5 0 ,0 2 0 5 0 0 475 —

5. 0 ,9 0 ,8 5 0 ,0 5 0 4 8 0 437 —

6 . 1,3 1,22 0 ,0 8 0 4 2 8 399 —

7. 0 ,8 0 ,7 6 8 0 ,0 3 2 0 486 462 —

8 . 0 ,7 8 0 ,7 5 0 0 ,0 3 0 0,11 473 447 —

9. 0 ,8 0 0 ,7 6 8 0 ,0 3 2 0 ,18 4 6 0 423 418

10. 0 ,7 8 0 ,7 5 0 0 ,0 3 0 0 ,4 410 383 —

Х ф  Х а — количество ионов Ga3+ соответственно в тетраэдрических и октаэдри­
ческих местах.

y ä — ионы Sc3+ в октаэдрической подрешетке

* Результаты химического анализа. Ошибка измерения ±  1 %.
** Расчетные количества распределения ионов Ga3+ по двум подрешеткам; для 

расчетов были использованы данные работы [4].

fcOO

0,5
_________ •

Ь0 Х(6а)

Р ис. 4. Концентрация зависимость Т с для Y3Fe5_xGaxO,2. Сплошная кривая расчитана из 
формулы G il t e o  на основе наших данных. Пунктирная кривая взята из [4] . . . .  — экспери­
ментальные данные, взятые из [4]. х — наши экспериментальные данные, метод ДТГ(М)
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Рис. 5. Концентрационная зависимость Тс для YgFe^SCyO^. Сплошная кривая— расчеты 
Gileeo  [5] д  — экспериментальные данные из [5], о — наши экспериментальные данные 

для композиции YaFe^^Gad^SCyC»!,., (метод ДТГ(М)), □ — наши расчеты

Предполагаемая концентрация ионов Ga3+ и Sc3+ по подрешеткам, 
расчитанные и измеренные Тс представлены в таблице I и на рис. 4, 5.

Как видно из рисунков, разбавление магнитных подрешеток немагнит­
ными ионами приводит к уменьшению числа сверхобменных связей. При 
уменьшении числа связей на один ион Тс твердого раствора уменьшается. При 
малом разбавлении Тс изменяется линейно при увеличении х; при больших 
разбавлениях отклонение от линейности велико и связано со статистикой рас­
пределения ионов по подрешеткам.

Выводы

Измеренные вышеупомянутым методом температуры Кюри были срав­
нены с литературными данными, с Тс, полученными обычным методом 
экстраполяции кривой 4nMs(T) и с расчетными данными, полученными 
использованием расчетной формулы Тс, представленной статистической тео­
рией Gil l e o .

Как мы видели, острота и ширина пиков могут дать информацию о 
химическом составе и гомогенности вещества.

Принимая во внимание, что согласованность наших опытных данных по 
измерению Тс, полученных с помощью метода ДТГ(М), с литературными 
данными хорошая, мы считаем, что этот метод можно рекомендовать для 
быстрого и надежного определения температуры Кюри и получения ин­
формаций об однородности исследуемых магнитных систем.
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Следует также отметить, что ни магнитные, ни рентгеновские измерения 
не обладают такой чувствительностью, с какой мы встретились в случае ме­
тода ДТГ в магнитном поле.
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CRYSTAL DEFECTS IN FLUX GROWN LITHIUM  
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BUDAPEST, HUNGARY

W ith the increase of frequencies in  microwave com m unications lith ium  ferrite single 
crystals a ttra c t growing interest.

The characteristic crystal defects of a flux-grown l.iFe-O , single crystal w ere investigated 
by  m eans of light m icroscopy, scanning electron microscopy and  X -ray  topography w ith respect 
to the technology. A t th e  beginning of th e  grow th process crystal grains w ith slightly  different 
orientations and w ith boundaries containing dislocation groups were formed. T herm al stresses 
caused cracks. The curved cracks were accom panied by stra in  fields of helices p a r tly  decorated 
by precipitates visible on th e  topographs and  also by light microscope. Far from  th e  nucléation 
site of the crystal large perfect regions containing only stra ig h t small-angle boundaries could 
be found. Precipitates, presum ably of L iF eO a, were present in  all parts  of the  crystal. Disloca­
tion arrangem ents characteristic  of stacking faults also appeared  on the crystal.

1. In troduc tion

T he tre n d  o f deve lopm en t o f  m icrow ave dev ices is to  increase  frequency  
above 10 G H z w hich , owing to  i ts  h ig h  Curie te m p e ra tu re , fa irly  h ig h  m agnetic  
a n iso tro p y  and  n a rro w  m agnetic  reso n an ce  lin ew id th  (th e  low est o f all spinel- 
s tru c tu re  ferrites) focussed  a tte n tio n  on lith iu m  fe rr ite . I ts  single c ry s ta ls  are 
used  in  m an y  ty p e s  o f m icrow ave devices, such  as filte rs , m ag n eto -e lastic  
de lay  lines and  p a ra m e tr ic  am plifiers .

I t  has been fo u n d , how ever [1], th a t  th e  e ssen tia l p a ra m e te r  of gyro- 
m ag n e tic  filte rs , n a m e ly  the  re so n an ce  lin ew id th  A H  of L i0 -F e 25O4 single 
c ry s ta ls  is g rea tly  in flu en ced  by  th e  presence of subm icroscopic  la t t ic e  defects. 
C rysta ls  applied  fo r m ag n eto e lastic  purposes m ust also  have  fa irly  la rg e  perfec t 
reg ions.

In  devices single c ry s ta l sp h eres  of 1 m m  d ia m e te r  or 0.2 m m  th ic k  discs 
o f 2 — 3 m m  d ia m e te r  are u sed . T hus, for econom ical device fab rica tio n  
i t  w ou ld  be desirab le  to  grow th e  c ry s ta ls  un d er co n d itions re su ltin g  in  large 
defectless regions. V ery  few p u b lish ed  w orks deal w ith  th e  co rre la tio n s betw een  
th e  occurrence o f c ry s ta l  defects a n d  th e  p a ra m e te rs  o f th e  g ro w th  processes. 
T hou g h  th e  chem ical reac tions o f  L i-fe rrite  c ry s ta ls  are  ra th e r  w ell know n,
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th e re  a re  only  few  d a ta  on  th e  orig in  o f  th e  c ry s ta l d efec ts . I t  is im p o r ta n t  from  
b o th  th e  th e o re tic a l a n d  p rac tica l a sp e c t to  know  th e  possible ty p e s  an d  ch a r­
a c te r is tic s  o f th e  d e fec ts  as a f ir s t  s te p  tow ards th e  im p ro v em en t o f cry sta l 
q u a lity .

2. The structure o f  Li-ferrite [7 —8]

L i-fe rrite  is a  fe rrim ag n e tic  sp inel c ry s ta l  w ith  eigh t (L i0 5F e 2 50 4) 
fo rm u la  u n its  in  th e  e lem en ta ry  cell. T h e  m eta l ions a re  s itu a ted  in  th e  in te rs ti­
t ia l  p laces of th e  fee la ttic e  b u ilt  o f  oxygen  ions. T h e re  are 64 te t r a h e d ra l  and 
32 o c ta h e d ra l c o o rd in a te  sites.

In  th e  sp inels 8 te tra h e d ra l “ A ”  an d  16 o c ta h e d ra l “ B ”  sites a re  occupied 
b y  m e ta l ions, fo rm in g  th e  “ A  a n d  e£B ”  su b la ttic e s , respective ly . T h e  cation  
d is tr ib u tio n  can  b e  rep resen ted  b y  th e  follow ing fo rm u la :

F e3+ [Fe?+ L i’t ]  0 4.

w h ere  th e  u n b ra c k e te d  cations a re  on  th e  “ A ”  a n d  th e  b ra c k e te d  ca tions on 
th e  “ B ”  sites. T h e re  is a fe rrim ag n e tic  coupling  b e tw een  th e  “ A ”  an d  “ B ” 
su b la ttic e s .

A t h igh  te m p e ra tu re s  th e  “ B ”  su b la ttic e  c o n ta in s  b o th  L i1+ an d  F e3~ 
ions w ith o u t an y  re g u la r ity . W hen  th e  c ry sta ls  a re  cooled slow ly below  750 °C 
an  o rd e rin g  p rocess o f  th e  “ B ” s ite  ca tio n s tak es  p lace , i.e. th re e  F e 3+ ions are 
fo llow ed b y  one L i1+ ion  in  th e  [110] d irec tion . S ince th e  n u m b e r of F e 3+ 
ions in  th e  “ A ”  a n d  “ B ”  su b la ttic e s  does n o t ch an g e  du ring  th is  o rd erin g  p ro ­
cess, th e  la t te r  does n o t  affect th e  C urie te m p e ra tu re  and  m ag n e tiza tio n , b u t 
in flu en ces s ig n if ic a n tly  m agnetic  an iso tro p y , m a g n e to s tr ic tio n  a n d  even th e  
re s is t iv i ty  o f th e  c ry s ta ls .

T he m ag n e tic  p ro p ertie s  o f L i-fe rrites are g re a tly  in fluenced  also b y  th e  
s to ic h io m e try  o f th e  com pound . A bove 1000 °C p a r t  o f  th e  lith iu m  a n d  oxygen 
ions v o la tilize  w h ich  can  lead to  y -F e 20 3 fo rm a tio n  an d  after p h ase  tra n s itio n  
a - F e 20 3 can  p re c ip ita te  in  th e  L i-fe rr ite  la ttic e , th u s  low ering sa tu ra t io n  m ag ­
n e tiz a tio n . O xygen  loss causes th e  fo rm a tio n  o f F e2+ ions w hich a c t like p a ra ­
m ag n e tic  s u b s ti tu e n ts  increasing  m ag n e tic  losses. R esis tiv ity  is also  affected  
b y  th e  v a lence  ex ch an g e  process F e 3+ F e2 .

Since su p e rp e rio d ic ity  an d  com position  inhom ogeneities, e .g . presence 
o f  F e 20 3 p re c ip ita te s  affect th e  p h y s ica l p ro p e rtie s  o f th e  c ry s ta l  th e y  have  
to  be  in v e s tig a te d  in  c ry sta ls  to  be  u sed  in  devices.

3. Crystal growth process

B ecause o f th e  h ig h  v o la tility  o f  L i20  an d  th e  h ig h  oxygen te n s io n  of th e  
c ry s ta ls , L i-fe rrite  single c ry sta ls  a re , as a ru le , g row n by  th e  f lu x  m ethod . 
T h e  com position  o f  o u r m elt is g iven  in  T able I .
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Table I
Flux com position

Li2COs Fe20 3 B ,o , FbO

11.7 mol% 14.6 mol% 29.4 mol% 44.3 mol%

T he d iag ram  of th e  c ry s ta l g ro w th  a p p a ra tu s  is show n in F ig . 1. T he 
volum e o f th e  P t-c ru c ib le  w as 300 m l, th e  h ighest te m p e ra tu re  a t  th e  to p  
o f  th e  crucib le  1050 °C; w ith  a dow nw ard  n egative  te m p e ra tu re  g ra d ie n t of 
1.5 °C/cm . A fte r 12 h ours h e a tin g  a t  1050 °C th e  w hole system  w as cooled 
slow ly to  600 °C a t  a ra te  of 1 °C/h.

B y  th is  m e th o d  one large  c ry s ta l o f  3 cm  edge-leng th , 6 c ry sta ls  o f 1 cm 
av erag e  d iam e te r  an d  severa l sm aller c ry s ta ls  w ere o b ta in ed .

As th e  th e rm a l stresses w ere p ro b a b ly  th e  h ig h est a t  th e  b o tto m  o f th e  
crucib le , th e  large  c ry s ta l g row n th e re  w as expec ted  to  co n ta in  th e  g re a te s t 
n u m b er an d  v a r ie ty  of defec ts c h a rac te ris tic  of flu x  g row n L i-fe rrites. T he 
la rge , as-grow n surfaces o f th e  p la te  lik e  c ry s ta l w ere (111) p lanes.

A ccord ing  to  chem ical analysis th e  com position  of th e  c ry s ta l co rresponded  
to  th e  fo rm u la  L i0 4 5 F e 2 52O4 in s tead  o f  th e  desired L i0 5F e 2 50 4; th e  la ttic e  
c o n s ta n t w as 0.8331 nm . T h e  m easu red  v a lu es  of e lec tric  a n d  m ag n etic  p a ra ­
m ete rs  are  lis ted  in  T ab le  I I  to g e th e r w ith  th o se  of Y IG , M gF e20 4 a n d  l i te r a ­
tu re  values fo r L i-ferrite  c ry s ta ls  [2, 3, 4, 5]. No chem ical inhom ogeneities could
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Table II
E lectric and magnetic param eters of Y IG , MgFe20 4 and L iFe50 8

YIG MgFe.O, LiFesOg
The investigated 
LiFesO, crystal

T c l K] 560 613* 653** 893* 893** 903* 903**

4*A f, [T] 0.18 0 .2 *  0 .1 2 * * 0.37 0.37

AH*** [A/M] 28 240* 160** 5 6 0 -1 5 0 0 *

120**

5 6 0 -1 5 0 0 *

80**

K J M  [KA/M] — 3.2 - 1 6 *  29.6** — 23.2

A,oo ' 1 0 - * — 1 .0 — 15 — 22.4 — 24.2

о [ßcm ] 10е- 1 0 “ 105 1 0 5** 4 • 105** 1 • 104*

* disordered ** ordered *** a t 9.1 GHz

b e  d e tec ted  b y  e lec tro n  m icro p ro b e  analyses w ith  th e  JE O L  JX A -ty p e  a n a ly ­
ser. As th e  possib le  p re c ip ita te s  are  L iF e 0 2, P bO , a -F e 20 3, in  th is  w ay  we 
co u ld  exclude  P b O  an d  oc-Fe20 3 p re c ip ita te s ; th e  presence o f L iF e 0 2 inclusions 
cou ld  n o t be  rev ea led  b y  th is  m e th o d , because  th e  L i ion  is n o t  d e tec tab le  b y  
th e  device a n d  th e  d ifference in  iron  c o n te n t is n o t n o ticeab le  since th e  iro n  
ra t io  of L iF e 50 8 (s) an d  L iF e 0 2 (o) is v e ry  sm all (Fes w t% /F e 0 w t%  <  1.2.).

4. Investigation o f defects
4.1 E xperim en ta l

F o r th e  in v e s tig a tio n  o f  th e  defect s tru c tu re  o f th e  above m en tio n ed  
la rg e  c ry s ta l l ig h t m icroscopy  an d  X -ra y  to p o g ra p h y  w ere used  before a n d  
a f te r  th e  e tc h in g  processes. L ig h t m icroscopic in v es tig a tio n s  w ere carried  o u t

nuclear plate

Fig. 2. The scheme of th e  back reflection Lang-type topographic camera
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w ith  Zeiss an d  R e ich ert m icroscopes, X -ra y  to p o g rap h s  w ere ta k e n  in  re flec ­
tio n  L a n g -a rran g em en t acco rd in g  to  Fig. 2. using  F eK a ra d ia tio n  an d  333, 
620, 440 reflec tions.

The surface w as tre a te d  befo re  and d u r in g  th e  in te rv a ls  o f  th e  in v e s tig a ­
tio n  o f th e  d efec ts  as follow s;

i) M echanical polish ing  b y  A120 3 suspension  para lle l to  th e  la rg es t as-

** * ' л « '

. * - \  • . •
Л*
* ♦. • » • !*

v % y

■

и

. . . í? .*•..*}
*• - i . v - *  ;

* 4  « ♦ » .Л*» » * * I* #. • i-W -iST"

» 4 ^ % -  ' p i -  .

/  * t «?■ * * *<«♦/* -* V. * . */* - \  » * * ** . -.a * * » . ,*.**’•

. -, *  ’ * »* : *  * *  - * *  -♦• * *. » * I* ** « 9*
►' . * y * *«. * ,77** * »,**’* %" «* »<«**1
• ♦->/''* Г ,Л
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* * * * •*.* / •  ** • ,1 /♦  ,»*•,
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. ”. 4 . v-.

F ig . 3. P a rt of side “ I”  of the crysta l plate after m echanical polishing, photographed under
a Zeiss microscope
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F i g .  4 .  Light microscope image of the same part of the crystal after etching in boiling azeotropic
HC1 for a) 4 min, b) 4 hours

grow n ( H I )  p lanes. T he th ick n ess  o f th e  a b rad ed  la y e r  w as less th a n  20 fim 
on  each  side o f th e  c ry s ta l p la te .

ii) E tc h in g  in  bo iling  azeo trop ic  HC1 fo r 4 m in to  4 hours. T h ick n ess  of 
th e  d isso lved  lay e r w as less th a n  5 pm  on  each  side.

iii) E tc h in g  in  phosphoric  acid  a t  200 °C for 8 m in . T h ickness of th e  dis- 
so lved  la y e r  w as less th a n  10 pm  on each  side.

4.2 . R esults

I . A fte r  th e  f irs t  po lish ing  th e  c ry s ta l  w as ligh t m icroscopically  ex am in ed . 
A lre a d y  on th e  m echan ically  po lished  su rfaces  signs in d ic a tin g  d ifferen t k in d s 
o f  d efec ts  could b e  d e tec ted , such  as co n tin u o u s  cu rved  lines w ith  b la c k  co n ­
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t r a s ts ,  as w ell as s tra ig h t a n d  cu rv ed  lines o f  b lack  dots. B esides these, a r a th e r  
large reg ion  of th e  c ry s ta l w as covered b y  s ta tis tic a lly  d is tr ib u te d  b lack  d o ts  
(F ig . 3).

I I .  T h e  f i r s t  tim e  e tc h in g  resu lted  in  a w eak p a t te r n  w hich d id  n o t  
change con sid erab ly  w hen th e  tim e  of e tc h in g  w as in c rea sed  from  4 m in  to  
4 hou rs  (F ig . 4). X -ra y  to p o g ra p h s  of a se lec ted  p a r t  o f th e  c ry s ta l show n in  
F ig . 5a an d  5b rev ea led  a n u m b e r of d iffe ren t typ es of fa u lts  w hich cou ld  be 
re la te d  to  th e  l ig h t m icroscopic p a tte rn . I n  th e  to p o g rap h s  lines of w h ite  c o n ­
t r a s t  ap p eared  co rrespond ing  to  b lack  co n tin u o u s curved  m icroscopic lines a n d  
w ere id en tified  as cracks in  th e  c ry sta l; th e y  w ere in m o st cases accom pan ied  
b y  lines of b lack  c o n tra s ts  a n d  appeared  in  m o st, — b u t  n o t  in  all — cases

a

Fig. 5. Topographs of side 44I ” after the first etching a) (333) reflection; b) (620) reflection; 
defects: m isoriented grains w ith dislocation network boundary  (areas o f different con trast on 
the righ t side of the crystal); small angle grain boundaries (straight line in  Fig. 5b in the m iddle 
between regions of different con trast); cracks (white lines) and strain-fields w ith black con trast
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Figs. 6a, b. Photographs of b o th  side of the crystal plate taken after the second etching

as cu rv ed  d o t te d  lines u n d e r th e  ligh t m icroscope. T his ty p e  of fa u lts  w ill be 
d e a lt w ith  la te r .

T he s tr a ig h t  lines of b la c k  dots on th e  ligh t m icroscopic p a t te rn  w ere 
id e n tif ie d  as sm all angle g ra in  bo u n d aries . T h is  was co n firm ed  by  th e  c o n tra s t  
d ifference b e tw een  th e  reg ions on th e  tw o  sides of such  a line  (Fig. 5b). T he 
r ig h t  ap ex  o f  th e  c ry s ta l co n ta in ed  sev e ra l large g ra in s  w ith  considerab le  
o r ie n ta tio n  d ifference (ap p ro x . 1°) as in d ic a te d  b y  th e  g rea t v a r ia tio n  of 
c o n tra s ts  on th e  d ifferen t to p o g rap h s . T h e  b o u n d a ry  reg io n s of th e se  g ra in s 
c o n ta in  a la rg e  am o u n t of d islocations. T h is  p a r t  of th e  c ry s ta l  was in  c o n ta c t 
w ith  th e  b o tto m  o f th e  c rucib le  where c ry s ta lliz a tio n  h a d  begun .

S m all p a ra lle l lines g iv in g  b lack -w h ite  co n tra s ts  w ere  found  a lm o st 
ev e ry w h ere  in  th e  c ry sta l. T h e y  are s im ila r to  those fo u n d  b y  M is h r a  e t  al 
w ho id e n tif ie d  th e m  as L iF e 0 2 p re c ip ita te s  [6].
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I I I .  A fte r th e  second e tch in g  som e o f th e  ch a ra c te ris tic  fea tu res o f  th e  
defec ts becam e m ore p ronounced  and  cou ld  be d is tin g u ish ed  u n d er th e  lig h t 
m icroscope an d  on th e  to p o g rap h s  as w ell. P h o to g rap h s  o f  b o th  sides o f  th e  
w hole c ry s ta l  are show n in  F ig . 6a — 6b . T he side in  F ig . 6a (“ I ”  side) was 
a lread y  show n on tw o  to p o g rap h s  and  w ill be d ea lt w ith  la te r . F rom  th e  o th e r 
side show n in  Fig. 6b (“ I I ”  side) one o f th e  s tro n g ly  d iso rien ted  grains fe ll ou t 
d u rin g  m echan ical polish ing. Some g ra in s w ere m issing also from  th e  low er 
edge o f th e  c ry s ta l. Some o f th e  cu rved  lines co rre la ted  fa ir ly  well w ith  tho se  
on th e  “ I ”  side, p rov ing  th a t  th e y  w ere b u ilt  o f d isloca tions going th ro u g h  
th e  c ry s ta l p la te  a lm ost p e rp en d icu la rly  to  th e  surface.

Second e tch in g  rev ea led  a g rea t n u m b e r of d is lo ca tio n  groups w hich  
w ere a lread y  visible u n d er th e  ligh t m icroscope. P a ra lle l lines in d ica tin g  th e

Fig. 7. Parallel dislocation lines indicating the presence of stacking fau lts. Light microscopic 
images taken  after the second etching (a, b)
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Fig. 8. L ight microscopic images and  topographs of a node of cracks and strain-field lines: 
a) light m icroscopic image, b) (440) topograph a fte r th e  first etching; c) light microscopic 
im age; d) (440) topograph; e) SEM im age after the second etching. N ote the change of con trast 
along the black lines. The strain-fie ld  of the decorated helices dim inished as the precip ita tes

were etched ou t

presence o f s ta c k in g  fau lts  a re  show n in  F ig . 7. C om parison  of th e  d e ta ils  of 
to p o g rap h s  ta k e n  of th e  “ I ”  side  a fte r  th e  f i r s t  an d  second e tc h in g  shows in te r e s t­
in g  changes in  som e of th e  reg ions. In  F ig . 8 th e  lig h t m icroscopic p ic tu re s  
a n d  to p o g ra p h s  o f a v e ry  in te re s tin g  node o f  cracks an d  d o tte d  lines, i.e. b lack  
lines, are  sh o w n  before (8a, 8b) an d  a fte r (8c, 8d, 8e) th e  second e tch in g . A l­
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re a d y  befo re  second e tc h in g  th e re  h a d  been in te re s tin g  d ifferences betw een  th e  
lig h t o p tica l p ic tu re  a n d  th e  to p o g ra p h  of th is  reg ion . T he cracks w ere visible 
in  b o th  cases, b u t of th e  alm ost p e rp en d icu la r b lack  lines on th e  to p o g rap h  
on ly  th e  one w ith a h e lix -like  s tru c tu re  was v isib le  also on th e  l ig h t op tical 
p ic tu re . A fte r  second e tc h in g  th e  c o n tra s t  due to  th e  stra in -fie ld  decreased  a t 
t h a t  p a r t  o f th e  to p o g ra p h ic  line a n d  ac ted  as a source  of severa l g roups of 
d isloca tions, as show n b y  lig h t a n d  b y  scanning  e lec tro n  m icroscopy  (F ig . 8e) 
W hen  th e  g  v ec to r of th e  re flec tio n  used  for to p o g ra p h s  is changed , th e  change 
in  th e  c o n tra s t of th e  helica l lines w as n o t large, so th e  s tra in  f ie ld  m u st be 
d u e  p a r t ly  to  p rec ip ita te s  on th e  helices. D uring  second etch ing  som e of these 
p re c ip ita te s  were d isso lved  causing  a  decrease of th e  s tra in  fie ld  a n d  th e reb y  
th e  c o n tra s t on th e  to p o g ra p h .

5. C onclusions

I t  w as possible to  d e te c t an d  id e n tify  several ty p e s  of c ry s ta l defects in 
one b ig  flux-grow n L iF esO s single c ry s ta l b y  m eans o f th e  c o m b in a tio n  of 
re p e a te d  e tch ing , lig h t m icroscopy  an d  X -ray  to p o g ra p h y .

A t th e  beginning  o f  th e  g row th  process c ry s ta l g ra in s w ith  s lig h tly  differ­
e n t o rien ta tio n s  an d  w ith  b o u n d a rie s  con ta in in g  d islocation  g ro u p s were 
fo rm ed . A t a  d istance o f  th is  p a r t  th e  c ry s ta l has la rg e r perfec t reg ions co n ta in ­
ing  o n ly  sm all angle g ra in  b o u n d a rie s . P rec ip ita te s  o f L iF e 0 2 w ere  p resen t 
in  a ll p a r ts  o f the  c ry s ta l. In  th e  v ic in ity  of c racks o f th e rm a l o rig in  black 
lines due  to  th e  s tra in  f ie ld  of p a r t ly  d eco ra ted  helices are seen on  th e  to p o ­
g rap h s; som e of th em  a re  v isib le  also  u n d e r the  lig h t m icroscope. T h ese  helices 
can  be u sefu l for th e  fo rm a tio n  of m o re  perfect c ry s ta l regions since im p u ritie s  
from  th e  sorround ing  can  p re c ip ita te  along them .
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TEMPERATURE DEPENDENCE OF INFRARED  
ACTIVE FUNDAMENTAL MODES OF ADAMANTANE*

By

S. P . S r iv a st a v a  and I . D . Sin g h
ANALYTICAL PHYoICS LABORATORY, INDIAN INSTITUTE OF PETROLEUM, DEHRA DUN-248 005, INDIA

(Received 19. VI. 1979)

The infrared la ttice  v ibrational spectrum  of adam antane in  solid cubic phase has been 
recorded a t  different tem peratures using a B eckm an IR-12 grating  spectrophotom eter. Besides 
the fundam ental absorption bands a t the  centre of the B rillouin zone, a few la ttice  bands 
involving the in teraction  of infrared rad ia tion  w ith more th a n  one phonon have also been 
observed. In  the absence of detailed dispersion curves, a ten ta tiv e  assignm ent o f these m ulti­
phonon bands has been done. The shifts observed in the fundam ental hands due to  rise in  tem ­
perature have been discussed in term s of volum e-dependence and o ther anharm onic effects.

In tro d u c tio n

T h e  in fra red  s tu d ie s  of a d a m a n ta n e  (C10 H 16) h a v e  been th e  su b jec t 
of re c e n t in v es tig a tio n s  [1 — 3] because  i t  shows a f irs t-o rd e r  phase  tra n s it io n  
a t  208 K . T he h igh  te m p e ra tu re  p h ase  is face-cen tred  cubic T d space  g ro u p  
w hile th e  low  te m p e ra tu re  phase is te tra g o n a l, th e  u n it  cell being  p r im itiv e . 
T he m o lecu la r p o in t g ro u p  is also T d, ju s tify in g  its  c lass as g lobu la r h y d ro ­
carbons. I t  sublim es a t  a b o u t 540 К  (sealed  tu b e).

T h e  n o rm al co o rd in a tes  of a d a m a n ta n e  v ib ra tio n s  span  th e  re p re s e n ta ­
tio n  5 -f- A 2 6E  +  1 F 1 -j- И  ̂  ° f  th e  p o in t g roup  T d. O nly th e  F 2 v ib ­
ra tio n s  a re  in fra red  ac tiv e . In  th e  so lid  p h àse , th e  v ib ra tio n s  are  su b je c te d  to  
th e  in te rm o lecu la r p o te n tia l  w ith  th e  lo ca l sy m m etry  o f th e  m o lecu la r s ite  an d  
to  a d y n am ic  in te ra c tio n  w ith  th e  sy m m e try  o f th e  u n it  cell g roup  (fac to r 
group) fo r  th e  m odes a t  zero w ave v e c to r .

T h e  no rm al c o o rd in a te  analysis o f a d a m a n ta n e  u sin g  a va len ce  force 
fie ld  h as  been  done b y  S n y d e r  an d  S c h a c h t sc h n e id e r  [1] b y  re c o rd in g  th e  
in fra red  sp ec tru m  o f a d a m a n ta n e  a t  — 190 °C (below th e  tra n s it io n  te m p e ra ­
tu re ) w hile  th e  m echan ism  o f phase tra n s it io n  has been s tu d ie d  b y  V u  e t  al [2] 
b y  reco rd in g  th e  in fra re d  sp ec tra  a t  150 an d  225 K . A bove th is  te m p e ra tu re  
values o f  th e  in fra red  b a n d s  of a d a m a n ta n e  hav e  been p u b lish ed  re c e n tly  b y  L e e  
an d  S l u t s k y  [3] an d  som e la ttic e  p ro p e rtie s  have  also b een  s tu d ied  b y  th ese

* A Sum m ary of th is paper was presented a t  the ‘N ational Conference on M olecular 
Spectroscopy and Lasers’ held a t  the B anaras H indu U niversity, V aranasi, India, Jan u ary  
29-31, 1979.
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a u th o rs . The te m p e ra tu re -d e p e n d e n c e  of th e  cohesive energy  a n d  G rüneisen 
p a ra m e te r  of a d a m a n ta n e  h av e  b een  s tu d ied  re c e n tly  b y  us [4].

In  th is  co m m u n ica tio n  w e re p o rt o u r m easu rem en ts  o f  th e  in fra red  
s p e c tra  o f a d a m a n ta n e  a t  h ig h  te m p e ra tu re s . B esides th e  fu n d a m e n ta l b an d s 
a t  th e  cen tre  o f th e  B rillou in  zone, a few m ore  b a n d s  invo lv ing  th e  in te rac tio n  
o f  in fra red  ra d ia t io n  w ith  m o re  th a n  one p h o n o n  have  b een  observed. A n 
a t te m p t  has b een  m ad e  to  ex p la in  th e  occurrence  o f  these  m u ltip h o n o n  bands 
a n d  also o f th e  sh if ts  observed  in  th e  fu n d a m e n ta l b an d s due to  te m p e ra tu re  
in  te rm s  o f v o lu m e-d ep en d en ce  o f  th e  v ib ra tio n a l frequencies a n d  enharm on ic  
e ffec ts .

E xperim en ta l

The in f ra re d  sp ec tra  o f  a d a m a n ta n e  a t  298, 355, 435 a n d  468 К  h av e  
b e e n  reco rded  on  a B eckm an  IB -1 2  double b e a m  g ra tin g  sp ec tro p h o to m e te r  
e q u ip p ed  w ith  a  “ H ea tab le  V e rtic a l L iqu id  Cell” . T he sp ec tra  w ere reco rded  
b o th  in  th in  f ilm  a n d  K B r p e lle t an d  w ere fo u n d  to  be id en tica l. T he w hole 
sp e c tru m  w as c a lib ra te d  using  a  th in  film  o f p o ly s ty re n e  an d  spec tro scop ica lly  
p u re  indene.

U nder th e  e x p e rim e n ta l co n d itions th e  sp e c tra l  re so lu tion  w as 0.25 cm  -  1 
a t  1000 c m -1  a n d  freq u en cy  a c c u ra cy  w as + 0 .5  c m -1 .

w a v e n u m b e r  c m -1

Fig. 1. In fra red  absorption spectra  of a d a m a n ta n e .------  298, К ------  435 К
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T he sp e c tra  recorded  a t  298 and  435 К  have been rep ro d u ced  in  F ig . 1. 
Some o f th e  resu lts h a v e  also been v e rified  on a P e rk in -E lm er 577 m odel 

a t  298 К  in  th e  low freq u en cy  region.

R esu lts  and discussion

T he freq u en cy  values o b serv ed  in  F ig . 1 a t  298 К  a re  lis ted  in  T a b le  I  
w here these  h a v e  been co m p ared  w ith  th o se  ob ta in ed ’fro m  valence force fie ld  
ca lcu la tions a n d  from  m easu rem en ts  o f o th e r  w orkers [1, 3].

U nlike p rev io u s s tu d ie s , in  th e  p re se n t in v es tig a tio n  we have o b se rv ed  
all th e  eleven in f ra re d  ac tiv e  F 2 v ib ra tio n s  as p red ic ted  b y  n o rm al c o o rd in a te  
analysis . In  th e  w o rk  of S n y d e r  e t al [1 ], w h ere  th e y  h a v e  m easured  th e  in f ra ­
red  sp ec tra  o f  a d a m a n ta n e  in  te tra g o n a l p h a se  ( —196 °C ), m an y  m ore b a n d s  
h av e  been  observ ed . Some o f  th e se  b an d s  a re  due to  sp littin g s  of th e  fu n d a ­
m e n ta l v ib ra tio n s , each v ib ra t io n  show ing i t s  tr ip ly  d eg en era te  c h a ra c te r  [2].

Table I

Infrared  active fundam ental a n d  subsidiary b an d s (in cm -1) of adam an tane a t 298 К

Observed Calculated

Present
study

Lee and 
Slutsky [3]

Snyder et al
id

Snyder et al
id

Cyvin et al 
[6]

4 4 2 .5 — — 423 440

640 — 632 649 635

801.5 796 880 800 795

951 — — — —

971 967 966 971 965

1105 1102.8 1101 1100 1100

1314 — 1289 1285 1305

1355 1351 1354 1354 1350

1415 — — — —

1451.5 1447.5 1452 1459 1450

2020 — — — ' —

2120 — — — —

2120 — — — —

2670 — — — —

2700 — — — —

2742 — — — —

2848 .5 2853.5 — 2856 2855

2911 — — 2904 2910

2927 2923.5 — 2932 2935
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Table П
T em perature  dependence of fundam ental bands of adam antane

298 К
355 К 435 К 468 КPresent

study
Lee and 

Slutsky [3]**

4 4 2 .5 — 439 * *

640 — * * *

801 .5 796 799.5 799 798.5

971 967 970.5 969 *

1105 1102.8 1103 1100 1100

1314 — * * *
\

1355 1351 1354 1352 1352

1451.5 1447.5 1452.5 1452 1450.5

2848 .5 2853.5 2848 2847 2847

2911 — 2908 2906 2906

2928 2923.5 2928 2927 2926

* The b an d  becomes so b road  th a t  i t  is d ifficu lt to assign a p roper frequency value.
** These au tho rs have also m ade tem perature-dependent studies. Since their m easure­

m ents are n o t consistent w ith the  present study  and  the conditions and accuracy of these 
m easurem ents are no t known either, a  comparison w ith  the present study  is not possible.

H ow ever, tw o  fu n d a m e n ta l b a n d s  a t  442.5 c m -1  an d  640 c m -1 , w hich w ere 
p re d ic te d  b y  th e  valence force fie ld  ca lcu la tio n s, have also b een  observed in  th e  
p re se n t s tu d y . T he b an d  a t  640 c m -1 (n o t show n in F ig . 1) was o b serv ed  in 
CS2 so lu tion .

In  T ab le  I I  we have  lis te d  th e  va lu es  o f  th e  fu n d a m e n ta l v ib ra tio n s  o b ­
se rv ed  a t  d iffe re n t te m p e ra tu re s . In  som e o f  these  cases, th e  observed b a n d s  
becom e so b ro a d  w ith  th e  rise  in  te m p e ra tu re  th a t  i t  w as felt d iff ic u lt to  
assign  a p ro p e r  va lue .

T he e ffec t o f ra ising  th e  te m p e ra tu re  o n  th e  sp ec tra  is to  sh ift th e  e n tire  
cu rv e  to  low  frequencies . I t  is genera lly  believ ed  [5] t h a t  th e  change in  th e  
p e a k  p o sitio n  an d  w id th  o f  th e  in fra red  ac tiv e  la ttic e  b a n d  are cau sed  b y  
an h a rm o n ic  fo rces in  th e  c ry s ta l  la ttic e . T h e  th e rm a l ex p ansion  of so lids has 
a lso  th e  sam e effect. S u rp ris in g ly , for th e  m olecular c ry s ta l  o f a d a m a n ta n e  
w ith  s tro n g  chem ical bonds w ith in  a m o lecu la r group a n d  w ith  loose b in d in g s 
such  as th e  V an  der W aa l’s ty p e  b e tw een  th e  m olecules, th e  la ttice  b a n d s  do 
n o t  change m u c h  w ith  te m p e ra tu re . S uch  a n  o b se rv a tio n  h a s  also been  m ade 
b y  L e e  a n d  S l u t s k y  [3]. W e m ay  a t t r ib u te  th is  phenom enon  to  th e  fac t 
t h a t  o ften  th e  d irec tions o f  sh ifts  a ris in g  from  th e  v o lu m e  dependence an d  
an h a rm o n ic  e ffec t are op p o site , w hich re su lts  in  a sm aller te m p e ra tu re  d e p e n d ­
ence [5]. T h e  am o u n t o f sh if t due to  th e se  tw o  effects can  be se p a ra te ly  ca l­
c u la te d  fro m  th e  equ a tio n s developed  b y  M i t r a  [5] fo r ion ic  solids, b u t  u n fo r ­
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tu n a te ly  for a d a m a n ta n e , th e  d a ta  on th e rm a l ex p an sio n  coefficien t a t  d iffe r­
e n t te m p e ra tu re s  a re  n o t av ailab le .

H ow ever, an  in d irec t s tu d y  on th e  vo lum e dependence  o f th e  v ib ra tio n ­
al frequencies can  be m ade b y  e v a lu a tin g  th e  G rüneisen  p a ra m e te rs  from  th e  
te m p e ra tu re  d ependence  o f  th e  fu n d a m e n ta l m odes. F o r th e  i th m ode an d  К  
w av e-v ec to r v ib ra tio n , we can define  th e  m ode G rüneisen  p a ra m e te r  as

У ,(К ) =
1 1 1
* ) v,(K)

( frf(K) 
[ d T p

( 1 )

w here a  is th e  v o lu m e  expansion  coeffic ien t a n d  r,(K ) th e  freq u en cy  o f th e  
i th m ode. U sing th e  average  v a lu e  o f  a  [4] an d  th e  tè m p e ra tü re  d ependence  of 
th e  fu n d a m e n ta l m odes as have been  observed  in  T ab le  I I ,  we f in d  th e  average  
v a lu e  o f  y,(K) as 0.4. T he e x p e rim e n ta l va lue , o b ta in e d  from  th e  co n sid e ra tio n  
o f  3IV^ m odes ( N A b e in g  th e  A v o g ad ro ’s nu m b er) is 6.3 [4]. Such a sm all va lu e  
o f th e  average y ,(K ) th u s  in d ica ted  th a t  th e  m ain  c o n tr ib u tio n  to  y  is n o t from  
th e  fu n d a m e n ta l v ib ra tio n s  b u t fro m  th e  acoustic  to rs io n a l m odes.

Besides th e  fu n d a m e n ta l m odes, som e m ore b an d s  h av e  been  observed  
in  th e  in fra red  sp e c tru m  of a d a m a n ta n e . T he fu n d a m e n ta l m odes o f v ib ra tio n  
g en era lly  belong to  th e  cen tre  o f  th e  B rillou in  zone. T he sy m m e try  classifi­
ca tio n  an d  selection  ru les are d eriv ed  from  th e  fa c to r  g roup  analysis a n d  these  
c o n s titu te  th e  К  =  0 m odes o f o p tic a l b ran ch es. T h e  acoustic  m odes h av e  
zero frequencies in  th e  fac to r g roup  a p p ro x im a tio n  a n d  w ill h av e  n o n -v an ish ­
ing  v a lu es  a t th e  zone b o u n d a ry  a n d  th u s  m ay  ta k e  p a r t  in  th e  co m b in a tio n s 
an d  overtones. F o r  th e  m o lecu lar m odes, in te rn a l -|- in te rn a l, in te rn a l -f- 
e x te rn a l an d  in te rn a l  acoustic  com b in a tio n s are  possible w hereas th e  com ­
b in a tio n s  e x te rn a l -)- ex te rn a l, e x te rn a l -j- acoustic  an d  acoustic  -f- acoustic  
give rise  to  th e  m u ltip h o n o n  co m b ina tions. In  all th e se  in te rac tio n s  th e  energy  
an d  w av e  vec to rs m u s t be conserved .

T h e  occurrence o f  th e  co m b in a tio n  an d  o v erto n es  can be ex p la in ed  to  be 
due to  th e  in te ra c tio n  o f tw o or m ore  phonons w ith  th e  ra d ia tio n , th ro u g h  te rm s  
in  th e  electric  m o m en t of second o r h ig h e r orders in  th e  m olecular d isp lacem en ts . 
T he com b in a tio n s shou ld  give rise to  con tinuous sp e c tru m  b u t th e  a b so rp tio n  
p eak s a re  found  to  occu r because o f  th e  s ingu larities in  th e  phonon  freq u en cy  
d is tr ib u tio n . T hese singu larities a rise  from  c ritic a l p o in ts  in  th e  B rillou in  
zone w here  th e  cu rv es  o f freq u en cy  as a fu n c tio n  o f  w ave v ec to r  fo r th e  in d i­
v id u a l b ran ch es a re  f la t .  Such p o in ts  are  ex p ec ted  to  occur a t  or n e a r  th e  edge 
of th e  B rillou in  zone. F o r a given p h o n o n  b ran ch  th is  f la tte n in g  o f freq u en cy  
as a fu n c tio n  of p h o n o n  w ave v e c to r  m akes i t  possib le to  c h a rac te rise  th a t  
b ra n c h  b y  a single frequency . T he in fra re d  sp ec tru m  can th e n  be co m p le te ly  
u n d e rs to o d  in  te rm s  o f  c ritica l p o in t phonons i f  th e se  are know n e ith e r  from  
n e u tro n  sca tte rin g  d a ta  or from  a re liab le  th e o re tic a l ca lcu la tion . U n fo r tu n a ­
te ly , to  ou r know ledge, no such d a ta  are  availab le  fo r a d am an tan e .
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In  th e  absence  o f  d e ta iled  d ispersion  cu rv es, W u  e t al [2] h a v e  m ade 
a  te n ta t iv e  a ss ig n m en t o f an  e x tra  b a n d  o bserved  in  th e ir  stud ies a t  1104 c m -1 . 
S im ila r  a ss ig n m en ts  could  be  done fo r th e  b an d s  observed  in  th e  p re se n t case 
as  w ell. F o r ex am p le , th e  b a n d  occu rring  a t  2670 c m -1 could b e  assigned  to  
b e  d u e  to  a tw o -p h o n o n -p ro cess  in v o lv in g  1314 c m -1 an d  1355 c m -1  fu n d a m e n ­
ta l  v ib ra tio n s  (su m m a tio n  b a n d ) an d  th a t  a t  2700 as an  o v erto n e  o f  1355 c m -1  
fu n d a m e n ta l. T h e  b a n d  a t 2120 c m -1 ap p ea rs  to  be due to  th e  co m b in a tio n  o f 
801 .5  c m -1 an d  1314 c m -1 fu n d a m e n ta ls . T he b an d s  a t  2020 a n d  2742 c m -1 
p ro b a b ly  a p p e a r to  be due to  in te ra c tio n s  o f e x te rn a l an d  acoustic  m odes because 
th e y  could  n o t  b e  ex p la in ed  w ith  th e  p re se n t se t o f fu n d a m e n ta ls . H ow ever, 
in  a n y  case, a u n iq u e  assig n m en t is n o t possib le  because th e  co m b in a tio n s of 
o th e r  fu n d a m e n ta ls  m ig h t also becom e in fra re d  ac tiv e  w hereas th e se  fu n d a ­
m e n ta ls  th em se lv es  w ere n o t in fra red  ac tive .
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STATIONARY BRANS-DICKE VACUUM SOLUTIONS 
FROM STATIC CYLINDRICALLY SYMMETRIC 

ZERO-MASS FIELDS

By

P . P . RAO and R. N . TlWARI
DEPARTMENT OF MATHEMATICS, INDIAN INSTITUTE OF TECHNOEOGY, KHARAGPUR 721302, (W. B.) INDIA

(R eceived 21. V I. 1979)

S tationary Brans-Dicke (B D ) vacuum  fields w hen th e  BD coupling constan t w Ф  —3/2 
is obtained from s ta tic  cylindrically sym m etric zero-mass fields in th ree stages. The solution 
so obtained, in a w ay , can be said to  belong to  M ajum dar—Papapetrou (M P) class.

In troduction

P e r jé s  [1 ] has given a  m e th o d  for c o n s tru c tin g  s ta tio n a ry  E in s te in  v a ­
cu u m  so lu tions f ro m  sta tic  a x ia lly  sym m etric  E in s te in  —M axw ell so lu tions w hen  
b o th  th e  electric  an d  m agnetic  p o te n tia ls  are  sim u ltan eo u sly  p re se n t. T his w as 
la te r  ex ten d ed  b y  R ao , T iw a r i  an d  R ao [2] to  th e  case w here in  s ta t io n a ry  
B D  v acu u m  so lu tio n s for th e  coup ling  c o n s ta n t со  =  0 can be o b ta in ed  fro m  
th o se  of s ta tic  ax ia lly  sy m m etric  B D  M axw ell so lutions fo r  со  =  —3/2 . T he 
p re se n t a t te m p t is  to  ex ten d  th e  above re su lt  fo r th e  case w h en  со ^  —3/2. 
W e m ay  m e n tio n  th a t  in  o u r  app ro ach  w e h a v e  alw ays k e p t M P class o f 
so lu tions in  th e  back g ro u n d . T h e  solu tion  g e n e ra te d  here also , in  a w ay , can  
be sa id  to  belong  to  th is class.

In  view  o f  th e  above w e h av e  f irs t o b ta in e d , using  P e r jé s  [3] re su lt 
(derived  here a fresh ), a gen era lized  M P re la tio n  (in th e  sense t h a t  th e  m e tric  
co m p o n en t g44 is a function  o f  b o th  th e  e lec tric  an d  m agnetic  co m p o n en ts  o f 
th e  fo u r p o te n tia l  instead  o f  on ly  e le c tro s ta tic  p o te n tia l as o b ta in ed  b y  
Ma ju m d a r  [4] a n d  P a p a p e t r o u  [5] for s ta tic  cy lind rica lly  sy m m etric  coup led  
zero-m ass and  e lec tro m ag n etic  fie ld s . The re la tio n  so o b ta in ed  enab les one to  
g en e ra te  th e  so ca lled  MP class o f  solu tions f ro m  th e  s ta tic  cy lin d rica lly  sy m ­
m e tr ic  zero-m ass fields. N ex t as an  ex tension  o f  P e r jé s  [1] re su lt, we h a v e  
o b ta in e d  a th e o re m  which c o n v e r ts  an y  s ta tic  cy lind rica lly  sy m m etric  coup led  
zero-m ass and  e lec tro m ag n etic  fields to  s ta t io n a ry  zero m ass fields. T h is 
te c h n iq u e  th u s  ta k e s  over th e  M P class of so lu tio n  o b ta ined  ab o v e  to  s ta t io n ­
a ry  zero  m ass f ie ld . In  the  th i r d  stage  we h a v e  used  a well k n o w n  tra n s fo rm ­
a tio n  b y  T a b e n s k y  and T a u b  [6] th a t  h a s  enabled  us to  ta k e  over th e  
above  s ta tio n a ry  zero-m ass so lu tio n  to  s ta t io n a ry  so lu tions o f  B D  v acu u m  
fie lds fo r th e  B D  coupling c o n s ta n t  со  —3/2.
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T h e p re sen t so lu tio n , in  a d d itio n  to  h av in g  its  o rig in  in  th e  cy lin d rica lly  
sy m m e tric  M P class o f  so lu tions (physica l im p o rtan ce  o f  w hich is rigo ro u sly  
d iscu ssed  b y  H a r t l e  an d  H a w k in g  [7 ], also belongs to  K err fam ily  (being 
s ta t io n a ry )  an d  hence  h as  a w ell e s tab lish ed  p h y sica l b ackground .

1. MP class o f coupled zero-m ass and electrom agnetic fields solution

T he E in s te in  f ie ld  eq u a tio n s  fo r coup led  zero-m ass an d  e lec trom agnetic  
f ie ld  are :

к
R íj == к Т ц  v4 î, v y, (1)

1 1 4тг ,У

т"  ~~~ЬИ F “ F ”  ~  т 8,; (2)

1 1

А—
. (3)

F ij  =  0 . (4)

V , / =  0 , (5)

w h ere  к  =
8 nG

is th e  g ra v ita tio n a l c o n s ta n t, A ( th e  e lec tro m ag n etic  four

p o te n tia l  an d  v is th e  zero-m ass scalar. H ere  an d  in  w h a t follows a su b sc rip t 
co m m a or a sem i-co lon  a fte r  th e  u n k n o w n  variab le  den o tes  p a r tia l d iffe re n tia ­
tio n  o r c o v a ria n t d iffe ren tia tio n , resp ec tiv e ly .

W e now  solve th e  fie ld  eq u a tio n s (1) — (5) fo r th e  cy lind rica lly  sy m m etric  
W ey l’s m etric

ds2 =  e2'8 d t2 -  e-M  [e2\ d o 2 +  dz2) +  q2 d<P] , (6)

w here  a , ß  are fu n c tio n s  of n and  z only  an d  (g, z , Ф, t) co rrespond  to  (ж1, ж2, ж3, ж4) 
co -o rd in a tes , re sp ec tiv e ly .

T he a x ia l sy m m e try  to g e th e r  w ith  (3) im plies t h a t  th e  only  su rv iv in g  
co m p o n en ts  o f  F ^  a re  F u , F 2 2  an d  F 2i, re sp ec tiv e ly . These can be ex p ress­
ed  o n ly  in  te rm s  o f  th e  co m p o n en ts  A 3 a n d  A 4 o f th e  fo u r p o te n tia l  A r  For 
conven ience  w e d en o te  A 3 an d  A 4 b y  £ a n d  r), resp ec tiv e ly .

T h e  fie ld  eq u a tio n s  (1) — (5) w ith  re sp ec t to  th e  m etric  (6) a re :

« i =  e ( ß , f  -  ß , l ) + OTT

„ 2 ß

I ^ Q / 2  2\
o n

a ,2  — 2 gß 4ß  2

kg
4тг L e2

f l  f  2 e ^ r j ,r ] : 2

kg
+  —  »Д®,2.

4тг

(? )

( 8)

Acta Physica Academiae Scientiarum Hungaricae 47, 1979

w ith



STATIONARY BRANS-DICKE VACUUM SOLUTIONS 283

O I О I ß,l ___ ^
P, 11 +  P, 22 + ---------

9 07Г

„2Д

« 4 i + f . u - - ^ =  —2/3,ifi. — 2/5 212,
9

У, 11 +  »?,22 +  —  =  2ß ,l У л +  2/3,2 у,2 ,
9

У,2 5,2 5,2 =  ® ’

®.ll +  V.22 + 0 .

S u b s titu tin g  ( T a u b e r  [8])

e2̂ 02/з

in (10), we get

5 ,i  —  V ,2 i  5 2 —  v \ i  »

V,u +  V, 2 2  +  —  =  2/3д Уд +  2/3,2y 2 . 
Q

W e now  assum e r] to  be fu n c tio n a lly  d ep e n d e n t on y , v iz .,

У =  y(w) ■
U sing (16) in  (11) an d  (15), we o b ta in

(9)

( 10)

( П )

( 12)

(13)

(14)

(15)

(16)

У =  a y  -)- b , (17)

where a and b are arbitrary constants o f  integration. E q . (17), is a linear rela­
tion  betw een electric and m agnetic p otentia ls already obtained b y  P erjés 
[3]. In view  o f th is, E q s . (11) and (5) becom e id entica lly  the same.

U sing (14) and  (17) in  (7) —(13) w e g e t:

«д  =  e03. f -  /3,1) +  (1 -  a2) - ( { , ? -  5,1) +  (« Î  -  Г I ) , ( 1 8 )
o n  q o n

Je P%ß t  r\
* . 2  =  2 aS.j/S., +  —  (1 +  a2) —  |д  l ,2 +  *д v 2 , (19)

4л; g 4л:

/3,11 +  /3.22 +  A l  =  J L (1 +  a2) - Ç ( i j  +  I I ) , (20)
q o n  q1

5.11 +  5,22 -  -Au =  -2 /З д  | д -  /3 а | , 2 , (21)
9

V,ll V,22 H---- -- =  0_. (22)
9
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w h ich  again can  b e  expressed in  an  eq u iv a len t form :

=  Qtfl -  /3,1) -  ( 1  +  a 2) « " 2*(v> ,i -  V ,I) +  - ÿ -  ( « ,? -  » 1 ) ,  ( 2 3 )8л: 8л:

feg feg
a г =  2 Qßtlß ' 2 ---- (1 +  a2)e 2ß v>|2 +  », »,

4л 4 л
,2 ’

/3,11 +  /3,22 +  —  =  +  в2) e 2ß(xpl — V ,i),
g OJT

ID
y>,n  +  V>,22 +  —  =  2/3,1 W ,i +  2/3,2 W ,2 >e

V
»,11 +  »,22 H-----— =  0 *

в

(24)

(25)

(26) 

(27)

W e deno te  E q s. (18) — (22) as se t and E q s. (2 3 )—(27) as se t B .
To a rriv e  a t  th e  M P re la tio n  we assum e ß  to  be fu n c tio n  o f  v an d  y>, v iz .,

ß  =  ß(v,y>), (28)

w h ere  v and  tp a re  in d ep en d en t o f  each o th e r. I n  view  of th e  assu m p tio n  (28). 
E q s . (26) an d  (27) w hen  used  in  (25) give th e  follow ing d iffe re n tia l e q u a tio n :

ß ,n  +  2 /3 2 ---- - (1 +  a2)e 2/! (ip2 +■ у  2) +
О  тс

+  2(ß,vß,<p +  ß,vv)(v ,lW,l +  » , 2  V,2 ) +  /3,ст(»,1 +  »,i) =  0 .

(29)

S ince E q . (29) is h ig h ly  non l in e a r  an d  d ifficu lt to  solve we assum e th e  fo llow ­
in g  d ifferen tia l co n d itions to  s a tis fy  it :

ß .„  +  2 ß 2 -  A -  (1 +  a2)e~ 2ß =  0, (a) '

ß.rß .r +  ß . r v ^ O 31, (b) . (3°)

ß . v v  =  9 (с) -
I t  m ay  be re m a rk e d  here th a t  th e re  can be v a r io u s  o th e r possib ilities  to  sa tis fy  
E q . (29), a d e ta ile d  d iscussion reg a rd in g  w h ich  is given b y  R ao  and T iw a r i  
[9 ] .  T he case considered  h e re , how ever, in  a sense can be  sa id  to  be m ore  
g en era l as co m p ared  to  o ther cases. C onsistency  o f th e  above E q s . (30) d em an d s 
t h a t  ß  m ust be  in d ep en d en t o f  th e  scalar f ie ld  v*. T hus th e  E qs. (30b) a n d

* Dependence of ß  on both  v an d  leads to its  im aginary value. H ence ß depends only 
on y>. For detailed discussion refer to  T i w a r i  [10].
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(30c) are  id en tica lly  sa tisfied  w hereas (30a) in te g ra te s  to

g u  =  ^  =  —  [ í1 +  a2) V2 +  b ip +  c\, 
8тг

(3 1 )

w here b and  c are  a rb itra ry  c o n s ta n ts  o f in teg ra tio n . I t  m ay  be n o te d  here th a t  
in  th e  re la tio n  o b ta in ed  b y  M a j u m d a r  [4] and  P a p a p e t r o u  [5], gu is a func­
tio n  o f  e lec tro s ta tic  p o te n tia l y> o n ly  a n d  is o b ta in ed  as a special case of (31) 
w hen  a =  0. H ence  E q . (31) m ay  b e  called  a genera lized  M P re la tio n  betw een 
th e  m e tric  coefficien t gu an d  th e  e lec trom agnetic  p o te n tia l ip.

M aking use o f (31) a n d  th e n  su b s titu tin g

J dip
(1 +  a2)ip2 +  bip -f- c

2x
][b2 -  4 c ( l  - T P ) ’

(32)

w here a is a new  variab le , th e  se t В  (viz., E qs. (23) — (27)) red u ces  to :

=  е(хл — * , ! )  +  (v Î — v ,i )  »on (33)

O kQs =  2 QX p r  2 — V !  V 2 ,
4 jt

(34)

+  x,22 H------- " 9  7 (35)
в

+  v,22 H------ =  9  • (36)
Q

On in te g ra tio n  E q . (32) leads to

b
W =  “  2 ( 1  +  a2)

У б2 -  4c(l +  a2) 
~ 2(1 +  a2)

c o th  X  , (37)

w hich  w hen su b s titu te d  in  (31) gives

ß l o g
к {b2 -  4 c  (1  +  a 2)}  e21

8 я  (1  +  a 2) (e 2x —  l ) 2
(38)

I t  can  be v e rified  th a t  th e  f ie ld  equ a tio n s (33) — (36) co rrespond  to  the 
zero-m ass field  equ a tio n s fo r th e  W ey l’s m etric :

ds2 =  e2x dt2 —  e  2X [e2 ï( d o 2 -f- dz2) - |-  q2 dO2]. (39)

T hus g iven  an y  so lu tion  of zero-m ass f ie ld  for (39) one can  alw ays c o n s tru c t 
a co rrespond ing  coupled zero-m ass a n d  e lec trom agnetic  fie ld  so lu tio n  fo r the  
m etric  (6) un d er th e  cond itions (37) a n d  (38).
H ence th e  theo rem :
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G iven  an y  (x0, x 0, v0) as th e  zero -m ass so lu tio n s fo r th e  m e tr ic  (39), one 
c a n  a lw ays gen era te  th e  co rresp o n d in g  coupled zero -m ass an d  e lec tro m ag n e­
t ic  so lu tio n s (a, X ,  V ,  ip, rj) for th e  sam e  m etric  as:

Theorem.

a  =  a 0 ,

1 , [ к lb 2 -  4 c (l +  a2)} e2*» 1

2 L 8 я  (1 +  a2) (.в2X1 -  l ) 2

W 2(1 +  a2)

r) =  aip +  b ,

V =  V 0 .

\ b 2 -  4c(l +  a2) 
2(1 +  a2)

co th  x0 ,
(40)

E x a m p le

W hen  x0, ß0 a n d  v0 are co n sid e red  to  be fu n c tio n s  of g o n ly , i t  can  be  
re a d ily  seen th a t  th e  s ta tic  c y lin d ric a lly  sy m m etric  zero-m ass fie lds for th e  
m e tr ic  (6), w ill h a v e  a so lu tion  se t as:

«о = —  A 2 +  B 2 
8 л

log Q + C ,

ß 0 — В  log Q , 

v0 =  A  log  Q ,

(41)

w h e re  А , В , C a re  a rb itra ry  c o n s ta n ts  of in te g ra tio n . Now a p p ly in g  th e  th e o ­
re m  s ta te d  ab o v e , one can ea s ily  o b ta in  th e  co u p led  zero-m ass and  e lec tro ­
m a g n e tic  fields so lu tio n  for th e  m e tric  (6) as:

к

8 л
A 2 +  В 2 log e +  c,

? = Y log

I  =  — ■

n asк  {b2 -  4 c ( l +  a2)} Q‘

8 л  ~ (1 +  a2) ~  ~ (o ^  -  l ) 2

16 л в г
-)- co n stan t ,

n  =  —

к {b2 -  4c(l +  a2)1'2

ab a \  b2 — 4c (1 a2) -f~ 1
2(1 +  a2) 

V  =  A  log q .

2(1 +  a2) o2̂  -  1

(42)

b ,
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2. S ta tionary  zero -m ass field

w here v ' defines th e  zero-m ass fie ld .
I t  m ay  be  verified  th a t  i f  we su b s titu te

a  =  2ц  — 2 log y  , 
ß  =  — log y ,

8 л  l 1' 2
-------------- \ w ■>
k ( l  -f- a2) ]

v =  2 v ’ ,
k < 0 ,

(49)

th e  s ta tic  cy lin d rica lly  sy m m etric  coupled zero -m ass and  e lec tro m ag n etic  f ie ld  
eq u a tio n s  o f th e  se t A  (v iz .,E q s . (18)—(22) o f  Section  l ) g o  o v e r to  th e  s ta t io n ­
a ry  sym m etric  fie ld  eq u a tio n s  fo r th e  m e tr ic  (43) (v iz ., E q s . (44) —(48)). 
T hus th e  th eo rem :
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P e r j é s  [1] h as  g en era ted  th e  s ta t io n a ry  source free  g ra v ita tio n a l fie ld  
so lu tions from  th e  s ta tic  cy lind rica lly  sy m m etric  E in s te in —M axwell f ie ld s . 
U sing th e  sam e tech n iq u e  w e, in  th is  S ec tio n , have c o n s tru c te d  th e  so lu tio n s 
o f s ta tio n a ry  zero-m ass f ie ld  from  th o se  o f  s ta tic  cy lin d rica lly  sy m m etric  
coupled  zero-m ass an d  e lec trom agnetic  fie ld s .

The m ost general stationary sym m etric line elem ent is

ds2 — — eIJ'(dp2 -\- dz2) — (rydO 2 -|— — [dt — ivd<X>]2, (43)
У

w here /i, у an d  w are  fu n c tio n s o f  q and  z on ly .
T he zero-m ass fie ld  eq u a tio n s  for th e  m e tric  (43) a re :

/f i  =  Ц - [e2(r,f -  y,i) — (и>,î -  w })]  +  —  +  (v,i2 -  vjt2) , (44)
2 Q)r у  \ л

1 у  к
/*,:2 =  — Г №  УлУ,2 — “ д “ ,:] + —  +  —  Gv,i v,2 > (45)Q'jr у Ал
.. , , 7,1 7 ,1 +  7,1 M’. i + w ’.i п ,4*л7,и  +  7,22 Н------------------ ------------------------------=  9 , (46)

в 7  G У

и,„  +  „ и  -  - S i  -  - ГЛ +  » .» Г А  =  0 , (47)
е у

v,n  +  v ,22 —— =  0 • (48)
в

w ith
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Theorem

Given an y  static cylindrically  sym m etric coupled zero-m ass and e lectro­
m agnetic so lutions (a, ß , I, rj, v) for the m etric (6), one can always construct 
a corresponding stationary zero-m ass solutions (p, y, w, v')  for the m etric  
(43) where:

T “ ' 1

y =  e ß

w
- [ ■

, 1
V =  ------V ,

2

fc(l +  a2) 
8 л

11/2

í ,
(50)

(o f  course w ith  a change in gravitational constant k). The reverse process also 
holds good b u t it is unphysical.

E xam ple

U sing th e  solution (42) in  the above stated  theorem  (viz., Eq. (50)) we 
get the stationary  zero-mass solution for th e  metric (43) as:

Jc {b2 -  4c (1 +  a2) }J -1/2 Q2“ -  1
8 л  (1 +  a2)

к

- [ ■

1

2 8jr
A 2 +  B 2\ log Q +  log  C  —

1
log

n2l3к  {62 — 4 c (l — a2)} Q‘

8 л  (1 +  a2) { r f  -  l ) 2 .

w — —
k( 1 +  a2)

8 л

1/2 I ótt/IZ

к  V b2 — 4c (1 +  a2)

v ' — ■— A  log p ,
2

(51)

3. B D  stationary fields from the zero-m ass stationary fields

Ta b e n sk y  and Taub  [6] have show n that, under th e  equation o f state  
q' — p '  (v iz ., Z e l d o v i c h  flu id  [11]), an irrotational perfect fluid can alw ays 
be replaced b y  an equivalent zero-mass fie ld  (by a su itab le relation betw een  
q’, p '  and scalar field v') w hich, under a particular transform ation, w ill go over 
to  the B D  vacuum  fields when BD coupling constant со —3/2 and vice-
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versa. T hese tran sfo rm a tio n s  th u s  en ab le  one to  g en e ra te  th e  so lu tio n s for 
th e  B D  v acu u m  fie ld  equ a tio n s w hen  со —3/2 from  th o se  o f  Z eld o v ic h

flu id s v ia  zero-m ass fields. O ne can  use th e se  re su lts  even  p a r tia lly , n am ely , 
given a n y  zero-m ass fie ld  so lu tio n  i t  w ill a lw ays he possib le to  g e n e ra te  th e  
co rrespond ing  B D  v acu u m  so lu tio n  fo r to —3/2 b y  using  on ly  p a r t  of 
th e  tra n sfo rm a tio n s  re la tin g  zero -m ass an d  B D  sca la r fields. T h is re su lt of 
T a b e n sk y  and  T aub  [6] is in d e p e n d e n t o f an y  sy m m e try  im posed  on th e  
p h y sica l fie lds an d  hence th e  s ta t io n a ry  zero-m ass so lu tio n  o f th e  p rev io u s Sec­
tio n  can  be  used to  gen era te  a co rresp o n d in g  s ta tio n a ry  B D  v acu u m  so lu tion .

T h e  tra n s fo rm a tio n  re la tio n s  o f  T a b e n sk y  an d  T aub  [6] are  g iven  as 
follows:

_  Í2 
ViBD) — e

l/7(a>+3/2)1/ '

T(.BD) S/j.v(BD) #fif(zero-mass) •

U sing th e se  for th e  so lu tion  (51) o b ta in e d  in  Section  2, we get th e  s ta tio n a ry  
B D  v a cu u m  so lu tion  w hen со =И= —3/2 as:

8 n  — 8  22  —
BD BD

8 33 — BD

к Ő*
-rz~A‘ + 4-

g 16я c' ( q̂  — 1)
к {b2 -  4 c ( l  +  ж  11/2

8 jt (1 - f  a2)

к {b2 -  4 c (1 +  a2)} l - 1/2 
(1 +  a2)

• A  log  г/У2 (ш +3,2/)>/*

8 л

x k - f (eÿ - i )  +

X

4/32z V A lo g e/y2(«>+3/2)4*

8  44 
BD - [

e* -  1
к [b2 — 4c (1 -f- a2)} ] 1/2 oß -  Aioge/y2(tu+3/2)1/«
8re (1 +  a2) g2? -  1

(52)

2 ß z  Qß - A  log е/У2(ш+3/2)‘/«
8 34 — 8i3 — ~~гв ~ e 1
BD BD  g2? —  1

A  loge/Уг (aj+3/2)1/*
<Pb d  —  e

I t  has been  verified  b y  d irec t s u b s ti tu tio n  th a t  th e  so lu tio n  (52) sa tisfie s  th e  
s ta tio n a ry  B D  v acu u m  fie ld  eq u a tio n s  fo r  th e  line elem ent

ds2 =  — e,l(dQ2 +  dz2) — p2 ydФ2 ----------[dt — w d 0 ]2 .
У2

(53)

4. C onclusions

C om bining th e  re su lt of Sections 1, 2 an d  3, we h av e  th e  follow ing f in a l 
th eo rem :
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G iven a n y  s ta t ic  cy lin d rica lly  sy m m etric  zero-m ass so lu tions one can  
a lw ay s gen era te  a  co rrespond ing  s ta tio n a ry  sy m m etric  BD v acu u m  so lu tion  
w h en  u> —3/2 in  th re e  steps as follows:

Step 1. G en e ra te  s ta tic  cy lin d rica lly  sy m m etric  coupled  zero-m ass an d  
e lec tro m ag n etic  so lu tio n s from  th e  co rrespond ing  s ta tic  cy lin d rica lly  sy m m etric  
zero -m ass so lu tio n s u sing  M P re la tio n .

Step 2. G e n e ra te  s ta tio n a ry  zero-m ass so lu tio n s from  th e  s ta tic  cy lind ri 
ca lly  sy m m etric  coup led  zero -m ass and  e lec tro m ag n etic  so lu tions o b ta in ed  
in  S tep  1.

Step 3. G e n e ra te  BD s ta t io n a ry  v acu u m  so lu tions fro m  th e  s ta tio n a ry  
zero-m ass so lu tio n s  o b ta in ed  in  S tep  2 using  T a b e n s k y  an d  T a u b ’s re su lt.

Theorem
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Appendix

T he B D  s ta t io n a ry  v a c u u m  fie ld  e q u a tio n s  for th e  m e tric  (53) are :

У, I У, l  _|_ У г h, 2 У , 1 ^ ,i |_ М,1 _  У, 1 _  (м,1 ^,1 А*,2 ^ .г) _|_
2 у2 2 yh  g g 2 h

+  .... 1  ( » ; - » ! )  +  A  (j i  -  fid). +  -  ft.«) =
2 f g 2h ' 4 h2 2 h

У,2 ~  Уд j _  (^д У д  М.гУ.г)_____ (У,22 ff.n)

У2 I У У
(М 2 h ,i  +  Мд к л )  +  У , 1 У ,2 (У,1 h ,2  +  Y ,2 h , i ) _  _^2_ +  J \2 _  +

4Л 2У2 4 y h  2 g 2 gy
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+  k '2 ” ,l ” ,2 3 ^ ,1^ ,2
2hg 2yigl h  4 h2 2gh

<P, i< P ,2  4>, 12 , (/*,2ff.i +  /*,1У,г)

w,n +  m>,2 2  -

Г
U)

, 2 2

1

—  | y , l l  +  У.22 +  —  I

(r,i Л,1 +  У .г М

9 2  <p

,1  3 Í « » , 1  h , l  +  ” ,2  h ,2

2 ii

’ ,19s,1 + ” ,2 < P ,2 ) ■>

b ) 7 ,1  +  7 ,2 , ( 4 u
в ) У 2

1 ',22

2  у ft o2f h
(”  ,î +  w j)

_  <P, l

<P
V,i j h ,i Ъ .

<P

7,2 ^.2

A l _ ф ,11 Qk’22 +  3p ( f t ï + A l )
h 2  ft 2h 4Л2

1  л  )
2h )

Ф,! 1 ( ? ^ , 2  <P, 2  
1 ? 

(p 2 h cp

r *  +  r ,n + * * -  =  b k * ± T* k *Q 2 h

h

(” ,17,1 +  ” ,2 7 ,2) =

---^-(fcj + A,D -Z/l
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FLOW OF ‘DIPOLAR FLUIDS’ THROUGH 
A CIRCULAR PIPE WITH CONSTANT 

TEMPERATURE GRADIENT

By

K . S . S h i r k o t  and D . S . T h a k u r

DEPARTMENT OF MATHEMATICS, HIMACHAL PRADESH UNIVERSITY, SIMLA-171005, INDIA

(Received 21. V I. 1979)

D ipolar fluids have been discussed by B l e u s t e i n  and G r e e n  in  quite a recen t paper 
[1]. They have obtained explicit constitu tive equations for homogeneous incom pressible linear 
dipolar fluids. An application of th is theory  is m ade here to  th e  problem  of flow  of dipolar 
fluids th rough  a circular pipe w ith  constant tem pera tu re  gradient. I t  is found th a t  th e  tem pe­
ra tu re  d istribu tion  depends strongly on the ratio  of the radius of th e  tube to  th e  value of a 
m aterial param eter l, w ith  dim ension of length. N um erical values fo r tem perature for different 
values of radius in the pipe are given. G raphs are also drawn to com pare our resu lts w ith  the 
classical ones. I t  is found th a t  th e  tem perature  increases inside th e  pipe and is m axim um  at 
i ts axis.

1. In tro d u c tio n

In  th e ir  p a p e r Gr e e n  an d  R iv l in  [2] p resen ted  a th e o ry  o f co n tin u u m  
in  w hich  stress m ultipo les o f  v a rious o rd e rs  w ere in tro d u c e d . T he th e o ry  of 
d ip o la r flu id s  is th e  s im p lest o f  m u ltip o la r  flu id s. I t  seem s to  be c o n s is te n t to  
in c lude  d ip o la r stresses w hile  considering  flu id s  fo r w h ich  v e loc ity  g rad ien ts  
o f  h ig h er orders th a n  f ir s t  a re  p re se n t in  th e  c o n s titu tiv e  eq u a tio n s. A lso th e  
b o u n d a ry  cond itions follow  in  a n a tu ra l  w ay . U sing th is  th e o ry , Sh ir k o t  [3] 
h as  an a ly sed  th e  p rob lem  o f C ouette  flow  o f d ipo lar f lu id s .

In  th e  p resen t p a p e r, th is  th e o ry  o f  d ip o la r flu id s  is used to  in v e s tig a te  
th e  te m p e ra tu re  d is tr ib u tio n  in  a c ircu la r p ip e  w ith  all a t  c o n s ta n t te m p e ra tu re  
g ra d ie n t b y  using  B l e u s t e in  an d  G r e e n ’s [I] c o n s titu tiv e  e q u a tio n s  for 
hom ogeneous incom pressib le  lin ea r d ip o la r  flu id s w h en  th e  flu id  is flow ing  
w ith  th e  Poiseuille  v e lo c ity  d is tr ib u tio n . N um erica l v a lu e s  of th e  te m p e ra tu re  
fo r d iffe ren t va lues o f th e  ra d iu s  inside th e  p ipe are sk e tch ed  in  th e  fo rm  of 
T ab les. G raphs are d raw n  fo r  show ing th e  com parison  w ith  th e  c lassical case.

2. B asic equations

T he c o n s titu tiv e  equationS jhave been  derived  b y  B l e u s t e in  a n d  G r e e n  
[1]. H ere  we m en tio n  on ly  a b r ie f  ou tlin e . T h e  c o n s titu tiv e  eq u a tio n s fo r  hom o­
geneous incom pressib le  lin e a r  d ip o la r flu id s  a fte r  som e sim p lifica tio n  can  be 
p u t  as follows:

Uy +  <pàu =  2p,d,j, (2.1)

A c ta  P h ysica  A cadem iae S c ie n tia ru m  H ungaricae 4 7 , 1979



2 9 4 K. S. S H IR K O T  and D. S. T H A K U R

2  +  Vi àjk 4- Vjôik — K ^ u  A kji +  h 3 A kji-\- h2( A iJk - f  A jik) +  y ô j j T k , 
(</)*

w h ere  r i; is o rd in a ry  stress te n s o r ,

Л i jk =  vi,jl< ~  " ikj »

(2.2)

(2.3)

dU — — (VU +  vi,i) =  dJi » (2-4)

ôjj = 1  i f  i =  j  a n d  ôjj =  0  i f  i  (2-5)

a n d  ^  are th e  com ponen ts o f  d ip o la r  stress te n so r  w ith  sy m m e try  in th e  f irs t
Ш

tw o  suffixes, (p a n d  ip are u n k n o w n  fu n c tio n s, w h ich  govern  th e  p ressu re  p .  
Л,, h 2, h 3, p , x ,  y  a n d  к are, in  g en era l, fu n c tio n s  of te m p e ra tu re  w hich  are  
l im ite d  b y  th e  in eq u a lities

( 2 Л, -}- h3) >  0 ,  (2/i2 -f- h 3) 0 , p  >  0 ,

(h 3 -  h2) ^  0, (5/il -  2h2 +  2h 3) >  0 ,

(5Л, — h2 +  2 /i3)
T

+
5̂
4

( 2 .6 )

T h e  coeffic ien ts у  a n d  x  p ro v id e  th e rm o m ech an ica l coupling. T h e  ra te  of w ork  
e q u a tio n  is

Qf — g (À  T S  +  S T )  — qi i +  T i jd j j  -f- A kji =  0 ,  (2-7)
(ij)K

w h ere  d o t s ta n d s  fo r m a te ria l d iffe ren tia tio n . I n  (2.7) A  is th e  H elm h o ltz  
fu n c tio n  an d  S  th e  en tro p y , b o th  p e r u n it m ass , (T  >  0) is th e  te m p e ra tu re , 
r  is th e  h e a t su p p ly  fu nc tion  p e r  u n it  m ass p e r  u n it  tim e , a n d  g is d e n s ity

4i =  Xjdikk +  kT,f  (2-8)

w h ere  qt are  th e  h e a t  fluxes ac ro ss  th e  co o rd in a te  p lanes, p e r  u n it  a rea o f  th e  
p lan es per u n i t  tim e . I f  th e  d ip o la r  body  forces p e r u n it m ass and  th e  in e r tia  
te rm s  are a b se n t, we have

r i , j = a i j +  ( 2 -9 )
k i j .k

w here  criy is th e  m onopo lar s tre s s  ten so r. N ow  th e  equ a tio n s o f  m otion  g o v ern ­
in g  th e  n o n -sy m m etric  m o n o p o la r s tre ss-ten so r Оц are

O jij  +  g f  =  e&i * (2 Л 0 )

w h ere  is th e  m onopo lar b o d y  force per u n it  m ass and  g is th e  m ass d e n s ity . 
W e suppose f t to  be zero. S u b s titu tin g  fo r А  {,k an d  dtj  f ro m  (2.3) an d  (2 .4) 
in  (2.1) an d  (2 .2) an d  using (2 .9) we get th e  v a lu e  o f <ri;. S u b s titu tin g  th is  in
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(2 .1 0 ) (w ith  m o nopo lar b o d y  forces absen t) w e w rite  th e  e q u a tio n  of m o tio n  
in  th e  form

p ( l  — l2 d j d j ) v k j j  — p k =  g(  1 — d 2 d i d j )  4 - 

+  Q d2 (vk ij vu  +  v i j j  vk i) ,
( 2 . 11)

w here Э,- is a g ra d ie n t o p e ra to r, th e  sym bol l is in tended  to  be suggestive  of 
th e  fa c t th a t  l has th e  d im ension  of len g th , a n d  d is a m a te r ia l co n stan t.

Also

l2 _  fejj. y> 0  and  p  — (p — 2y>j j .
t*

A s we h av e  considered  a hom ogeneous incom pressib le  flu id  case, we fu r th e r  
h av e

v k,k — dk'k —  0  . ( 2 . 12)

3. Solution  of p roblem

W e consider here  th e  s te a d y  Poiseuille flo w  [1] of a hom ogeneous d ip o la r  
flu id  th ro u g h  a s tra ig h t c ircu la r p ipe w ith  w alls  k ep t a t a u n ifo rm  te m p e ra tu re  
g rad ien t. W e em ploy  cy lind rica l coo rd in a te  system  r, 0, z  w here êr, êe, ê z. 
den o te  u n it  v ec to rs  in  th e  co o rd in a te  d irec tio n s. W e suppose th a t  th e  m ono- 
p o la r  an d  d ip o la r b o d y  forces are  zero and  we look for th e  so lu tions of (2 . 1 1 ) 
an d  (2 .1 2 ) in  th e  form

V =  v(r) êz, p  =  p{r, z ) . (3.1)

I t  is fu r th e r  assum ed  th a t

Ф =  <p(r, z), y> =  y(r ,  z) êz , (3.2)

so th a t

p(r, z) =  cp(r,z) — 2 - ^ — г1)(г, z ) . (3.3)
ds

T he co n d itio n  w ill be sim ilar a t  each sec tio n  o f th e  p ipe  a n d  we m ay  p u t

T  =  A 0z +  g(r)  , (3.4)

w here  A 0 is th e  p rescribed  te m p e ra tu re  g ra d ie n t. In  (3.4), is a fu n c tio n  to  be  
d e te rm in ed  from  th e  so lu tion  o f  th e  p robem  su b jec t to  th e  cond ition , g(r) — 
=  c o n s ta n t =  g(R),  a t  th e  b o u n d a ry  i.e.

g (r ) =  g(R) — c o n s ta n t. (3.5)
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F ro m  (2.2), (2.12), (3.1) an d  (3.2) we f in d  t h a t  th e  non-zero  physical co m p o n en ts  
o f  th e  d ip o la r  stress te n so r  are

2  =  2  =  - V  +  **»"
zrr rzr

2  =  2 =  - w + h2v ' r 1
zee eze

2  = {K + h3)v" + V ' т 1 +  rAo
rrz

J ?  =  h jv "  +  (ft, +  h 3)v ' r - 1 +  y A 0
eez

^  +  K i v "  +  v ' r_1) +  VA o

(3.6),

(3 .6 ) 2

w here th e  p rim e  den o tes  d iffe ren tia tio n  w ith  re sp ec t to  r. E q . (3.1) sa tisfies 
(2.12) id e n tic a lly . E q . (2.2) reduces to  tw o  sca la r e q u a tio n s

=  0
àp
dr

(1 -  l2 D 2) D? v =  —  ÿ -  
H dz

w here  D 2 is th e  d iffe ren tia l o p e ra to r

D 2 =
d2 + J _  d
dr2 г dr

(3.7)

(3.8)

T h e  f ir s t  e q u a tio n  o f (3.7) show s th a t  p  =  p(z).  F ro m  th e  second e q u a tio n  of

1 —C , a n d  th u s  th e  g en era l so lu tion  to  (3 .7 ) 2(3.7) i t  th e n  follow s th a t  

is w r it te n  as
dz

v  =  — —  +  C, log r + C 2 + C 3 I 0 f - f ]  +  C4  K 0 (r/I) ,  (3.9)
4|U I П

w here J 0  a n d  X 0  are  th e  m odified  B essel’s fu n c tio n s o f  f ir s t  and second k in d , 
re sp ec tiv e ly  a n d  C,, C2, C3, C4 are a rb i t r a ry  co n stan ts .

R eq u irin g  th e  v e lo c ity  to  be f in ite  a t  th e  cen tre  o f th e  tu b e , we o b ta in

an d  (3.9) reduces to
C, =  C 4  =  0

® =  - - ^  +  C 2  +  C 3 / o | - f  • 
V  ( i

(3.10)

(3.11)
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T he c o n s ta n ts  C2  and C3 a re  o b ta in e d  w ith  th e  help of b o u n d a ry  co n d itio n s as 
g iven  by  E q s. (6.12) and  (6.13) o f B l e u s t e i n  and G r e e n  [1]:

v[R]  =  0 ,

Т ГЛ(К) —  M a for X =  0, r, z ; (3.12)

w here  M a a re  th e  prescribed  d ip o la r  tra c tio n s  an d  R  is th e  ra d iu s  of th e  c irc u la r  
p ipe . Since th e  only n o n -v an ish in g  c o m p o n en t of th e  d ip o la r  tra c tio n  T iy 
is T rz th e  so lu tio n  for v e lo c ity  f in a lly  becom es

V  =

CR2 U  I  Viz
(2h1 - \-h 3)C

^ jw )
R  К  +  fe3  j  / /?

. I 2 h 1- \ -h 3 ° ( l
A 3

2 hx -f- h 3
m i i )

(3 .13)

w here Г)г is g iven  by  r)z =  ( M z — y A 0) . (3.14)

W e assum e h ea t supp ly  fu n c tio n  an d  in te rn a l energy to  be zero an d  co n ­
s ta n t ,  re sp ec tiv e ly . Now w ith  th e  help o f (3 .6)2, (2.1), (2.3) an d  (2.8), (2.7) 
reduces to

К d*g +  J _  ^ L |  =  +  (Ai +  +  v . r - y  +
dr2 r  dr

+  y A 0(v "  +  v ' r - 1) -  2h3v ' v " r - \  (3.15)

p u tt in g  th e  v a lu e  o f v given b y  (3.13) in  (3 .15), th e  d iffe ren tia l eq u a tio n  d e te r ­
m in ing  g(r) becom es

К d2g  1  dg
dr2 r dr

+  ( K  +  A3)

=  g i c T + c . f ‘ (; " T - c c , | f -  / 1 Г | ]

L V  1 1 I 1 J .  J +

+C§
A3  d 
r dr

d2 v

I V

^ 2 + c i
4/u2

h WO
l2

h m 1 2

2 CC3

gi2
{ h m }

I

c c 3 jh  wo +

+  VA  0
J _  dv 

dr2 r dr

w here C 3 is g iven  b y  [using (3.12) in  (3.11)]

C a =

C R 2
4g

2 + 4  Mz
»7(2/1! - f  h 3) C

l

R

—  hi +  -  2- m u ) ---------— —
/ 2hl +  h 3 2 h l +  h 1

m i i )

(3.16)

(3.17)
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T h e  so lu tio n  o f (3.16) w hich  is free from  sin g u la rities  an d  sa tisfie s  th e  b o u n d a ry  
co n d itio n s  (3.5) is

K [g (r )  -  g(R)]  =
C R 2
X\l

■ r \21
1  —

[ « ) . VA o —
C2 R A

8ц

" 4
1 -

("r

C2R i 2 ftx — ft3 / 12
1 i r l2l

8ц i ftl +  ft3  ; R ] r ) .
-  УА о

c2  R 2

4/x
2 + 4 fir]z

X

X
R

{ I 0( M )  -  I 0(rjl)}

R I +  A3
l \ 2 /ij +  ft3

R

h i m h i m

X

2 hy -(- A3  

r  ft

C2R 4

4jti

( 2 h  +  h 3) C

4цт]г 
(2 hx -|- h 3) C

X

i W ) - T W )  | -  K  +  h3 { I 0(RII) + I 0(rll)}

R fti +  ft3 J
l 1 2ftj +  ft3 )

h i m  -
2  hx —ft g

h i m  \ ( щ з

C2R i
32 ц

2 +
(2ftx -f- ft3)C

X

X

- J ^ { P 0( R j l ) - I 2( r l l ) } +  V  { / f ( Ä ,f) -  / f ( r / i)}
«i+ /»3 ftL +  ft3  __________

R h l ft3

l 2 Aj -f- ft3
Лз ^ ( Ä / l ) ) 2  (R ß )2

(3.18)

l 0 i R l ) - 2 h l + h 3

w h ere  we h av e  used  th e  re la tio n  ц12 =  (ftx -)- ft3). T h u s  T  =  Л 0г +  g(r)  is 
d e te rm in ed .

4. N um erical values

W e consider th e  m o tio n  for w h ich  0  <  r /R  <  1 ,  an d  M z(R) = yA0 = 
— C R 2j4 =  c o n s ta n t an d  th u s  r)z =  0.

H ere i t  m a y  be o b served  th a t  th e  va lu es  o f M z w ill depend  on th e  n a tu re  
o f  th e  in te ra c tio n  o f th e  f lu id  w ith  th e  w all of th e  cy lin d er an d  is n o t necessa­
r ily  zero. In  th is  case (3.18) ta k e s  th e  fo rm

в =
C2R l

3 Г
2

+
r 4 2 Al -j- ft3 * I

^fikg(R) 16 2 R 2 Й 2 (ftL +  ft3)

Acta Physica Academiae Seien tiarum Hungaricae 47, 1979



FLOW OF ‘DIPOLAR FLUIDS’ 299

2 R \ R ht +  h 3 I

1 1 2 h  +  ^з 1

um -  w )
+

h  m
2 /ij +  h3 U m

2 {(R/l) I 1(Rjl)  -  r/i

+ 1̂ "t"
{ h i m  -  h  № ) }

R

l
h  h 3

2hy / * 3
w o  -

2 A j  - f -  / i 3
Ji(R /i) ( й / О 3

{W O -  W )}  + L hi, { w o  -  W )}
^1 “b ^ 3 /ii -f- /i3

2 R/Í /ii -j-  ^з
2 /ii um

2 /tj -f-
/ i ( R / 0 ( Щ 2

(4.1)

Table I

T em perature as a function of R /l for hl/h 3 — 0.5 (fixed) r/R  -+

Я/l l 0 (axis) 0.2 0.4 0.6 0.8 1 (Wall)

1 0.0193 0.0184 0.0155 0.0117 0.0065 0
2 0.0649 0.0612 0.0524 0.0356 0.0174 0
3 0.1056 0.0994 0.0819 0.0561 0.0267 0
4 0.1223 0.1244 0.1025 0.0699 0.0330 0
5 0.1488 0.1401 0.1156 0.0790 0.0377 0
OO 0.1875 0.1776 0.1491 0.1056 0.0531 0

Table II

Tem perature as a function of hl/h3 for R/l =  2 (fixed) r/R  -*■

M , 1 0 (axis) 0.2 0.4 0.6 0.8 1 (Wall)

OO 0.0451 0.0427 0.0358 0.0251 0.0123 0
0.5 0.0649 0.0612 0.0424 0.0356 0.0114 0
0 0.0791 0.0747 0.0623 0.0345 0.0215 0

-  0.3 0.1066 0.1013 0.0841 0.0591 0.0294 0
-  0.4 0.1035 0.1233 0.1032 0.0728 0-0365 0
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Fig. 1

Fig. 2

T a k in g  U0 to  be th e  m ean  v e lo c ity  o f  flow  a n d  se ttin g

CB?
R  = --------- , (m odified  R ey n o ld s  n u m b er) ,

2/xU0

* ~ e a .
K g lR j

Q g ( r ) — g ( R )

g(R)

(B rin k m an  n u m b er),

(d im ension less te m p e ra tu re ) .
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From  (3.1) we notice t h a t  в is d irec tly  p ro p o rtio n a l to  th e  B rin k m an  
n u m b e r  and sq u a re  of th e  m o d ified  R eyno lds n u m b e r. T h is also depends on 
R / l  an d  hj, h3. C orresponding  to  th e  d ifferen t va lu es  o f  R j l  an d  h j h 3 th e  values 
o f  Q are given fo r  R  — 1, В г =  1 an d  0 r /R  1, in  T ab le  I  an d  T ab le  I I ,  
respective ly .

5. Conclusion

In  Fig. 1 te m p e ra tu re  p ro file s  are d raw n  fo r d iffe ren t va lues o f R / l , 
k eep in g  R  =  1, B r =  l  and  h j h 3 =  0.5, (fixed).T he te m p e ra tu re  pro file  is seen 
to  v a ry  sensitive ly  to  changes in  R /l  w ith in  th e  ran g e  0 <C R / l  <[ 5. As R jl  
te n d s  to  in f in ity , th e  classical so lu tio n  is recovered .

In  Fig. 2 th e  te m p e ra tu re  profiles are d raw n  as a fu n c tio n  o f th e  ra tio  
h1/h 3 fo r R /l  f ix ed , a t  th e  va lu e  2 . T h e  te m p e ra tu re  p ro file  is seen to  be in sen si­
tiv e  to  change in  h jh ÿ .
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DEPENDENCE ON THE GEOMETRY AND 
ON THE BASIS SET OF LOCALIZED ORBITAL ENERGY  

AND MOMENT CONTRIBUTIONS
I I .  IN TERA CTIO N  EN E R G IES 

By

E . K a P U Y , C. K o ZM U TZA  and Zs. O zO R Ó C Z Y
QUANTUM THEORY GROUP, PHYSICAL INSTITUTE, TECHNICAL UNIVERSITY OF BUDAPEST, BUDAPEST

(Received 3. V II. 1979)

The Coulomb (J), the  exchange (K) and the  to ta l (2J —K) in teraction  energy con tribu ­
tions betw een localized orbitals have been stud ied  for molecules H F , H 20 , N H 3 an d  CH4, 
respectively. D ifferent basis sets (one of (sp/s) and  another of (spd/s) type) were used for the 
calculations, which were carried ou t a t the experim ental and a t the  theoretical equilibrium  
geometries. Several regularities were found w hich could be related  to  th e  results ob ta ined  in 
earlier w orks for the localizability as well as for th e  spatial d istributions of localized charge 
densities.

1. In tro d u c tio n

S evera l localiza tion  c rite ria  have  b een  proposed  re c e n tly  for o b ta in in g  
“ se p a ra te d ”  m olecular o rb ita ls  [1—4]. T h e  sep ara tio n  is im p lem en ted  b y  th e  
use of en erg e tic  or sp a tia l c rite ria . In  sp ite  o f th e  lo ca liza tio n  m e th o d s  an d  
p rocedures so d iffe ren t, no  rem ark ab le  dev ia tio n s w ere found  b e tw een  th e  
localized ch arg e  densities de te rm ined  fo r  a large n u m b e r of m olecules [5]. 
T here are  c e r ta in  questio n s, how ever, w h ich  h av e  n o t y e t been  analyzed  c o n c e rn ­
ing th e  lo ca lizab ility  o f m olecu lar o rb ita l densities. In  th e  p resen t p a p e r  we 
discuss th e  C oulom b, th e  exchange an d  th e  to ta l  in te ra c tio n  energy  c o n tr i­
b u tio n s b e tw een  localized  o rb ita ls . T he m olecules s tu d ie d  are  th e  fo llow ing : 
H F , H 2 0 ,  N H 3 an d  C H 4. E x p e rim en ta l a n d  ca lcu la ted  eq u ilib riu m  g eo m etrie s  
w ere used : a ll de ta ils  can  be  found  in  P a r t  I  o f th is  series [6 ]. The H F —SC F 
calcu la tio n s w ere carried  o u t b y  th e  use o f  th e  basis se ts  6-31G and  6 -31G /d . 
A d e ta iled  descrip tio n  o f  th e  m ethod , th e  geom etries a n d  to ta l  energ ies e tc . 
are  given in  P a r t  I .

2. P re lim inary  studies

B efore analysing  th e  resu lts , we o u g h t to  m en tio n  som e s tu d ies  an d  
conclusions fo r purposes s im ila r to  th a t  o f  th e  p resen t w ork .

T he f i r s t  p ap e r d ea ling  w ith  th e  lim its  o f th e  localized  in te rp re ta tio n  of 
m olecular o rb ita ls  was p u b lish ed  in  1976 [7]. T he new  m easu res p roposed  th e re  
for th e  lo ca lizab ility  c learly  show th a t  th e  abso lu te  an d  d en sity  o v erlap s o f
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even  “ w ell-localized” system s (e.g. CH4,) rem ain still large after localization. 
In  th is paper w e discuss w hether these overlaps could be related to  the in ter­
action  energy contributions, using different geom etry data and basis sets  
w ith  and w ithout polarization functions.

Table I
In terac tion  energies betw een core and bond p a ir localized orbitals (in hartree)

Coulomb
Basis 6-31G Basis 6-31G/d

H F exp 1.03833 1.04076
calc 1.03695 1.04344

H 20 exp 0.89440 0.89580
calc 0.89938 0.90017

N H 3 exp 0.76563 0.76572
calc 0.77726 0.76902

CH4 exp 0.64391 0.64398
calc 0.64743 0.64622

Exchange
Basis 6-31G Basis 6-31G/d

H F exp 0.01929 0.01925
calc 0.01926 0.01931

H äO exp 0.01471 0.01470
calc 0.01481 0.01480

N H 3 exp 0 .0 1 1 2 0 0.01118
calc 0.01140 0.01126

CH4 exp 0.00824 0.00818
calc 0.00832 0.00823

Interaction
Basis 6-31G Basis 6-31G/d

H F exp 2.05737 2.06227
calc 2.05464 2.06749

H jO exp 1.77409 1.77690
calc 1.78395 1.78554

N H 3 exp 1.52006 1.52026
calc 1.54312 1.52678

CH4 exp 1.27958 1.27978
calc 1.28654 1.28421
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S econd ly , th e  sp a tia l d is tr ib u tio n  o f  localized o rb ita ls  has also b een  
an a ly zed  [8 ]. S evera l in te re s tin g  results w ere  found. N am e ly , th e  ta il  p o p u ­
la tio n s  re m a in  q u ite  large a f te r  localization  a n d  th e  p rin c ip a l lobe c o n ta in s  
a ch arg e  d e n s ity  w hose e x te n t depends on th e  ty p e  of loca lized  o rb ita ls (b o n d  
o r lone p a ir) . T h e  p resen t s tu d y  in v es tig a tes  w hether th e re  a re  re la tio n sh ip s  
b e tw een  th e  in te ra c tio n  en e rg y  c o n tr ib u tio n s  an d  th e  s p a tia l  d is tr ib u tio n s  
o b ta in e d  fo r th e  in d iv id u a l localized  m olecu lar orbitals.

A d e ta ile d  s tu d y  p u b lish ed  on th e  b a s is  set d ependence  of localized  
o rb ita l densities fo r m olecule H 20  has show n t h a t  th ere  a re  sy s tem a tic  ch an g es 
in  th e  localized  o rb ita ls  by  en la rg in g  th e  b as is  se t [9]. The in te ra c tio n  energ ies 
o b ta in e d  b e tw een  localized o rb ita ls  have a lso  been an a ly zed . In  th is  p a p e r  
we in v e s tig a te  how  th e  conclusions found  fo r  H 20  can be ex te n d e d  fo r o th e r  
sy stem s as w ell.

3. In te ra c tio n  energies betw een core a n d  valence shell orbitals

T he C oulom b, th e  exchange  and  the  t o t a l  in te rac tio n  energies o b ta in e d  
fo r  in te ra c tio n s  betw een  th e  cores and  th e  b o n d  p a ir localized  o rb ita ls  are  
g iven  in  T ab le  I .  T he sam e q u a n tit ie s  re su ltin g  for th e  in te ra c tio n s  b e tw een  
th e  cores an d  th e  lone pa ir o rb ita ls  are p re se n te d  in  Table I I .  I t  is re m ark ab le  
th a t  th e  co re /b o n d  p a ir in te ra c tio n  energies (a ll of C oulom b, exchange a n d  
th e  to ta l  ones) a re  la rg e r a t  th e  ca lcu la ted  th a n  a t  th e  e x p e rim e n ta l geo m etries  
fo r each  m olecule using  th e  m ore  re lev an t b a s is  6-31G/d. T h ese  resu lts a re  in  
ag reem en t w ith  earlie r s tud ies [1 0 ], i.e. th e  increasing  n u c le a r  p o te n tia l (as 
going  from  th e  ex p erim en ta l to  th e  ca lcu la ted  equ ilib ria) is follow ed b y  th e  
in crease  o f th e  to ta l  electron  ch a rg e  d en sity . I t  is in te re s tin g , how ever, t h a t  
w hile th e  core /lone  p a ir  exchange in te ra c tio n  energies a re  a lso  sligh tly  la rg e r  
a t  th e  th e o re tic a l th a n  a t th e  ex p e rim en ta l equ ilib rium  geom etries fo r ea c h  
m olecule s tu d ie d  (using basis 6-31G /d), it  does n o t apply  to  th e  Coulom b a n d  
th e  to ta l  in te ra c tio n  energy co n trib u tio n s . T h ese  la tte r  q u a n tit ie s  are s y s te ­
m a tic a lly  sm alle r a t  th e  c a lcu la ted  th a n  a t  th e  ex p erim en ta l equ ilib riu m  p o s i­
t io n  o f  nucle i fo r  H F , H 20  an d  N H 3. The re su lts  show  th a t  th e  increasing  to ta l  
e lec tro n  ch arg e  d en sity  as go ing  from  th e  ex p erim en ta l to  th e  ca lc u la ted  
eq u ilib riu m  geom etries is n o t fo llow ed b y  th e  increase  of each  localized o rb ita l  
en e rg y  c o n tr ib u tio n . The decrease of th e  co re /lone  p a ir in te ra c tio n  energ ies 
suggests  th a t  a lth o u g h  th e  b o n d  leng ths a re  fo u n d  to  be s h o r te r  a t  th e  c a lc u l­
a te d  th a n  a t  th e  ex p e rim en ta l equ ilib rium  geom etries o f  m olecules b y  th e  
use o f  basis se ts  n e a r  (or ap p ro ach in g ) the  H a r tre e  — Fock l im it, th e  lone p a ir  
localized  ch arg e  densities (m ore precisely th e  centres o f  th e  charge d is t r i ­
b u tio n s) are  c e r ta in ly  d isp laced  fa r th e r  aw ay  fro m  th e  cores a t  th e  ca lcu la ted  
th a n  a t  th e  e x p e rim e n ta l eq u ilib riu m  positions o f  th e  nuclei. I t  shou ld  be n o te d ,

3 Acta Physica Academiae Scientiarum Hungaricae 47, 1979



3 0 6 E. KAPUY et al.

Table II
In te rac tion  energies betw een core and lone p a ir  localized o rb ita ls (in hartree)

Coulomb

Basis 6-31G Basis 6-31G/d

H F exp 1.21914 1.21838
calc 1.21915 1.21836

H ,0 exp 1.03902 1.03873
calc 1.03813 1.03847

N H 3 exp 0.86969 0.87183
calc 0.86352 0.87133

E xchange

Basis 6-31G Basis 6-31G/d

H F exp 0.02585 0.02590
calc 0.02584 0.02591

H ,0 exp 0.01984 0.01996
calc 0.01995 0 .0 2 0 0 0

N H 3 exp 0.01507 0.01521
calc 0.01605 0.01527

In terac tion

Basis 6-31G Basis 6-31G/d

H F exp 2.41243 2.41086
calc 2.41246 2.41081

H ,0 exp 2.05820 2.05750
calc 2.05631 2.05694

N H 3 exp 1.72431 1.72845
calc 1.71099 1.72739

how ever, t h a t  th ese  sm alle r or la rger e n e rg y  c o n tr ib u tio n s  o b ta ined  fo r  the 
core/lone p a ir  in te ra c tio n s  m ay  also be d u e  to  th e  d iffe ren t e x te n t o f  lone 
p a ir  charge  d ensities a t  th e  th eo re tica l a n d  th e  e x p e rim e n ta l eq u ilib riu m  geo­
m etries. I t  is ex p ec ted  t h a t  a fu r th e r  an a ly s is  in c lu d in g  th e  f irs t a n d  second 
o rd e r e lec tric  m om en ts o f  localized o rb ita ls  will a lso  p rov ide  in fo rm a tio n  
a b o u t th e  b e h av io u r o f localized  charge densities a t d iffe re n t geom etries (see 
P a r ts  I I I  a n d  IY  of th is  scries to  be p u b lish e d  la te r).

C om paring  th e  re su lts  o b ta in ed  b y  basis  sets 6-31G  an d  6-31G /d a t  the  
e x p e rim e n ta l geom etries, sev era l re g u la ritie s  can be fo u n d . As to  th e  values 
o f  co re /bond  C oulom b in te ra c tio n  energ ies, th e y  are  a lw ays larger o b ta in e d

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



DEPENDENCE ON THE GEOMETRY II. 307

b y  basis se ts  w ith  th a n  w ith o u t p o la riza tio n  functions. T he dev ia tion , ho w ev er, 
is sy s te m a tic a lly  decreasing  as going fro m  m olecule H F  (a b o u t 0.0024 a .u .,
0 .2% ) to  m olecule C H 4 (on ly  0.00007 a .u ., 0 .01% ). These re su lts  suggest th a t  
th e  inc lusion  o f d -ty p e  p o la riza tio n  fu n c tio n  is m ore im p o r ta n t  on th a t  h e a v y  
a to m  w hich  co n ta in s  m ore an d  m ore lone p a ir  o rb ita ls. T h e  resu lts  o b ta in e d  
fo r th e  exchange in te ra c tio n  energies be tw een  cores and b o n d  o rb ita ls , h o w ev er, 
do n o t suggest a sim ilar conclusion : th e  la rg e s t dev ia tions betw een  th e  v a lu es  
re su ltin g  b y  basis 6-31G a n d  6-31G/d a re  fo u n d  for m olecules H F  a n d  C H 4  

an d  th e  sm allest ones fo r H 20  an d  N H 3. A ll d ev ia tions, h ow ever, o b ta in e d  fo r  
th e  exch an g e  te rm s  are  less th a n  0.00006 a .u . (abou t 0 . 1  — 1 .0 % ), an d  th e se  
d iscrepancies m ay  be due to  d ifferen t e ffec ts . T he exchange  in te ra c tio n s , on 
th e  o th e r  h a n d , h av e  been fo u n d  to  be r a th e r  sensitive also  to  th e  m o lecu la r 
e n v iro n m e n t by  a n o th e r s tu d y  of localized  m olecular o rb ita ls  [1 1 ].

In v e s tig a tin g  th e  sam e q u an titie s  a t  th e  ca lcu la ted  equ ilib rium  geo­
m etrie s , la rg e r  d ifferences h a v e  been fo u n d  th a n  a t  th e  ex p e rim en ta l ones fo r 
th e  va lu es  o b ta in e d  by  th e  use  o f basis se ts  6-31G  and  6-31G /d. This is e x p e c t­
ed  because  th e  th e o re tic a lly  de te rm in ed  eq u ilib riu m  b o n d  leng ths a n d  b o th  
angles b y  an  (sp/s) ty p e  basis  set are r a th e r  fa r from  th e  H artree  — F o ck  
lim itin g  v a lu es  [1 2 ].

T he in te ra c tio n  energies betw een  core an d  lone p a ir  localized  o rb ita ls  do 
n o t d iffer m u ch  a t  th e  ex p e rim en ta l e q u ilib riu m  geom etries w h e th e r th e y  h a v e  
been  ca lcu la ted  b y  th e  6-31G  o r th e  6 -31G /d  basis sets (see T able I I ) .  I t  is 
in te re s tin g , how ever, th a t  th e se  dev ia tions do  n o t  show th e  reg u la ritie s  s im ila r  
to  th o se  fo u n d  fo r  th e  co re /bond  in te ra c tio n s . As to  th e  C oulom b te rm s , th e ir  
d ev ia tio n s  o b ta in e d  b y  th e  tw o  basis sets u sed  are  less th a n  0 . 0 0 2  a .u . (a b o u t
0 .25% ). T h e  d ifferences o b ta in e d  fo r th e  exchange p a r ts  o f core/lone p a ir  
in te ra c tio n  are  fo u n d  to  be a b o u t 0.00005 — 0.0014 a.u . (0.2 —1.0% ), a n d  th e  
values o b ta in e d  b y  th e  use o f  6-31G basis  are  alw ays sm alle r th a n  b y  u s in g  
th e  6-31G /d basis set.

I t  is re m a rk a b le  th a t  th e  core/lone p a ir  in te ra c tio n  energies o b ta in e d  
a t  th e  ca lcu la ted  eq u ilib riu m  geom etries b y  basis sets o f  (sp/s an d  spd/s)  
ty p e s  show  sm alle r d ev ia tio n s th a n  th e  co re /b o n d  in te ra c tio n s  do fo r m o le­
cules H F  a n d  H 20  (see T ab le  I  an d  T able  I I ,  respective ly ). T h e  opposite  re s u lt  
w as fo u n d , how ever, for th e  localized o rb ita l  in te ra c tio n  energies fo r  N H 3. 
T hese re su lts  suggest th a t  th e  s ta te m e n t “ lone pa irs  h a v e  a m ore a to m ic  
n a tu re ”  [3] depends s tro n g ly  on th e  m o lecu la r system .

4. In te rac tio n  energies betw een va lence  shell localized orbitals

T he C oulom b, th e  exch an g e  and th e  to ta l  in te ra c tio n  energy c o n tr ib u ­
tio n s be tw een  tw o  b o n d  o rb ita ls  are p re se n te d  in  T able I I I .  T he sam e q u a n ­
titie s  be tw een  b o n d  and  lone p a ir  o rb ita ls  a re  given in  T ab le  IV , w hile th o se
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Table III
In te rac tio n  energies betw een bond pair localized orbitals (in  hartree)

Coulomb
Basis 6-31G Basis 6-31G/d

H 20 exp 0.56495 0.56867
calc 0.56596 0.57158

N H , exp 0.48309 0.48320
calc 0.48473 0.48533

CH4 exp 0.40519 0.40282
calc 0.40786 0.40453

Exchange
Basis 6-3IG Basis 6-31G/d

HjO exp 0.03441 0.03412
calc 0.03516 0.03432

N H 3 exp 0.02626 0.02486
calc 0.02669 0.02496

CH4 exp 0.01871 0.01670
calc 0.01836 0.01679

Interaction
Basis 6-3IG Basis 6-3lG/d

H 20 exp 1.09549 1.10322
calc 1.09676 1.10884

N H 3 exp 0.93992 0.94154
calc 0.94277 0.94570

CH4 exp 0.79167 0.78894
calc 0.79686 0.79227

o b ta in ed  b e tw een  tw o lone p a ir  o rb ita ls  a re  su m m arized  in  T ab le  V. T h e  
va lu es  are g iv en  b o th  a t th e  ex p e rim en ta l a n d  th e  ca lcu la ted  equ ilib rium  m ole­
c u la r  g eo m etries , d e te rm in ed  b y  basis sets 6-31G  and  6-31G /d. The reg u la ritie s  
fo u n d  can  be  sum m arized  as follows.

In v e s tig a tin g  th e  C oulom b in te ra c tio n  energies, i t  can  be seen th a t  
th o se  found  fo r  all o f th e  va lence  shell o rb ita l  in te ra c tio n s  are la rger a t  th e  
ca lcu la ted  th a n  a t  th e  e x p e rim e n ta l geom etries of each  m olecule s tu d ie d  
(using basis 6-31G /d). A s im ila r conclusion ho lds for th e  exchange as w ell as 
fo r th e  to ta l  in te ra c tio n  en e rg y  c o n tr ib u tio n s . These re su lts  confirm  t h a t  th e  
increasing  n u c le a r  p o te n tia l as going from  th e  e x p e rim e n ta l to  th e  th e o re tic a l
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e q u ilib riu m  geom etries is follow ed b y  a rem ark ab le  a n d  w ell-defined  increase 
o f  e lec tro n  charge d e n s ity  in  th e  va lence  shell. The C oulom b p a r ts  o f  th e  bond / 
b o n d  a n d  bond/lone p a ir  in te ra c tio n  energ ies are less sen sitive  to  th e  en large­
m e n t o f  th e  basis se t th a n  are  th e  ex ch an g e  te rm s o f  th e  in te ra c tio n  energy 
c o n tr ib u tio n . T he C oulom b an d  th e  ex ch an g e  p a rts  d e te rm in ed  fo r th e  bond / 
lone  p a ir  in te rac tio n s  h a v e  a sim ilar se n s itiv ity  to  th e  in crease  of basis  se t size. 
I t  is in te re s tin g  th a t ,  w hile th e  to ta l  in te ra c tio n  energy  co n tr ib u tio n s  o b ta in ed  
fo r  th e  bond /lone  p a ir  in te ra c tio n s  a re  a lw ays increased  b y  th e  inc lu sio n  o f  th e  
d -ty p e  fu n c tio n s  in to  th e  basis, tho se  b e tw een  tw o lone  p a ir  o rb ita ls  decrease 
b o th  fo r  H F  an d  H 2 0 .  T h e  sam e q u a n tit ie s , on th e  o th e r  h an d , o b ta in e d  for

Table TV
Interac tion  energies betw een bond and  lone pair localized orbitals (in hartree)

Coulomb
Basis 6-31G Basis 6-3lG/d

H F exp 0.71782 0.72130
calc 0.71720 0.72259

H 20 exp 0.61237 0.61463
calc 0.61455 0.16667

N H 3 exp 0.51669 0.51714
calc 0.53023 0.51900

Exchange
Basis 6-31G Basis 6-31G/d

H F exp 0.05617 0.05624
calc 0.05616 0.05632

H 20 exp 0.04534 0.04519
calc 0.04546 0.04536

N H 3 exp 0.03539 0.03485
calc 0.03995 0.03512

Interaction
Basis 6-31G Basis 6*31G/d

H F exp 1.37947 1.38636
calc 1.37824 1.38886

H 20 exp 1.17940 1.18407
calc 1.18364 1.18798

N H 3 exp 0.99799 0.99943
calc 1.02051 0.00288
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Table V
In te rac tion  energies betw een lone pair localized orbitals (in hartree)

Coulomb
Basis 6-31G Basis 6-31G/d

H F exp 0.79143 0.79098
calc 0.79136 0.79109

H 20 exp 0.66808 0.66633
calc 0.76051 0.66701

Exchange
Basis 6-31G Basis 6-31G/d

H F exp 0.07011 0.07059
calc 0.07008 0.07064

H 20 exp 0.05681 0.05791
calc 0.05826 0.05830

Interaction
Basis 6-31G Basis 6-31G/d

H F e x p 1.51275 1.51137
calc 1.51264 1.51154

H 20 exp 1.27935 1.27475
calc 1.28276 1.27572

th e  b o n d /b o n d  in te ra c tio n s  do d ep en d  on th e  m o lecu la r sy s tem : th e y  are la rg e r 
fo r  H 20  b y  th e  u se  o f  basis 6 -31G /d  th a n  b y  t h a t  of basis  6-31G by  a b o u t 
0 .008  a .u ., fo r N H 3  b y  only  a b o u t 0.002 a .u ., b u t  a sm aller v a lu e  was fo u n d  
fo r  C H 4  b y  b as is  6-31G /d th a n  b y  basis 6-31G , b y  a b o u t 0.03 a.u . (see 
T a b le  I I I ) .  T hese  resu lts  su g g est th a t  th e  b o n d /b o n d  in te ra c tio n  energies 
a re  th e  m ost sen s itiv e  to  th e  m o lecu la r sy stem .

T he in te ra c tio n  energy  c o n tr ib u tio n s  o b ta in e d  for th e  b o nd /bond  a n d  
lo n e  pair/lone  p a ir  in te ra c tio n s  do n o t differ m u ch  w h e th e r th e  basis 6-31G or 
6-31G /d was u se d : th e  d isc repanc ies found  a re  sim ilar a t  th e  ex p e rim en ta l 
a n d  th e  ca lc u la ted  eq u ilib riu m  geom etries (see T ab le  I I I .  a n d  T ab le  IV , re sp ec ­
tiv e ly ) . This does n o t  app ly  to  th e  bond/lone p a ir  in te ra c tio n  energies: th e  d e v ia ­
tio n s  betw een  th e  re su lts  o b ta in e d  by  th e  use o f  basis sets w ith  and w ith o u t 
d - ty p e  p o la riz a tio n  func tions a re  la rger a t  th e  th e o re tic a lly  dete rm in ed  to ta l  
en e rg y  m in im a  th a n  a t th e  ex p e rim en ta l eq u ilib riu m  geom etries. T hese 
re su lts  th u s  also  suggest t h a t  th e  bond an d  lone  p a ir charge  densities change 
in  th e  opposite  d irec tio n  b y  en la rg in g  th e  basis se t.
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5. Conclusion

T h e  b e h a v io u r o f localized  charge d is tr ib u tio n s  a t  th e  e x p e rim en ta lly  
a n d  th e o re tic a lly  dete rm in ed  m o lecu la r eq u ilib riu m  geom etries w as in v e s tig a t­
ed . S evera l reg u la ritie s  were fo u n d  due also to  th e  d iffe ren t basis  sets used . 
T he resu lts  o b ta in e d  can be re la te d  to  those o f  som e earlier w orks. T he q u es­
tio n  is, how ever, w h e th e r th e  conclusions re su ltin g  from  th is  s tu d y  are in  a 
to ta l  ag reem en t w ith  th e  ea rlie r ones or we sh o u ld  m odify  th e  p ic tu re  o b ta in ed  
so fa r  on th e  localized  charge den sitie s  of m olecules.

As to  th e  re su lts  o b ta in ed  in  th e  s tu d y  o f  th e  lo ca lizab ility , th e  reg u la ­
r itie s  fo u n d  th e re  (in  [7]) are in  ag reem en t w ith  those  of th is  w o rk : th e  ab so ­
lu te  a n d  th e  d e n s ity  overlaps a n d  th e  in te ra c tio n  energies be tw een  th e  localiz­
ed  o rb ita ls  do ch arac terize  su ita b ly  th e  in d iv id u a l ty p e  o f in te ra c tio n s . I t  
shou ld  be n o ted , how ever, t h a t  th e se  overlaps are  expected  to  h av e  a s lig h tly  
d iffe ren t e x te n t a t  th e  c a lcu la ted  th a n  a t  th e  ex p e rim en ta l geom etries. T hus 
th e  ab so lu te  as w ell as th e  d e n s ity  overlaps, e .g ., are  ce rta in ly  sm aller be tw een  
cores an d  lone p a irs  b u t la rg e r b e tw een  cores a n d  bond  o rb ita ls  a t th e  ca lcu ­
la te d  th a n  a t  th e  ex p erim en ta l equ ilib rium  geom etries.

As to  th e  co rre la tion  w ith  th e  sp a tia l d is tr ib u tio n s  o f localized  o rb ita ls  
[9], i t  seem s th a t  th e  ta il  p o p u la tio n s  can be re la te d  to  th e  exch an g e  in te ra c ­
tio n  te rm s  while th e  Coulom b in te ra c tio n  energ ies ce rta in ly  d ep en d  ra th e r  
on th e  p rin c ip a l lobes (see, e.g ., th e  sim ilar sen sitiv itie s  for th e  m o lecu lar sy stem  
or th o se  of th e  in d iv id u a l ty p e  o f  in te rac tio n s). A  s tu d y  on th e  sp a tia l d is tr ib u ­
tio n  o f  localized o rb ita l d ensities including  also  po la riza tion  fu n c tio n s w ould  
be o f  in te re s t.

T h e  conclusions o b ta in ed  on  th e  basis se t dependence o f H 20  localized  
o rb ita ls  [9] are in  genera l v a lid  ev en  fo r o th e r system s, as i t  h a s  been  fo u n d  in 
th is  w ork . Two reg u la ritie s  are  w o r th  m en tion ing . The core /bond  a n d  core/lone 
p a ir  in te rac tio n s  do  change a lw ay s  in to  th e  opposite  d irec tio n : w h e th e r th e  
basis se t is en la rg ed  or th e  g e o m e try  is ch an g ed  for an y  sy stem  in v e s tig a te d . 
I t  is also rem ark ab le  th a t  in  th e  valence shell th e  bond/lone p a ir  in te ra c tio n  
energ ies were fo u n d  to  be th e  less sensitive to  th e  m olecu lar sy stem , to  th e  
basis  se t as well as to  th e  g e o m e try  v a ria tio n s .
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An exact analysis of free convection flow p as t a vertical in fin ite  porous p late in  a ro ta t­
ing fluid is presented. The p la te  and  the flu id  are assumed to  ro ta te  in a solid body 
ro ta tion  in a steady state. E x ac t solutions for th e  velocity and tem pera tu re  fields h ave  been 
derived. The effects of E , th e  E km an num ber, on th e  flow characteristics are discussed.

1. Introduction

R o ta tin g  flu id s  rece ived  th e  a tte n tio n  o f  m any  re se a rc h  w orkers because 
o f  th e ir  app lica tio n s in  cosm ical and  geophysical sciences. I t  is w ell-know n 
th a t  in  a ro ta tin g  f lu id  n e a r  a f la t  p la te  E k m a n  lay er e x is ts  w herein  th e  v iscous 
an d  Coriolis forces a re  o f  th e  sam e o rd er o f  m agn itude . B a t c h e l o r  [1] s tu d ie d  
th e  E k m an  lay e r flow  on a h o rizo n ta l p la te . The effect o f  suction  on su ch  a 
flow  w as s tu d ie d  b y  G u p t a  [2 ], So u n d a l g e k a r  a n d  P o p  [3], e tc . O n th e  
o th e r h a n d  G r e e n s p a n  an d  H o w a r d  [4 ], S o u n d a l g e k a r  and  P o p  [5 ], P o p  
an d  S o u n d a l g e k a r  [6 ], G u p t a  and  P o p  [7] and  o th e rs  have  an a ly sed  an  
u n s te a d y  ro ta tin g  flow  p a s t an  im p erm eab le  or p erm eab le  p la te  u n d e r  th e  
a ssu m p tio n  o f a rig id  b o d y  ro ta tio n . T h e  sp in-up  p h en o m en o n  w as d iscussed  
by  G r e e n s p a n  an d  H o w a r d  [4 ]. I f  now , a v ertica l p o ro u s  in fin ite  p la te  is 
m ade to  ro ta te  w ith  th e  f lu id  in  a s ta te  o f  rig id  ro ta tio n , how  do th e  free  con­
v ec tion  effects a ffec t th e  flo w ?  As we a re  aw are th is  p ro b lem  has n o t  been 
s tu d ied  in  th e  li te ra tu re . Such a p h enom enon  has m a n y  app lica tio n s in  th e  
techno log ica l fie ld . H ence  i t  is now  p ro p o sed  to  s tu d y  th e  free co n v ec tio n  
effects on th e  flow  p a s t an  in f in ite  v e rtic a l porous p la te  ro ta tin g  in  a f lu id  in  
rig id  bo d y  ro ta tio n . In  S ection  2 th e  m a th e m a tic a l analysis  is p re se n te d  
follow ed b y  a d iscussion in  Section  3. 2

2. M athem atical analysis

C onsider a C artesian  co -o rd ina te  sy s tem  ro ta tin g  u n ifo rm ly  w ith  a flu id  
in  a rig id  s ta te  o f ro ta t io n  w ith  an g u la r ve lo c ity  Q  a b o u t 2 -axis ta k e n  posi­
tiv e  in  th e  d irec tio n  n o rm a l to  th e  p la te . T h e  v e rtica l p la te  is assum ed to  coin-
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cide w ith  th e  p lan e  2  =  0. T h e n  th e  flow  is governed  b y  th e  follow ing e q u a ­
tio n s :

=  v Y 2 +  g ß ( T  - T m) i ,  (1) 

V • V =  0 , (2)

V2TH----- ^ — Ф .  (3)
Dt QCp g Cp

H ere  У is th e  v e lo c ity  v ec to r  w ith  com ponen ts (u, v, iv) in  th e  (x , y, 2 ) d irec­
tio n s , re sp ec tiv e ly , i and  к  a re  th e  u n it v e c to rs  along x  a n d  z  axes, p  is th e
p ressu re , p  is th (  dynam ic  v isc o s ity , v is th e  k in em a tic  v isco s ity , g  is th e  accel­
e r a t i o n  due to  g ra v ity , ß  is th e  coeffic ien t o f  vo lum e e x p an sio n , T  is th e  te m ­
p e ra tu re  o f th e  f lu id , Г .  is th e  am b ien t te m p e ra tu re ,

D Y

Dt
+  2 ß k x V  +  V P ie Q 2(x?  -f- y 2)

V =
d  . d .

a i , + ^ J +
9  is th e  d e n s ity , Cp is th e  specific  h e a t  a t c o n s ta n t p ressu re , D /D t  is th e  convective 
d e r iv a tiv e , x  is th e  th e rm a l c o n d u c tiv ity  o f  th e  flu id  a n d  Ф is th e  v iscous 
d iss ip a tio n  te rm  defined  in  Schlichtung  [8]. L e t 0  be a f ix e d  p o in t in  th e  
p la n e  2  =  0 a n d  Ox, Oy be m easu red  along  th e  p la te  in  tw o  p e rp en d icu la r 
d irec tio n s to  2 -ax is . As th e  p la te  is in fin ite  in  e x te n t an d  th e  flow  is s te a d y , 
th e  p h y sica l v a ria b le s  are fu n c tio n s  of 2  on ly . H ence

—  , - ^ - = 0 .dx by  dt

T h e n  from  E q . (2) i t  follows:

^ = 0 ,  (4)
oz

a n d  for c o n s ta n t suction  i t  y ie ld s

iv — w 0 , (5)

w h ere  w0 is th e  c o n s ta n t su c tio n  velo c ity  a n d  th e  neg a tiv e  sign  ind ica tes t h a t  
th e  suc tion  is to w a rd s  th e  p la te . I f  th e  flow  o f  th e  flu id  is slow , viscous d issi­
p a tio n  effec ts can  be  neg lec ted . H ence in  v iew  of these  assum p tio n s a n d  
E q . (5), E q s . (1) a n d  (3) red u ce  to  th e  fo llow ing set o f e q u a tio n s :

du

dz
-w 0 -------- 2  Q v =  v

d~ и

dz2

+  g ß (T  -  Г . ) ,

dv d2v
— w n ------ b ZU u  =  v ------

dz dz2

( 6)

( 7)
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d T

dz
X д2 т 

q Cp dz2
(8)

T h e  b o u n d a ry  co n d itio n s of th e  prob lem  are

и  =  О, V —  0, T  =  T w a t  2 = 0 ,

u 0, V  —► 0, T  —► T „  as 2  —> oo ,

w here  is th e  te m p e ra tu re  o f  th e  p la te .
In tro d u c in g  th e  d im ensionless q u a n titie s

Z  =  w0z/v, t /  =  —  +  i —  , 0  =  ( T -  T „)/(T W -  T . )  , 
wo wo

P  =  gC pIx , G =  vgß(Tw — T 00)/i<;jj, E  =  ßv/wg ,

(9)

( 10)

w h ere  i  =  у — 1 , P  is th e  P r a n d t l  n u m b er, G is th e  G rash o ff n u m b er an d  2? 
is th e  E km an  n u m b e r, the  E q s . (6 ), (7) an d  (8 ) becom e

d2 U d U
dZ 2

d 2 6 »

dZ
2 Í E U  =  — GO ,

+  e - ^ = o ,dZ 2 dZ

su b je c t to  the  b o u n d a ry  co n d itio n s:

[ / = 0 , 0 = 1  a t  Z  =  0 ,

17 —► 0, 0  —► 0 as Z  —► oo ,

( П )

( 12)

(13)

T he so lu tions o f  Eqs. (11) a n d  (12) u n d e r  th e  b o u n d a ry  conditions (13)’ 
a re  th e  follow ing:

U =  —  I j v =
IV a Wn P ( P - l )  -  2 iE

(e~*z  — e~ PZ)

0  =  e ~ PZ,

(14)

(15)

w here

A =  —  [1 +  (1 +  8 ÎE )1/2] . 
2

O n sep ara tin g  th e  re a l and  im a g in a ry  p a r t  in  (14) we get

/V
—  =  -----------------------------  [P (P  -  1) e ~ XrZ cos (A,Z) +
w0 P 2 ( P -  1)2 +  4 P 2

+  2Ee~krZ s in  (A, Z) -  P ( P  -  l)e ~ p z ] , ( 16)

Acta Physica Academiae Scientiarum Hungaricae 47, 1979



316 V. M. SOUNDALGEKAR and I. POP

W n

w here

[2Ee~*rZ cos (A, Z)  -
Р Ц Р  -  l ) 2 +  4 E 2

-  P ( P  -  l )  e~XrZ sin  (A, Z ) -  2 E  e - p z ] , ( 17)

Ar =  —  +  —
2 2

- ( 1  +  (1 +  64E 2)1/2
2

1/2

—  ((1 +  64 E 2)1'2 -  1)
1/2

3. R esu lts

F ig . 1. show s th e  ve lo c ity  co m p o n en ts  ujGw0 and  v/G iVq for d ifferen t v a lu es  
o f  E ,  th e  E k m a n  n u m b er, in  case o f a ir  ( P  =  0.71) a n d  w a te r (P  =  7). W e 
o b se rv e  from  th is  F ig u re  th a t  th e  ax ia l v e lo c ity  ujGw()for  a ir  is n egative  a t  sm all 
v a lu e s  o f E ,  w hereas a t  la rge  va lu es  o f E  i t  is positive fo r b o th  a ir a n d  w a te r . 
C o n tra ry  th e  tra n sv e rse  v e lo c ity  v/Gw0 is a lw ays positive .

K now ing  th e  velo c ity  f ie ld  we can  now  calcu la te  th e  sk in  fric tio n  a t  th e  
p la te  w h ich  is g iven  by

T+ =  /X
du dv

—  +  -
dz dz ,

(18)

Fig. 1. Velocity profiles, P  =  0.71 — — —, P  =  7
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Table I
Values of rxJG  and TyJG

тю/С - r r»/c
E

P 0 0.2 0.4 0 0.2 0.4

0.71 1.5082 1.0555 0.7949 0 0.4334 0.4549
7 0.1428 0.1405 0.3140 0 0.0065 0.0103

an d  in  d im ensionless form  we h av e
r  +

^X2 t y z ~
РЩ

du  j
dZ  jz=o

(19)

F ro m  (19) we o b ta in  th e  co m p o n en ts  o f  th e  skin  fr ic tio n  a t th e  p la te  in  th e  x  
an d  y  d irec tions o f  th e  fo rm :

c  P ( P  -  1 )(P  -  Яг) +  2 ЕЯ,-

Тхг P 2 (P  — l)2 +  4P 2 ’ (20)
T g 2 Р ( Р - Я , ) - Р ( Р - 1 ) Я ,  
уг P 2(P  -  l )2 +  4P 2

T he n u m erica l va lu es  o f rxJ G  an d  ryJG  are en te red  in  T ab le  I. F ro m  th is  Table 
we conclude th a t  r xJG  decreases d u e  to  increase o f P , th e  E k m a n  n u m b er 
fo r b o th  a ir an d  w a te r. B u t Ty,/G  increases w ith  increasing  E  fo r b o th  air 
an d  w a te r.

T h e  ra te  o f h e a t tra n s fe r  is g iven  by

9 +
а т
dz z=o

( 21)

an d  in  view  o f th e  re la tio n s ( 1 0 ) i t  reduces to

9 =
vq

x  (T w — T . )  w0  

F ro m  (15) and  (22) i t  follow s:
4 =  P ,

д в у
d Z  |z=o

(22)

(23)

a n d  hence  th e  r a te  o f h e a t tra n s fe r  is eq u a l to  th e  P ra n d t l  n u m b er o f  th e  flu id .
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SOME OPTICAL PROPERTIES OF BISMUTH FILMS

By

S. Ma h m o u d *, A. H . A b o u  E l E la, A . H . E id * and M. A. Mahm oud

PHYSICS DEPARTMENT, ISLAMIC GIRLS COLLEGE, NASR CITY and 
PHYSICS DEPARTMENT,* NATIONAL RESEARCH CENTRE, CAIRO, EGYPT

(R eceived in  revised form  5. V II. 1979)

The optical properties of th in  bism uth film s have been investigated  in the n ear IR  
region. The results are compared w ith  those obtained  elsewhere on various bism uth sam ples 
and th e  value of th e  lattice dielectric constant was found  to be 90 ±  5.

1. In tro d u c tio n

M easu rem en ts of th e  o p tic a l p ro p ertie s  o f b ism uth  film s in  th e  in fra re d  
ran g e  o f sp ec tru m  allow to  o b ta in  in fo rm a tio n  concerning th e  electron ic en erg y  
b a n d  s tru c tu re  as well as th e  c a rr ie r  in d e p e n d e n t p a r t  of th e  d ielectric  c o n s ta n t 
a n d  th e  re la x a tio n  m echan ism s o f charge ca rrie rs . The d a ta  availab le  [1 —4] 
on th e  o p tica l p roperties o f  b ism u th  film s a re  insuffic ien t an d  could n o t  be 
sa tis fac to rily  in te rp re te d , since  th e y  c o n ta in  co n trad ic tio n s. I t  is well e s ta b ­
lished  th a t  th e  e lec trical a n d  o p tica l p ro p e rtie s  of b ism u th  film s are sen sitiv e  
an d  change su b s ta n tia lly  in  th e  presence o f  very  sm all m eta llic  im p u ritie s  
(0.1 — 1% ). T h is  ind ica tes t h a t ,  in  some re sp e c ts , b ism u th  film s are analogous 
to  sem ico n d u cto rs , even th o u g h  th e ir  e lec trica l co n d u c tiv ity  is h igher th a n  
th a t  of th e  m a jo r ity  of sem iconducting  m a te ria ls .

In  th e  p re se n t c o n tr ib u tio n  m easu rem en ts  of th e  o p tic a l p ro p ertie s  of 
e v a p o ra te d  b ism u th  film s w ere  carried  o u t in  th e  in fra red  ra n g e  (2.5 — 40 pm ) 
an d  th e  values o f  th e  op tica l a n d  electrical c o n s ta n ts  are ca lcu la ted . 2

2 . E xperim en ta l

B ism u th  film s of d iffe ren t th icknesses (20—300 n m  ) w ere p rep a red  b y  
v acu u m  e v a p o ra tio n  of h ig h ly  p u re  b ism u th  (99.999% ) in  a v acu u m  of ~ Л 0 - 4  

P a  a t  an  e v a p o ra tio n  of a b o u t 2 nm /s, on to  K B r  discs as su b s tra te . F ilm  th ic k ­
ness w as m easu red  byToLANSKY in te rfe ren ce  m eth o d  [6 ]. T ransm ission  m e a su ­
rem en ts  w ere ca rried  out u s in g  a double b e a m  in fra red  sp ec tro p h o to m e te r  ty p e  
B eck m an n  4220, w hich gives values of tran sm iss io n  a c cu ra te  to  ab o u t 4  1 % .
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3. R esults and  discussion

a) Optical properties

T he re su lts  o f m esu rem en ts  of th e  tran sm iss io n  o f b ism u th  film s o f d iffe ­
r e n t  th ick n esses  are  show n in  Fig. 1. All sam p les  show a tra n sm itta n c e  m a x i­
m u m  w hich sh ifts  to w ard s lo n g er w ave leng ths on in c reas in g  film  th ick n ess . 
F o r  th ic k  film s (d >  150 n m ) th e  m ax im u m  occurs n e a r  30 ц m.

T he p ro b lem  o f a p lan e  m o n o ch ro m atic  w ave, o f w aveleng th  Я p assin g  
a t  n o rm al inc idence  from  v a c u u m  in to  a hom ogeneous p la n e  para lle l specim en 
o f  in d ex  n — ik  a n d  th ick n ess  d, on a su b s tra te  o f  index  щ ,  w as tre a te d  b y  c la ss i­
c a l e lec tro m ag n etic  th e o ry . A ccording to  T u b b s  [7] a n d  B r a t t a in  [ 8 ] ,  for 
th ic k  ab so rb in g  film  (^ n k d  > • Я), th e  e q u a tio n s  for th e  re flec ted  an d  t r a n s ­
m itte d  in te n s itie s  are

д  ( n  -  l)2 +  fe2
(n +  l ) 2  +  fc2 ’

16n ,(n2 -(- к2) 4 л к  d

[ ( « +  l ) 2 +  1к2][(П1 +  n)2 +  к2] r  Я

( 1 )

( 2)

E q . (2) allow s to  ca lcu la te  th e  value of th e  ex tin c tio n  coeffic ien t к  a n d  th e  
re fra c tiv e  in d e x  can  be e s tim a te d  from  th e  p re e x p o n e n tia l fac to r b y  u s in g  th e  
e x p e rim e n ta l va lu es  o f T, d, n y and  k.

Fig. 2 show s th e  dependence  of th e  ca lcu la ted  va lu es  o f  к  and  n  fo r th ic k  
b ism u th  film s (d  >  150 nm ) on th e  w av e len g th , co m p ared  w ith  th e  d a ta  of 
M a r k o v  a n d  L in d s t r e m  [2] fo r an e v a p o ra te d  b ism u th  lay er ab o u t 1 ц т  
th ic k  (d ep o sited  on to  rock  s a lt  su b s tra te ) , th e  d a ta  o f M a r k o v  and  K h a i k i n  
[3] fo r e lec tro ly tica lly  po lish ed  b ism u th  a n d  H o d g s o n ’s d a ta  [1] on m e c h a n i­
ca lly  po lished  b ism u th . I t  is read ily  seen t h a t  th e  re su lts  d iffer co n sid e rab ly  
fro m  each  o th e r , how ever, o u r re su lt for 260 n m  film  is close to  th a t  for e lec tro - 
po lish ed  b ism u th . T hese d ifferences can  b e  exp la ined  b y  th e  d ifferences in 
su rface  s tru c tu re . M echanical polish ing o f  b ism u th  p ro d u ces a co ld -w orked  
su rface  lay e r o f  v a ry in g  s tru c tu re , while e lec tropo lish ing  does no t leave a  su r­
face  lay e r o f  d iffe ren t s tru c tu re . E v a p o ra te d  b ism u th  la y e rs  have a s tru c tu re  
d iffe ren t fro m  th a t  o f b u lk  b ism u th . M oreover, th e  o b se rv ed  increase in  th e  
re fra c tiv e  in d e x  fo r th in n e r  film  (160 n m ) w ith  decreasing  w aveleng th  is in  
ag reem en t w ith  th e  o b se rv a tio n s  o f A l e k s e e v s k i  and  P o t a p o v  [9] and  S c h u l z ’s 
d a ta  [10], w ho  found  th a t  n  has a m ax im u m  value a t  Я =  2 ^m  w h ere  i t  
reaches 2 0 .

T he ab so rb an ce  (en e rg y  absorbed) A  can  be c a lc u la ted  using th e  w ell 
kn o w n  expression  [1 1 ]

A  =
4 n

(n  +  l ) 2  +  к  '
( 3)
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Fig. 1. The dependence of the transm ittance of evaporated  b ism uth  films on the w avelength

Fig. 2. The dependence of the ex tinction  coefficient and  th e  refractive index on the w avelength: 
1. M a r k o v  and L i n d s t r e m  [3],n and К  for 890 nm  film ; 2. M a r k o v  and  L i n d s t r e m  [2], for 
560 nm  film ; 3. M a r k o v  and  K h a i k i n  [3], for electrolytically polished Bi; 4. H o d g s o n  [1], 
for mechanically polished Bi; 5. M a r k o v  and L i n d s t r e m  [2], n for (a) 220 nm, (b) 560 nm , 
(c) 690 nm; 6 . M a r k o v  and L i n d s t r e m  [2] n for d ifferent tem peratures: (a) —90 °C, (b) 20 °C, 
(c) 200 °C. P resent m easurem ents; •,-©■: к and n for 160 nm  film; О, X; к  and n for 260 nm  film
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Fig. 3. The varia tion  of th e  absorbance (energy absorbed) w ith th e  wavelength

T h e  curve  A(X)  in  Fig. 3 show s an  ev id en t d ro p  a t  low w av e len g th s  X <  2 ц m , 
w h ich  co rresp o n d s to  th e  sh o r t  w av e leng th  edge of th e  a b so rp tio n  b an d . F o r 
lo n g er w av e len g th s  A  rem a in s  n e a rly  c o n s ta n t w hich show s t h a t  th e  b a n d  gap  
E g lies in  th e  lo n g  w av elen g th  ra n g e , in  c o n tra d ic tio n  w ith  H o d g so n ’s m easu re ­
m e n ts  [1], w ho suggests t h a t  E g ^  0.3 eV (co rrespond ing  to  X 3.5 fim ), 
w hich  is d o u b tfu l. N a n n e y  [12 ] h ad  show n t h a t  for b ism u th  c ry s ta l th e  b a n d  
g ap  co rresponds to  a w av e len g th  ^ 6 5  ftm,

b) The lattice dielectric constant

On th e  a ssu m p tio n  t h a t  co n d u c tio n  w ith in  b ism u th  is b y  d ifferen t g roups 
o f  e lec trons a n d  holes, th e  c o n tr ib u tio n  o f free  carriers to  th e  op tica l c o n s ta n ts  
is g iven b y  D ru d e  th e o ry

k2 =  г, -  2
N e

r 1  +  Ш2 T2

w hen <(cor> 2  1 , th e n

4 л 2 с2  e, m

(4)

(5)

w here  e; is th e  la ttic e  d ie lec tric  c o n s ta n t o r th e  ca rrie r in d e p e n d e n t p a r t  of 
th e  d ie lec tric  c o n s ta n t, r  is th e  re lax a tio n  tim e , e is th e  ch a rg e  o f th e  e le c tro n , 
e0  is th e  p e rm itt iv i ty  of free  space, N  is th e  c o n c e n tra tio n  o f th e  ch arg e  c a r ­
rie rs  in  th e  m e ta l, m* is th e  effective m ass, X is th e  w av e len g th  and  c is th e  
v e lo c ity  o f  ra d ia tio n . T h u s fo r  th a t  p a r t  o f  in fra red  w here  <(cor) 2 1, g rap h s
o f e versus X2 shou ld  be re p re se n te d  by  a s tra ig h t  line i f  (N /m * )  does n o t change
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Fig. 4. The dependence of th e  real p a r t of dielectric constan t e — n2 — k2 on the w avelength (A2)

w ith  th ickness. Fig. 4 show s th e  v a r ia tio n  o f e =  n 2 — к2 w ith  A2  for d =  160 
an d  260 nm . T he change of s w ith  A2  is seen to  ap p ro ach  lin e a r ity  as A2  =  0. 
T he in te rc e p t on th e  o rd in a te  ax is  gives et =  90 +  5, w h ich  is in  a g reem en t 
w ith  th e  v alue  ca lcu la ted  b y  B o y l e  and  B r a i l s f o r d  [13] (e, =  100).

R E F E R E N C E S

1. J . N. H o d g s o n , Proc. Phys. Soc., B67, 269, 1954.
2. M. N. M a r k o v  and I. S. L i n d s t r e m ,  Optics and Spect., 7, 228, 1959.
3. M. N. Marko v  an d  A. S. K h a ik in , Optics a n d  Spect., 9, 253, 1960.
4. L. H a r r is  and J . P i p e r , J .  O pt. Soc. Am., 33, 11, 1963.
5. A. P . L e n h a m , D. M. T r e h e r n e  and  R. J . M e t c a l f e ,  J .  Opt. Soc. Am. 65, 9, 1965.
6. S. T o l a n s k y , In troduction  to  In terferom etry , Longm ans Group, 1955.
7. M. R . T u b b s , Proc. R oy. Soc. London, A228, 566, 1964.
8. W. H . B r a t t a in  and H . B. B r i g g s ,  Phys. R ev., 75, 1705, 1949.
9. N . E . A l e k s e e v s k i  and  E . V. P o t a p o v , S o v . Phys. JE T P , 33, 283, 1957.

10. L. G. S c h u l z ,  J . O pt. Soc. Am., 43, 406, 1953.
11. L. N. S h k l i a r e v s k i , A. A. A v d e e n k o  and V. G. P a d a l k a , Optics and Spect., 6, 336,1959.
12. C. N a n n e y , Phys. R ev., 129, 109, 1963.
13. W. S. B o y l e  and A. D. B r a i l s f o r d , Phys. R ev., 120, 1943, 1960.

4* Acta Physica Academiae Scientiarum Hungaricae 47, 1979





CORRECTION TO LATTICE THERMAL 
CONDUCTIVITY DUE TO THREE PHONON 

NORMAL PROCESSES IN THE PRESENCE OF 
DISLOCATIONS IN THE FRAME OF THE 
GENERALIZED CALLAWAY INTEGRAL*

By

A. F . Sa l e h , R . H . Mish o  and K . S. D u b e y

DEPARTMENT OF PHYSICS, COLLEGE OF SCIENCE, UNIVERSITY OF BASRAH, BASRAH, IRAQ

(Received in  revised form  12. V II. 1979)

The contribution  of the correction term  due to  th e  three phonon norm al processes to  
th e  to ta l lattice therm al conductivity  o f an  insulator having dislocations, has been stud ied  in 
the  fram e of the G eneralized Callaway in tegral by  obtaining for i t  an analytical expression, 
for th e  first time. To te s t the applicability  of the expression obtained, the contribution  of the 
correction term  to  th e  to ta l lattice therm al conductivity  has been calculated for th e  sample 
of N aF  having dislocations in the en tire  tem perature range 1 — 5 °K.

I. Introduction

P h o n o n -p h o n o n  sca tte rin g  processes p la y  a v e ry  im p o r ta n t ro le in  th e  
s tu d y  o f th e  la t t ic e  th e rm a l c o n d u c tiv ity  o f an  in su la to r  a t  low  as w ell as a t  
h igh  te m p e ra tu re s . P h o n o n -p h o n o n  sca tte rin g  processes can  be d iv ided  in to  
tw o  processes: n o rm a l processes (N -processes) in  w hich  m o m en tu m  is con­
serv ed  an d  u m k la p p  processes (U -processes) in  w hich  m o m en tu m  does n o t 
conserve . Ca l l a w a y  [1] w as th e  f irs t to  d istin g u ish  th e  ro le of th e  th re e  
p h o n o n  no rm al processes from  th e  th ree  p h o n o n  u m k lap p  processes in  th e  
s tu d y  o f th e  la ttic e  th e rm a l co n d u c tiv ity  of an  in su la to r . C onsidering th e  special 
ro le  o f  th e  th ree  p h o n o n  N -processes and  assign ing  a d isp laced  P lan ck  d is tr i­
b u tio n  fu n c tio n  [1] fo r i t ,  Ca l l a w a y  [1] o b ta in e d  an  expression  fo r th e  
la tt ic e  th e rm a l c o n d u c tiv ity  o f  an  in su la to r  w h ich  can  be expressed  as a sum  
o f tw o  p a rts . T he f i r s t  p a r t  is d u e  to  th e  com bined  sc a tte rin g  re la x a tio n  ra te  
w hile th e  second p a r t  is v e ry  co m p lica ted  an d  is kn o w n  as th e  co rrec tion  te rm  
[1 ] (A K )  due to  th e  th re e  p h o n o n  n o rm al processes, w hich  reduces to  zero  in  
th e  absence of th e  th re e  phonon  N -processes. I t  is fo u n d  th a t  th e  c o n tr ib u tio n  
o f th e  co rrection  te rm  (A K ) is u su a lly  sm all enough  co m p ared  to  th e  to ta l  
la t t ic e  th e rm a l co n d u c tiv ity .

T he c o n tr ib u tio n  of th e  co rrec tio n  te rm  (A K )  due to  th e  th ree  phonon  
N -processes to  th e  to ta l  la ttic e  th e rm a l c o n d u c tiv ity  has been  ca lcu la ted  b y  
sev era l au th o rs  [2 — 11] to  s tu d y  th e  role o f th e  th re e  ph o n o n  N -processes a t  
low  as well as a t  h ig h  te m p e ra tu re s . B u t th e ir  s tu d ies  are con fined  to  a sam ple

* P a rt of M. Sc research thesis w hich will be subm itted  by  the firs t au thor Miss Saleh.
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h a v in g  p e rfec t s tru c tu re  on ly , i.e . th e  p rev ious w orkers s tu d ied  A K  fo r a 
sam p le  h av in g  b o u n d a ry  sc a tte r in g , p o in t defec t s c a tte r in g  an d  phonon- 
p h o n o n  sc a tte r in g  processes on ly . R ecen tly , th e  a u th o rs  [12] h av e  s tu d ie d  th e  
c o n tr ib u tio n  o f  A K  fo r a sam ple  h av in g  d islocations. T h ey  ca lcu la ted  th e  
c o n tr ib u tio n  o f  th e  co rrec tion  te rm  (A K )  to  th e  to ta l  p h o n o n  c o n d u c tiv ity  of 
N a F  in  th e  te m p e ra tu re  ran g e  1 —10 °K  a n d  i t  w as fo u n d  th a t  to  ca lcu la te  
th e  va lu e  o f A K  one has to  go th ro u g h  th e  n u m erica l in te g ra tio n  o f  several 
co m p lica ted  in te g ra ls  a t  each  te m p e ra tu re . T herefo re , a sim ple an a ly tica l 
exp ression  is n ecessary .

T he aim  o f th e  p resen t w ork  is to  s tu d y  A K  fo r a sam ple h av in g  d isloca­
tio n s  b y  o b ta in in g  fo r i t  an  a n a ly tic a l exp ression  in  th e  fra m e  of th e  generalized  
[13] Ca l l a w a y  in te g ra l. To te s t  th e  ap p lic a b ility  of th e  expression  ob ta in ed , 
th e  c o n tr ib u tio n  o f  th e  co rrec tio n  te rm  h as also been ca lcu la ted  fo r N aF  in 
th e  te m p e ra tu re  ra n g e  1 — 5 °K  in  th e  fram e  o f th e  expression  re p o rte d  in  th e  
p re se n t w ork.

II . Theory

A ccord ing  to  D u b e y  [13], th e  c o n tr ib u tio n  of th e  co rrec tion  te rm  (A K )  
in  th e  fram e o f th e  generalized  Ca l l a w a y  in te g ra l can  be expressed  as

A K  =  C [2(7\ +  T2) +  (L ,  +  L 2) ] 2 [2(T( +  П )  +  (L[ +  L Q ]  (1)
w here

Sx =

S i  =

T , =

c  =

M  р / Т е д ( е д  +  C ^ s ) - 4 1 +  R , * 2) W ( e *  -  1 ) ~ 2 dx ,  
/ ' s j  J on
1

v i.s ,  I Jo

'i/T

1 JT

V 3t , u e j T  

К  в

Cn ]s C r]s  ( ^ n Is  +  £ r ŝ ) 1 (1 +  Kj X2)4, X

X (1 -j- 3 Rj X 2) X 4 ex (ex — l) -2 dx  ,

C n \t  (Cn\ t  +  £ r ,t ) - 1  (1 +  R 2x2)2x 4e*(ex -  1 )~ 2dx  ,

бтг2

К  B T  2
h

( 2)

(3)

(4)

( 5 )

S rep resen ts  T  a n d  L ,  i =  1 an d  3 fo r S  — T  an d  L ,  re sp ec tiv e ly , K B is th e  
B o ltzm an n  c o n s ta n t, h  is th e  P la n c k  c o n s ta n t d iv ided  b y  2 л ,  V ’s a re  th e  velo­
c ities  of ph o n o n s, 0 ’s are th e  c h a ra c te ris tic  te m p e ra tu re s , R ’s are th e  co n stan ts  
dep en d in g  on th e  d ispersion  cu rv e  o f th e  sam ple , suffixes T  and  L  a re  used to  
d iffe ren tia te  tra n sv e rse  an d  lo n g itu d in a l ph o n o n s, re sp ec tiv e ly , *s th e  sc a t­
te r in g  re la x a tio n  ra te  [14] due to  th e  th re e  phonon  n o rm a l processes and  
is th e  sam e due to  a ll m o m en tu m  non-conserv ing  processes. A s im ila r expres­
sion  can also be w ritte n  fo r L 2, T 2 an d  L'2. (F o r m ore d e ta ils , see [8 ].)
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Since our s tu d y  is lim ited  to  low  te m p e ra tu re s  on ly , th e  exp ression  used  
fo r a n *f C ^ 1 c an  be  expressed  as

Cjf'T — Bi icT 1 ,

CN\L =  B 3 w2 T 3 ,

C r 1 —  ( ? B l  +  C p t 1 4~ С и 1 +  Cdis î

Cpt1 =  A w 4,

Cd,l =  aiv ,

=  B 2 w T 4 e~&laT ,

CuX =  B ^ T ' e - o i ' T  ,

w here C~g\ C Z 1, C ^ l  a n d C ^ 1 are tb e  sc a tte rin g  re la x a tio n  ra te s  due to  b o u n d a ry  
[15], p o in t defect [16], d islocation  [16] and  th e  th ree  p h o n o n  u m k la p p  p roces­
ses, resp ec tiv e ly , L '  is th e  Ca s im ir  [14] len g th  o f th e  c ry s ta l, A  is th e  p o in t 
defec t sca tte rin g  s tre n g th , B 1 and  B 2 are th e  th ree  p h o n o n  n o rm al a n d  u m k lap p  
processes, sca tte rin g  s tren g th s , re sp e c tiv e ly , fo r tra n sv e rse  p honons, B 3 and  
B 4  are  th e  sam e fo r lo n g itu d in a l p h o n o n s , 9 is th e  D ebye  te m p e ra tu re  o f th e  
sam ple , a  is a c o n s ta n t [16] and  a  is th e  d islocation  sc a tte rin g  s tre n g th . T hus 
C z 1 an d  С я 1 can be expressed  as

C n )t  =  B l w T 4 =  byX ,  (6 )

C l j  =  B 3w2 T 3 =  b3 x2 , (7)

C r ]t  — Cb 1 +  A w 4 -f- B 2w T 4e~ @l*T -\- aw

=  С ъ 1 +  D x 4 +  b2x  +  y x ,  (8 )

C r ]l  — C b 1 +  A w 4 -f- B i w2 T 3 e~ e/lT - f  aw

=  C z 1 + D x 4 +  bi x2 +  x y .  (9)

A t low  te m p e ra tu re s , th e  c o n tr ib u tio n s  o f T 2, L 2, T 2, L'2 are neg lig ib ly  sm all 
co m p ared  to  th e  c o n tr ib u tio n s  of T 1? L v  T[ and  L[ d u e  to  th e ir  lim its  o f  in te g ­
ra tio n  an d  one can n eg lec t th e ir  c o n tr ib u tio n s . A t th e  sam e tim e , i t  is necessary  
to  m en tio n  here th a t  th ro u g h  th e  n u m e ric a l analysis o f  th e  above expression  
forC~R\  i t  is found  t h a t  a t  low te m p e ra tu re s , e ith e r  d o m in a tes  o v e r ^ g 1  

or is dom ina ted  b y  C~g1. T herefo re , th e  a n a ly tic a l expressions a re  o b ta in ed
u n d e r tw o  d ifferen t ap p ro x im a tio n s , i.e. ^~b  a n ,l C ^ 1 ^  ĉTis-
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(A ) i f  C s é c s i i

U nder th e  ab o v e  a p p ro x im a tio n , th e  exp ression  fo r T ,  can  be  a p p ro x im a t­

i f  Г 5  y x e blX* b,x* D x 9
e d  as

/ 1 Г
^  =  6 ,  C b ^ ? ? J o **

tb 1 Ub1

6 2 * 6

T i 1 Tb1 J
X

X (1 +  R 1x?)3ex (ex -  l ) ~ 2d x , ( 10)

w h ich  reduces to

T i  — b1 C B / 5 V-T , [ X I  ( R J - D C B F I X I E R , ) (b1 +  b2 +  y ) T BF I X I ( R 1)}, (11)

w h ere
X j ”( R , )  =  1 +  3R i  F™ +  3R f  F™ + 2 +  Й? F ^  + 4,

— 1 ) 2  dx, m , n  an d  r  in te g e rs  .

I n  a sim ilar w ay , one can  also s im p lify  L v  T[ a n d  L{ as s ta te d  in  th e  A ppend ix  
th ro u g h  E qs. (A 1 —A3).

H ence, th e  expression  A К  can  be expressed  as

w h ere

A K  =  C
2 G1 

V t
+

r i V h

2Go
+

T1 V iLl
( 12)

G, =  A , I b [ X I ( R J  -  D ,  F I X I E R , )  -  ( A ,  +  A a +  У]) F g X g ( R 1) J , ( 1 3 )  

G2 =  A  3 I e [X? ( R 3) -  D ,  F I  о Х Ц  ( R 3) -  ( A 3 +  A 4) F g  X|«(H3) -  
- y 1 F ^ X ? ( R 3) ] ,  (14)

G3 =  A ,  1 ,  [У5 ( R , )  -  A ,  F 9 Y g  ( R J  -  D \  F ?  Y $  ( R , )  -

-  D 1( A 1 +  2 A 2 +  y i ) F f  Y IK R ,)  -  A 2( A 2 +  A ,)  F l  Y ?(* ,)  -
-  y ,  ( A ,  +  2A ,  +  y i ) F I  Y 9(R , ) ] , (15)

G4 =  A 3  J ,  [ В Д )  -  ( A ,  +  Y?) F I  Y l ° ( R x)  -  0 , ( 2 A ,  +  A 3) x  
X F 12 YÎ* -  (R }) -  2y ,D ,  F l 1 Y H ( R {) -  D \  F J‘ Y H (R J  -
-  A 4( A 3 +  A 4) FJ» Y i K R , )  -  y , ( A 3 +  2 A l ) F 9 Y ^ R , ) ]  , (16)

w here
А,- =  i>, C B, D ,  - D C B, y ,  =  y C B

a n d  where

Y ^ R t) =  1 +  7 R i  F ?  - f  1 8 Й ?  F ? +2 +  22R f  F™ +i +  7 Й ? F™+ « +  3Hf F!?+8.
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A t low  tem perature, C ^ x is  very small com pared to C~rX and one can n eglect its  
contribution compared to  other scattering relaxation rates. On further sim pli­
fication  o f Eq. (12) the expression for A K  reduces to

A K = 3 C b 1 I 5C iB (Z1+ Z 2) i +  Y  v sz  3 (17)

where

Z x =  M M  -  2 D 1 F l  1 - f
P 3 F i°

2 A  FI 1 + P 2 a 3 FS

Z 2  =  6  A  F l 1+

-  2 y  F I  

a3 P C 'F I )

1 4 -
P a 3 F l

(18)

D 1F V \ \ 1 + F I F 1 1) +  - a 3- f F |  X

/j3 P C '  J?12 p i o
X (1 4- F™F1 i) + ------ (1 +  Fl F f 2) +  a« P 2C' 11_ x

X (1 4- Fl0)

2 2

-  A x F I  { ( 1  +  F f  F l)  +  a3P F I  ( 1  +  C ')/2  4- « 3 P 2 Щ !2 X

(14-fif87) +X (1 +  C 'F 81 0  F 75) +  aeP 2C ' F f  (1 +  Fg° Fg)/4} -  ^ F f

+
P a 3C F l ,, . _  . P a 3 F l  | | q « P 2 C 'F f F f

— — 8 (1 4 -  В Д ) + — -
z  z

X

x ( l  +  F ’ F f l j , (19)

P 2  a 5 C ' F ,8

Z 3 =  M 2  — v41F I  11 4- 

-  A  F I  

b

P 2 a 5 F I
+  7 P , F 7 1 + C 'P a 5 F l

( 20)

P  =  ^ - ,  C ' =
bi

A

A
, a = T1

Ll
, Af =  1 4-------P F f .

Afj =  (1 4- <*5 P F j/2 )  and F s is the average phonon velocity  based on th e  two  
mode conduction o f phonons proposed b y  H olland [17]. In the absence of 
dislocations, i.e. a — 0, th e  expression for A K  stated in  Eq. (17) reduces to

A K  =  2С^ 1зС^  Г Z i +  Z 2 ( 21)
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Z X =  M M  — 2 D 1 F l

Z 2 — 6 R l

1 +  P a \  9 ) ~ 2 ^ i * l j 1  +

1  +  P a y f C -) -  Di F ?  j l  +  F l  F l j  +

P 2 a3 F l 
2

P a 3 F l f C '

( 22)

X

р „ 3  P 6  р 2 „ 6  P 6

X (1 +  F | Fl) +  ^ a - f 5- (1 +  Fe10 П )  + -----1  F n  X

X (1 +  Fg° F î2) A 1 +  F« F J  + ^ ( 1  +  C ') +

+

A  =

X

p 3 л б г '  F 8 P 2 n 8 F 7
a c  5 (1 +  F |°  F |) +  5 (1 +  FJ0 F f C')

4 2

P 2 a 5 F«8]a3 P F î \l  +  a _ j p _ \ _ A i F Î  
^  I

1 7 P t F J  X

1 + P a 5 C ' F -8

- M ? 1 + P 2 a 5 C ' F i°

( 2 3 )

( 2 4 )

w h i c h  i s  t h e  s a m e  a s  o b t a i n e d  b y  D u b e y  [ 9 ]  f o r  a  s a m p l e  h a v i n g  p e r f e c t  

s t r u c t u r e ,  i . e .  a  s a m p l e  h a v i n g  n o  d i s l o c a t i o n s .  A t  t h e  s a m e  t i m e ,  i f  o n e  d o e s  

n o t  c o n s i d e r  t h e  d i s p e r s i o n  o f  p h o n o n s ,  i . e .

A  — F 3 —  Ot F t i  — f l i  — V ,

( i n  t h e  f r a m e  o f  t h e  C a l l a w a y  i n t e g r a l ) ,  t h e  e x p r e s s i o n  f o r  A К  s t a t e d  i n  

E q .  ( 1 7 )  r e d u c e s  t o

Ch Cl
A K  =  9 .8  X 1 0 2 -  l L B  [1  -  8 . 7 8  x  1 0 3 D C B -  

Vv s

1 .2 3  x  1 0 2 6 i e s  -  1 3 .3  C B a] , ( 2 5 )

w h i c h  i s  t h e  s a m e  a s  o b t a i n e d  b y  t h e  a u t h o r s  [ 1 8 ]  f o r  a  s a m p l e  h a v i n g  d i s l o ­

c a t i o n s  i n  t h e  f r a m e  o f  t h e  C a l l a w a y  t h e o r y .

N e g l e c t i n g  t h e  d i s p e r s i o n  o f  p h o n o n s ,  t h e  e x p r e s s i o n  o b t a i n e d  f o r  A K
r e d u c e s  t o

Ch C 1
A K  =  9.8  x  102  1  B [1 -  8.78 x  1 0 3 D C B — 1.23 x  1 0 \ C B] (26)

Vs

f o r  a  s a m p l e  h a v i n g  n o  d i s l o c a t i o n s ,  w h i c h  i s  t h e  s a m e  a s  o b t a i n e d  b y  D u b e y

[ 1 0 ]  f o r  a  p u r e  s a m p l e  i n  t h e  f r a m e  o f  t h e  C a l l a w a y  i n t e g r a l .
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(B) i f  е й  >  < V

F o r th is  case, th e  sim plified  fo rm s or T v  L v  T[ an d  L[ a re  g iven in  
th e  A p p en d ix  th ro u g h  E qs. (A 4 — A ?). U sing th e se  eq u a tio n s, th e  expression  
for A K  can  be exp ressed  as

3&i С у ~ г F f  11A K  = +  ^ 2

w here

Z, =  M 2 M 2 - 2 C B{ F l  1  +

( l  +  a / 2 ) F ,  

P a 3 FI

(27)

2 C ,
P 2 a3 F I

2 D , F \  1 +
P a 3 F f

(28)

Z 2 =  6  R , F f 1 +

_
P a3 F I  C 3 . P a 3C' F t  

1 +  F 3 F t  -j--------------- 5 X

Pa* P2nGrf F 6
X (1 +  F 3 F I)  +  4 (1 +  F i  F t)  +  ' ' (1 +  F ‘FI)

2 4

Ci | 2  +
р „ з  pr> р г пв г ’ p"

(1 +  C ' F l  F t)  +  A L 1 ± . ( i  +  р ь  F l)  +

Р 2 „ 3  p 6
4 U  +  f i f i c ) \ ~ d 2 f i

P n 3 p l o p '
1 +  F |  Fi) +  . . . . . .  X

X (1 +  F l0 F 4) + A Ü Ü  (1 +  F |F S )+  ^ aCFt F91oC' (1 +  p7pso) (29)

Z 3 =  M , +  7 Д Х F ' ( l  -  Cj) +  — Ÿ 1 Í 1  -  Ci p e П )

- c x 1 + P V  F?
(30)

w here
b,C, =  — , i — 1, 2, 3, a n d  4, D 2 =  D jy ,  C b1 =  C s i/y  . 
У»

N eg lecting  th e  d ispersion  of p h o n o n s i.e. in  th e  fram e  o f th e  Ca llaw ay  ex p res­
sion, E q . (27) red u ces  to

A K  =  31.862
Cb!

r
1  _  0 .458 -  3.42 A .  _  572.55 —

У У У
(31)

w hich is sam e as o b ta in e d  by  th e  a u th o rs  [18] fo r a sam ple h av in g  d islocation  
(Cjis C ß 1) in  th e  fram e  of th e  Callaw ay  expression .
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III . R esu lts  an d  discussion

To te s t  th e  a p p lic a b ility  o f th e  expression  o b ta in ed , th e  co n tr ib u tio n  
o f  th e  co rrec tion  te rm  A K  (due  to  th e  th re e  p h o n o n  n o rm al processes in  th e  
p re sen ce  of d is loca tions) has been  ca lcu la ted  in  th e  te m p e ra tu re  ra n g e  1 —5 °K  
fo r  N a F  in  th e  f ra m e  of th e  exp ression  re p o rte d  in  th e  p re sen t w o rk  using  th e  
c o n s ta n ts  lis ted  in  T ab le  I . T h e  re su lts  o b ta in e d  are re p o rte d  in  T ab le  I I .  
T o  h a v e  a c o m p a ra tiv e  s tu d y  be tw een  th e  re su lts  o b ta in e d  in  th e  fram e  o f th e  
ex p ressio n  re p o r te d  an d  th e  fram e  o f E q . (1) i.e . n u m erica l in te g ra tio n  of th e  
gen era lized  fo rm  o f th e  Ca l l a w a y  in te g ra l) , th e  v a lu e  o f A K  is a lso  rep o rted

Table I
C onstan ts used in  th e  calculation of the phonon conductiv ity  correction term  A К  for MaF

in the tem pera tu re  range 1 — 5 °K

C - ! =  6.2 X  10s sec" 1 V, =  3.39 X  105 cm/sec
A  — 6.4 X  10- 4- sec3 VT =  6.29 X  10s cm/sec
a =  1.7 X  10- 8 rj =  1.54 X  10 ~ 28 sec2

B 3 =  1.0 X  10~ 12 sec deg - 4 T3 =  1.8 X  10 ~ 29 sec2

B 3 =  1.0 X  10-2 4  sec deg - 3 0 ,  =  158 °K

©a =  256 °K 0  =  425 °K

Table II
Phonon  conductiv ity  correction term  A K  for N aF  sam ple having dislocations. К  is the to ta l 
la t tic e  therm al conductiv ity , (/1К)0еп Ca)1 is th e  value of A K  based on num erical integration, 
(zl-K)present is th e  value of A K  obtained in th e  fram e of th e  expression reported  in  the present 

work. К  and A K  are expressed in  w att/deg/cm

T(°K) К (ASQgm,. Call. (JK)preeent

1 1.62 X 1 0 “ 1 1.385 X 1 0 -7 1 .3 8 2 x 1 0 - ’

2 1.27 3 .393 X lO - 5 3 .3 7 0 X  1 0 -6

3 4.21 8 .2 6 6 X 1 0 - 4 8.107 X 1 0 -4

4 9.75 7 .740 X 1 0 - 3 7 .3 5 5 X 1 0 - 3

5 18.43 4 .2 4 0 X 1 0 - 2 3 .7 0 5 X 1 0 - 2

in  th e  fram e  o f E q . (1). W ith  th e  help  o f T ab le  I I ,  one can  see t h a t  th e  v alue  of 
A K  in  th e  fram e  o f  expression  o b ta in e d  is v e ry  close to  tho se  o b ta in e d  in  th e  
f ra m e  o f n u m erica l in te g ra tio n  o f th e  genera lized  Ca l l a w a y  in te g ra l. T hus, i t  
c a n  be concluded  t h a t  th e  a n a ly tic a l expression  re p o rte d  in  th e  p re se n t w ork 
g ives good response  to  th e  p h o n o n  c o n d u c tiv ity  co rrec tio n  te rm . A t th e  sam e 
t im e , i t  should  be  s ta te d  h ere  t h a t  one can  h a v e  th e  v alue  o f A K  w ith o u t 
go in g  th ro u g h  th e  n u m erica l in te g ra tio n  o f th e  co m plica ted  in teg ra ls .
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W ith  th e  h e lp  o f  E q . (18), i t  can  be seen th a t  f o r f ? ^ 1^» A K  is p ro ­
p o rtio n a l to  th e  p ro d u c t o f th e  th re e  phonon n o rm a l processes sc a tte rin g  
s tre n g th  an d  square  o f th e  b o u n d a ry  sc a tte r in g  re la x a tio n  tim e  i.e. A K x B j^ C ^ 2, 
w hich in d ica tes  t h a t  for С в 1 m a in ly  depends on C g 1 and
Cipj, дг- A t th e  sam e tim e , w ith  th e  h e lp  o f  E q . (27), i t  is v e ry  c lear t h a t  for 
C ß 1 - ^  <?dis5 ^ K  p ro p o rtio n a l to  th e  th e  th ree  p h o n o n  n o rm al processes 
sc a tte r in g  s tre n g th  a n d  inverse ly  p ro p o rtio n a l to  th e  sq u a re  of th e  d islocation  
sc a tte rin g  s tre n g th , i . e .A K x B J a 2 w h ich  show s th a t  fo r  i “ 1, A K  depends
m ain ly  on CjphN an d  C ^ 1- I t  is in te re s tin g  to  no te  th a t  u n d e r  special cond itio n s, 
th e  expression  o b ta in e d  red u ced  to  an  expression w h ich  is sim ilar to  prev ious 
find ings o f th e  ea rlie r w orkers w hich  can  be seen in  E q s. (21), (25), (26) an d  (31).

T h e  en tire  w o rk  can be su m m arized  as follows:
(a) T he ph o n o n  c o n d u c tiv ity  co rrec tio n  te rm  A K  d u e  to  th e  th re e  phonon  

no rm al processes in  th e  p resence o f d islocation  has b een  s tu d ied  in  th e  fram e 
o f th e  genera lized  Callaw ay  in te g ra l b y  o b ta in in g  a n a ly tic a l exp ression  for 
th e  f irs t  tim e.

(b) T he p h o n o n  co n d u c tiv ity  co rrec tio n  te rm  A K  has been ca lcu la ted  
in  th e  te m p e ra tu re  range  1 — 5 °K  fo r N a F  in  th e  fram e  of th e  expression  
o b ta in e d  an d  i t  is fo u n d  to  g ive  v e ry  good response to  th e  A K .

(c) F o r C~^x, A K  dep en d s m ain ly  on C ^ xh an d  w hereas for
C ß 1 C  jig i t  dep en d s m ain ly  on C ^ xh N an d  С ß 1 •

(d) In  th e  lim itin g  cases, th e  expression  o b ta in e d  show s s im ila rity  w ith  
expressions re p o rte d  b y  p rev ious w orkers for A K .
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A ppendix

S im ilar to  T x (a s ta te d  in  E q . (11)), th e  te rm s  L v  T[ a n d  L[  can  also be 
sim p lified  fo r C B 1 >  C dà  as

L i  =  b3 C B I 6 V i \  [ X |( R 3) -  D C B F ™ X l 20( R 3) -  (6 3  +  Ь4) С в X

X F I  X \ ° { R 3) -  a C в F l  X ? ( R 3) ] , (A l)

T{ =  b, I .  V r f  [ Y f (R 4) -  b} C B F I  Y%(Rj)  -  D 2 C% F ?  Y E  (R 4) x

-  DC% F f  Y g ( j y  ( 2  b2 +  b ,  +  2 a) -  b2(b2 +  b j  C% F I  Y?(R4) -

-  a(2b2 +  bj) C l  F I  Y ? ( jy  -  a2 C \  F I  Y ? (R ,)], (A 2 )

E i =  b3 I e V i l [ Y I ( R 3) -  b3 C B F I  Yf»(R3) -  D 2C% FJ* Y $ ( R 3) -

-  D (b 3 +  264) F f2 Y ff(R 3) -  2 D a F e1 1  Y f?(R3) -  6 4 (6 3  +  Ь4) X

X Fl° Y l 2( R 3)C% - a ( b 3 + 2b4) C l  F ? Y fi(R 3) -  в* Д  Fg В Д ] .  (A3)

S im ilarly  fo r C b 1 ,

K  h
v i l  y  L

—  F J  X I  ( R , )  
У

X«(R,) -  Ff Xf(Rj) -  (fel +  Ьг)-  Xf (R4) -J y

(A4)

L , - 6’ 7« f x . 7 ( * a )
(*> 3  +  M

F£iy L
- —  F |X e“ (Â3) 

У

Съ-  F \ X \ { R 3)  -  v ^ L _ ^  Ff Xf(R3) -
y  y

(A5)

T{ = [ A A  -  F f Yf(R4)A i
F f j

262 +  Ьх ^ b1

2 D  С ъ 1

У
Yf(Ri) Ff

J  T

J
D 2

2

y  y

F l 1  Y g f i y  -

EÍ

_  2 b2 + J * 1  A  F f  y |° (Rj) -  63(63 +  y  +  bi У7(Д1) 5

A 2

(A6 )

-̂ a

y  y  y

Yf(R3) -  - f 1  Ff Yf(R3) — - Ü  Ff Y?(R3)
Ll

- 2
Д  A

У  У

Ff Y810 (R3)

- F e  Г ! ( * 3) -  Ь 
У 2 У

( 2  b4 +  6 3) Î b1 D 2

У

Yf(R3) - A A 2 Vff(R3) -  
J  J

—  2t>4 +  63 Ff» Yîf(R3) -  64(63+  6é) Ff Yg° (R3)l . (A7)
J Г
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NEUERE UNTERSUCHUNGEN IM PROBLEMENKREIS 
DES HAGEN-POISEUILLESCHEN 

STRÖMUNGSGESETZES
Von

M . M ik o l á s  und  L. B a r d ó c z

LEHRSTUHL FÜR MATHEMATIK, FAKULTÄT FÜR BAUWESEN DER TECHNISCHEN UNIVERSITÄT 
BUDAPEST UND ABTEILUNG FÜR ISOLATIONSTECHNIK DES FORSCHUNGSINSTITUTES FÜR 

ELEKTROINDUSTRIE IN  BUDAPEST

(Eingegangen 25. V II. 1979)

Mit einer neuartigen geometrischen und  analytischen B egründung wird eine V erall­
gemeinerung des Hagen-Poiseuille-Gesetzes behandelt, die bei vielen, in der Physik und Technik 
vorkom m enden K analform en bzw. F lüssigkeitstypen eine feinere B eschreibung des S tröm ungs­
vorganges ermöglicht.

1. E in le itu n g

W ie b e k a n n t, is t das G esetz von  H ag en  und  Po iseu ille , das seit se iner 
E n td eck u n g  (1839) a u f  versch ied en en  G eb ie ten  der P h y s ik , Chem ie u n d  B io lo ­
gie o ft b e n u tz t w u rd e , w äh ren d  d e r le tz te n  J a h rz e h n te  au c h  in  der T ech n ik  zu  
einer w esen tlichen  U n te rs tü tz u n g  gew orden . (Vgl. z. B . [1] — [3], [16], [17].) 
M an m uss ab er b each ten , dass die g en an n te  R egel n u r den  e lem en ta rs ten  F a ll:  
N ew tonsche F lü ssig k e iten  u n d  zy lind rische  K anäle  m it K re isd u rch sch n itt 
b e tr if f t , w ogegen die ü b rig en  F ä lle  in  d e r F a c h lite ra tu r  m eistens m it H ilfe  
unzuverlässiger A pp ro x im atio n sfo rm eln  b e h a n d e lt w erden . (S. [16], 120 u n d  
1 3 7 -1 3 8 ;  [17], 200.)

Im  F o lgenden  soll n u n  eine d e ra rtig e  s ta rk e  E rw e ite ru n g  des H agen- 
Poiseuille-G esetzes ab g e le ite t w erden , die a lle r W ahrsch e in lich k e it nach  geeig ­
n e t is t, den S trö m u n g sv o rg an g  in  den p ra k tis c h  w ich tig sten  Fällen  e x a k te r  
w iderzuspiegeln . D ie R e su lta te  e n ts ta n d e n  im  Laufe e in e r im  Ja h re  1977 
begonnenen  K o o p e ra tio n  zw ischen den, im  T ite l angegebenen  zwei I n s t i tu t io ­
nen , w elche u .a . zum  Ziele h a tte ,  eine u n lä n g s t erfundene Iso la tio n stech n o lo g ie  
fü r A nker gew isser E lek tro m o to re n , w obei die Iso lie rsch ich ten  du rch  S p r itz ­
guss und  u n te r  V erw endung  spezieller K u n s ts to ffe  h e rg es te llt w erden, m a th e ­
m atisch  zu b eg rü n d en .

B em erk t sei noch , dass v iele M itte ilu n g en  der n eu e ren  F a c h lite ra tu r  die 
W eite ren tw ick lu n g  des P rob lem enkreises in  anderen  R ich tu n g e n , näm lich  die 
U n tersu ch u n g  von  H ag en -P o iseu ille -S trö m u n g en  (in R o h ren  m it k re isfö rm igen  
oder a n n u la ren  D u rch sch n itten ) bei te m p e ra tu ra b h ä n g ig e r  V isk o sitä t, z e i t­
abhäng iger D ru ck v e rte ilu n g , fü r  einige G asgem ische, o d er in  B ezug a u f  
S ta b ilitä t zum  G egenstand  h ab en . (Vgl. z. B . [4 ]— [7], [9] — [10], [13]— [15], 
[18].)
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2. R ichtung der Verallgem einerung, geometrische Grundlage

D as n a c h  H agen  u n d  P oiseu ille  b e n a n n te  klassische G esetz  fü r s ta tio n ä re  
R o h rs trö m u n g en  u n d  N ew tonsche F lü ss ig k e iten  la u te t:

V  =
n R *
8r]l

(Pi -  P 2 ) . ( 1 )

w obei V  den  »V olum enstrom «, d .h . d as  p ro  Z e ite in h e it d u rc h  einen R o h r ­
q u e rsc h n itt  s trö m en d e  F lü ssig k e itsv o lu m en , p x — p 2 den  D ru ck ab fa ll e n tla n g  
des ganzen  R ohres, R  u n d  l d en  R ad ius bzw . die Länge des zy lindrischen  R o h ­
re s , rj a b e r die dynam ische  V isk o sitä t d e r  F lüssig k e it b eze ich n et. D ass die 
F lü ss ig k e it «N ew tonsch« is t , b e d e u te t b e k a n n tlic h  fo lgende B eziehung zw i­
schen  d er S ch u b sp an n u n g  r  u n d  dem  G eschw ind igke itsg rad ien ten  dv/dr  
( 0  < r ^ R ) :

( 2)

W ir m ö ch ten  gleich h e rv o rh eb en , dass  m an  — u n te r  B e ib eh a ltu n g  der 
R o h rfo rm  — re la tiv  e in fach  a u f den F a ll N ich t-N ew to n sch er F lüssig k e iten  
ü b erg eh en  k a n n . W ir h ab en  näm lich  n u r  V  als In te g ra l d e r  G eschw indigkeit 
a u f  dem  R o h rq u e rsc h n itt  zu  b e tra c h te n , d a n n  nach p assen d e r T e ilin teg ra tio n  
in  B ezug a u f  die V ariab le  r  d en  G rad ien ten  dv/dr  m it se inem  aus dem  belieb ig  
vorgegebenen  F liessgesetz gew onnenen  A u sd ru ck  (als F u n k tio n  von  t ) z u  

e rse tzen , u n d  schliesslich a n s ta t t  г n ach  т zu  in teg rie ren . (D ie S ch u b sp an n u n g  
is t in  u n se rem  F a ll e in fach  p ro p o rtio n a l r ;  vg l. z. В. [1], 104 — 105). V on diesem  
G ru n d g ed an k en  w erden  w ir au ch  im  w e ite ren  G ebrauch  m ach en ; da ab e r die 
H au p tsch w ie rig k e it e iner A u sd ehnung  v o n  (1) in  der k o m p liz ie rten  A b h än g ig ­
k e it d er S trö m u n g sp a ra m e te r  von  der K an a lfo rm  lieg t, so w ollen w ir u n s v o r 
allem  a u f  d ie  U n te rsu ch u n g  d er S c h u b sp an n u n g  bei gew issen a llgem eineren  
K a n a lty p e n  k o n zen trie ren .

E s w ird  w ieder die in  e inem  zy lin d risch en  R ohr d e r  Länge l s ta t io n ä r  
ab lau fen d e  S trö m u n g  einer N ew tonschen  F lüssigke it g e p rü ft, aber d er R o h r­
q u e rsc h n itt  §b is t  e in  B ere ich  a llgem einer A rt, dessen R a n d  aus fo lgenden  
T eilen  b e s te h t:  (I) aus einem  S tü ck  e in e r geschlossenen, ab teilungsw eise  g la t­
te n  ebenen  K u rv e  S , w elche ein  S y m m etriezen tru m  0  b e s itz t  u n d  in  e inem , 
0  als A n fan g sp u n k t e n th a lte n d e n  P o la rsy s te m  die G le ichung  r =  f(cp) m it 
r  >  0 h a t;*  ( I I )  aus e iner a n d e ren  K u rv e  (2C, w elche aus <2 d u rc h  eine Ä h n lich ­
k e its tra n s fo rm a tio n  m it dem  V erh ä ltn is  1 : e u n d  m it 0  a ls Ä hn lich k e itszen t-

* Som it w ird die F unktion  f(<p) eindeutig u n d  abteilungsweise stetig-differenzierbar 
vorausgesetzt.
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Fig. 1. D urch A ffin itä t erzeugter allgemeiner R ohrquerschnitt und zugehöriges Polarsystem

Fig. 2. Einem festen  Polarwinkel zugehöriger K analquerschnitt in Ström ungsrichtung

ru m  erzeug t w ird ; fe rn e r ( I I I )  au s  gewissen S treck en  cp =  срг (k o n st.) , cp =  tp2 
(k o n st.)  (siehe F ig . 1). W ir b e tra c h te n  n eb st dem  rç>-Polarsystem  auch  ein 
rech tw ink liges Æ y-K oordinatensystem  m it dem  gleichen A n fa n g sp u n k t u n d  
e rg än zen  le tz te res  m it einer in  S trö m u n g srich tu n g  liegenden z-A chse zu einem  
rä u m lich en  D escartessystem . W en n  m an das R o h r du rch  eine die z-Achse 
e n th a lte n d e , m it e inem  festen  W e rt von cp gekennzeichnete  E b en e  schne ide t, 
so e n tsp r in g t ein  R ech teck  d e r L änge l u n d  B re ite  (1 — e)R, w obei R  d iesm al 
e ine A b k ürzung  fü r  r(<p) is t. (Vgl. F ig. 2.)

W ir setzen  n o ch  vo raus, d ass  die S tro m lin ien  zur z-A chse p a ra lle l sind , 
u n d  d er D ruck  p  n u r  von z a b h ä n g t, ferner lin e a r  längs des R o h res  ab n im m t; 
d e r  A nfangsw ert v o n  p  w ird  m it p x, sein E n d w e rt (M inim um ) m it p 2 bezeich­
n e t . D en k t m an  sich nun  den  S trö m u n g srau m  m itte ls  g eeigneter, aus der zu 
<2 gehörigen G renzfläche du rch  A ffin itä ten  e rzeu g ten  F läch en , sowie zu r xy-  
E b e n e  p ara lle ler u n d  die z-A chse e n th a lte n d e r  E benen  in  V olum enelem ente  
ze rleg t (in den F ig u ren  1 — 2 s in d  die den R an d  eines solchen E lem en ts  c h a ra k ­
te ris ie ren d en  P o la rk o o rd in a ten  u n d  z -K o o rd in a ten  der R eihe n a c h  m it r  =  íJR 
[c <T & <  1], r +  Ar =  (# -|- A ê ) R ,  cp, cp -f- Acp bzw . m it z u n d  z +  Az  bezeich­
n e t ,  fe rn e r b e d e u te t A  BCD  d en  en tsp rech en d en  e lem en taren  Teil des Q uer­
sc h n itte s  об in  d e r лу-E bene), d an n  greifen S ch u b sp an n u n g en  en tlan g  der
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R a n d flä c h e n  eines je d e n  V olum enelem ents an. E s e rh e b t  sich die F ra g e : wie 
h ä n g t die en tlan g  eines zu r яу-E b en e  sen k rech ten  S tro m fad en s  § a u ftre te n d e  
S ch u b sp an n u n g *  von  den  diesen F a d e n  kenn ze ich en d en  P o la rk o o rd in a te n  ab?

3. G eneralisierte  S chubspannungsfo rm el

U m  die A n tw o rt zu  fin d en , b e tra c h te n  w ir z u n ä c h s t einen verän d erlich en  
P u n k t  Q der d u rch  die G leichung r =  'Df{cp) (<Pi <  <f> <  ç>2) darg este llten  ebenen 
K u rv e  u n d  sch re iben  w ir fü r  den  W e rt von  r  en tlan g  des zu  Q gehörigen S tro m ­
fad en s  k u rz  t o r  (R  =  f(cp)). S e tz t m an  vo rau s, dass r ö/? eine ste tige O rts fu n k ­
tio n  is t u n d  sogar s te tig e  A b le itu n g en  n ach  den P o la rk o o rd in a te n  b e s itz t, so 
is t  diese G rösse b ezüg lich  eines k u rzen  K u rv en stü ck es  an n äh ern d  k o n s ta n t. 
D a h e r e rg ib t die G le ichgew ich tsbed ingung  fü r  die an  ein  beliebiges V olum en­
e lem en t w irk en d en  g esam ten  K rä f te :

A p  • ( In h a lt  von  A  BCD)  ^
г -  ~  ,  (3)

^  A z  [(B ogen länge v o n  CD) • г(в+лв)н — (B ogenlänge von  A B )  • tw J ,

wo A p  =  p(z  +  Az)  — p{z)  is t. D ie dab e i im p liz it g em ach te  A n n ah m e, dass 
d ie zu  A D  u n d  B C  gehörigen  »Seitenflächen« sch u b sp an n u n g sfre i s in d , ist 
o ffen b ar b e re c h tig t; d en n  die in n ere  R eibung  t r i t t  e rfah rungsgem äss n u r 
zw ischen  solchen S tro m fäd en  auf, die sich  n eb en e in an d er n ich t m it d e r gleichen 
G eschw ind igkeit bew egen , die also versch iedene A b s tä n d e  vom  R a n d e  des 
S trö m u n g srau m es h ab e n .

E s is t n u n  w esen tlich , dass d ie  B ogenlänge eines du rch  ebene P o la r­
k o o rd in a te n  g ek en n ze ich n e ten , stückw eise  g la tte n  K u rv e n s tü c k e s , o d e r der 
I n h a l t  e iner F lä c h e n g e s ta lt des T y p es A B C D  in  d er F o rm  ein facher In te g ra le  
au sg e d rü c k t w erd en  k ö n n en . (Vgl. z. B . [11], 203 u n d  227—228.) M ithin 
e rh ä lt  m an  fü r  die B ogen länge zls des m it cp u n d  cp Acp b e s tim m ten  S tückes 
v o n  <2 die F orm el:

à*  =  I У [/(Ф )]2 +  (4)
J cp

w äh ren d  der In h a l t  A I  des zum  Z en triw in k e l Acp gehö rigen  T eilgebietes (Sek­
to rs )  v o n  cß die D a rs te llu n g

2 d4> (5)

* H ierunter v ers teh t m an natürlich  den Grenzwert der au f eine den ê enthaltende 
Fläche © bezogenen Schubspannung fü r den Fall, wo © auf § zusam m enschrum pft.
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zu lässt (F ig . 1). D a ab e r die e rste  P o la rk o o rd in a te  eines beliebigen P u n k te s  
von A B  bzw . CD aus derjen igen  des en tsp rech en d en  P u n k te s  v o n  <2 durch  
M ultip liz ieren  m it fl bzw . m it fl +  A d  e n ts te h t (vgl. F ig . 2), so e rg eb en  sich:

B o g en län g e  von  A B  =  dAs,
B o g en län g e  von  CD — (A +  A&)As,
I n h a l t  von  A  B C D  =  Ad{2d  +  A d) A I ,

w om it (3) der B eziehung

(fl +  Аё)т(&+Лв)к  -  d x ÛR ^  Ap ' _AI_
A d  1 Az  ' As

( 6)

ä q u iv a le n t w ird .
W en n  m an in  (6 ) die G renziibergänge zlfl —► 0 u n d  Acp —» 0 au sfü h rt 

u n d  b e a c h te t, dass die v o rau sg ese tz te  lineare  B eziehung  des D ru ck es  m it z 
die F o rm e l

4 L =  -  Ь , ---- b . « 0 )
Az l ( ? )

zur Folge h a t, dann  e n ts te h t 

А(Ат<м)
3d

2fl P i -  Pi d I
l ds

d. h. w egen

d l—  = V [/(?>m ~  = У um2 + um)2,
dtp l  acp

d l _ _  d l  ' ds 1 R 2
ds dcp d<p 2 Y  R 2 -\- ( R ' ) 2

die D ifferen tia lg leichung

d{örÖR) =  #  Pi — Pi R 2

3d  l f ß 2  +  (Ä ' ) 2

D ie A uflösung v o n  (8 ) liefert:

e <  fl <  1

R = f W )
( 8)

A t«? = fl2  Pi — P i  Д 2  

2 l  Y  R ?  +  ( R ' ) 2

w obei К  v o n  fl n ich t a b h ä n g t; diese G rösse m uss so g ar 0 sein, w ie es fü r 
fl —► + 0  u n m itte lb a r  e rs ich tlich  ist. (G en au er: K —>-0 als e —>■ + 0 .)

W ird  noch  r  =  l)R g ese tz t u n d  a n s ta t t  xr e in fach  r  geschrieben, so folgt 
schliesslich  die gesuchte  D a rs te llu n g  d e r  S ch u b sp an n u n g  :

T  = Pi P i  
21

r 1 +
R ’ T

R

l e R < r  < , R

^  = /(< p). <, f i
(9)
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W ir bem erken , d a ss  (9) im  F a lle  R  =  k o n s ta n t, e =  0 in  die F o rm el

т — — Pl r (0 <, r <  R ) ,
21

d . h . in  eine w o h lb e k a n n te  e lem en ta re  R e la tio n  aus der T h eo rie  lam in are r 
R o h rs trö m u n g e n  ü b e rg eh t. (Vgl. z. В . [1], 97.]

4. Erweitertes Ström ungsgesetz für N ew tonsche Flüssigkeiten

Im  B esitz  v o n  (9) is t es sch o n  n ich t schw er, den jen igen  Z u sam m en h an g  
zw ischen  dem  V o lu m en stro m  V  u n d  dem  »D ruckabfall«  p 2 — p 2 ab zu le iten , 
d e r  im  vo rlieg en d en  F a ll der H ag en-P o iseu illeschen  Regel (1) en tsp ric h t. W ir 
h a b e n  n u r eine b e k a n n te  F o rm e l d e r V ek to ran a ly sis , sowie d ie  in  der E in ­
le itu n g  e rw äh n te  G rund idee  zu  verw enden .

T a tsäch lich  g ilt die D a rs te llu n g

( 10)

b e i w elcher a d en  D u rc h sc h n itt des b e h a n d e lte n  zy lind rischen  R ohres, v =  
—  v(x, y )  die S trö m u n g sg esch w in d ig k e it b eze ich n e t.

A u f G ru n d  d e r K o o rd in a te n tra n s fo rm a tio n

X =  r cos cp , 

у — r sin (p ,

d e re n  F u n k tio n a ld e te rm in a n te  e in fach  r b e trä g t , g eh t (10) ü b e r  in :

- f f f  -
(г, <p)rdr dtp  ; (И)

u n d  das in n ere  In te g ra l lä s s t s ich  m it p a r tie lle r  In te g ra tio n , sowie u n te r  
B e n ü tzu n g  von  (2) u n d  (9) a u f  fo lgende W eise um form en :

f  ■
> d r  = —  r2v

2

=  -  —  f  i
2 Г) J eR

г2 г  dr 1 Pl -  P i
2  rj 21

1  r R ^ d r  =  
eR dr

R '  f l - 1/* R i -  ( e R y

- i j

№ГГ-
D em nach  g e lan g t m an au s (11) u n m itte lb a r  zu r gehofften  Verallgemeine­

rung  von (1) fü r  D u rc h sc h n itte  v o m  in  Fig. 1 an g ed eu te ten  T y p u s :

Ÿ  =  Pl -  P2 ( 1  -  £*)
16r)l

ГФг 

J  <p j
R*

- 1/2
dtp ( R = m ) .  ( i 2 )
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W ird  h ie rin  R  =  k o n s ta n t g ew äh lt und  eR =  R q ]>  0 g e se tz t (K reis­
bogengrenzen), so e n tsp r in g t die B eziehung :

V  =  P l ~  f ( R x -  R ü f a  -  <PÙ , (13)
lorjt

w elche im  F alle  eines Vollkreises (R 0 =  0, cpl =  0, <p2 =  2 л)  genau (1) lie fert.
D er an d ere  w ich tig ste  Spezialfall v o n  (12) is t derjen ige  eines Rechtecks 

m it d en  S eiten  2a 26 (F ig . 3). D a n n  h a t  m an offensich tlich  e =  0 zu  setzen,

Fig. 3. Fall eines rechteckförm igen D urchschnittes

u n d  es is t  zw eckm ässig  den  N eigungsw inkel cp0 als H ilfsgrösse e in zu fü h ren , den 
die längere  S ym m etrieachse  m it d e r  D iagonale e insch liesst.

E s g ilt fü r  diesen W inkel:

6  а ,, ..(p0 =  arc tg  —  =  arc  c tg  —  , (14)
a b

u n d  m it H ilfe der P o la rd a rs te llu n g en  d er v ier R ech tecksse iten :

r =  -  ( — <Po ^  ^o); T =  — — (<Po <; 9? л: — <p0) ;
cos cp Sin (p

r = --------— ( л  — cp0 < ; cp <  л  +  9?o); r = ------^ — ( л  +  (р0 <,ср <  2 .-T — <p0)
cos <p sm  cp

lä ss t sich das In te g ra l in  (12) exp liz it ausrechnen . 
Z u n äch st e rh ä lt m an :

V  = P 1___ P 2
4 r]l 4 Jo

dcp

cos3 <p
+  b4

я12 d(p

Л .  sis in 3  cp
(15)

u n d  beide le tz te n  In te g ra le  können  d u rc h  die S u b s titu tio n  и =  tg  (<p/2) in  ge­
sch lossener F o rm  d a rg es te llt w erden . So ergeben sich:

"I2 dcprщ 

J <e. Sin-Ç)
Ctg2 - ^ -  _  t g 2 ^  

2 2
I - i - b <P0

tg  -тг
1 2 2

(16)
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Г dcp

cos 3  g?
c tg 2

’ 7t <Po
_ 4 2 1 4 2

ln 4
Л

4
<Po
2

( 17)

fe rn e r  lassen sich  d ie  W erte  (16) — (17) — h in s ich tlich  von (14) — einfach m it 
a, b au sd rü ck en . M ith in  re su ltie r t d ie  in  den  S e iten län g en  vö llig  sym m etrische , 
e le g a n te  F o rm el:

V  = Pi P  2
8  r)l

Га4  IF  Í— +  b4  w
а V

L U ~b)_
(18)

WO

W (x )  =  X  +  ln  (* +  У  ̂ + 1 )  (19)

zu  v e rs teh en  is t.
In sb eso n d ere  fü r  a =  b, d . h . w enn  d er D u rc h sc h n itt e in  Quadrat is t, g eh t 

(18) ü b e r  in

V  =
[У 2  +  ln  ( 1/ 2 +  l ) ] « 4

8  rjl (Pi -  P i) > ( 20)

d a s  als ein  e ig en tü m lich es G eg en stü ck  von (1) au fgefasst w erd en  kan n .
W eitere  B eisp ie le  zeigen, d ass  (12) auch  im  F a lle  von n ic h t-z e n tra ls y m ­

m e tr isc h e n  D u rc h sc h n itte n  m it e =  0, bzw. fü r  R o h rq u e rsc h n itte , bei w elchen 
d as  S y m m e tr ie z e n tru m  von <2- m it  dem  A h n lich k e itszen tru m  n ic h t  zu sam m en ­
fä l l t ,  u n te r  p a sse n d e n  E in sch rän k u n g en  zur a p p ro x im a tiv e n  B esch re ibung  des 
S trö m u n g sv o rg a n g e s  geeignet is t.

5. Fall von N icht-N ew tonschen Flüssigkeiten, 
W eiterentwicklung der R esultate

Die M ethode d e r  A b le itung  v o n  (12) g e s ta t te t  uns o ffen b ar, das gefun ­
d en e  S trö m u n g sg ese tz  auch a u f  gewisse N ich t-N ew tonsche  F lü ssig k e iten  au s­
zu d eh n en . D er K e rn  d ieser M ethode  b e s te h t n ä m lic h  darin , dass d er gew ünschte 
A u sd ru ck  von  V  n ic h t  du rch  d ie  vo rläu fige  B estim m u n g  d er G eschw indigkeit 
a u s  ih rem  ra d ia le n  G rad ien ten , w ie es in  d er F a c h lite ra tu r  allgem ein  üb lich  
is t  (vg l. z. B. [8 ], 189 — 190), so n d ern  m itte ls  d e r  d irek ten  B en ü tzu n g  des 
F liessgesetzes fü r  dv/dr  und  d e r S ch u b sp an n u n g sfo rm el (9), a u f  G rund e in er 
p a ssen d en  U m fo rm u n g  der In te g ra ld a rs te llu n g  (10) gew onnen w ird.

N ehm en w ir  n u n  a n s ta t t  (2) die G ü ltig k e it eines sog. (zw eigliedrigen) 
Potenzgesetzes

(21)
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m it vorgegebenen  K o n s ta n te n  x ,  Я, N  an , d as  b ek an n tlich  fü r  eine b re ite  
K lasse  von N ich t-N ew to n sch en  F lüssigkeiten  z u tr if f t  (»pseudoplastische M e­
dia« m it X =  О, Я > 0 ,  IV >  1; »d ila tan te  M edia« m it x — 0 , Я >  0 , N  <  1), 
so bekom m en w ir du rch  E in se tz e n  von  (21) in  die F o rm el [vgl. (11)]:

r R 1  rR
v r d r = - - \  r ^ d r ,  (2 2 )

J e R  *  J  eR ОГ

fe rn e r  durch  A nw endung  von  (9) u n d  A u sfü h ru n g  d er In te g ra tio n  n ach  r die 
D arste llu n g :

y= 4 1 ei) ( F l - P  2 ) 1  W161 >r
J  Cp,

1 +
R

- 1/2
dtp

+
Я(1 -  eN+3) P l ~  P 2 \ N Г ‘ К „ +Я

M -
2

2 ( N  +  3) 21 ! J * L \ R

- N /  2
(R=f(<p)).(  23)

dcp

E s is t  e in d eu tig , dass (12) dem  S pezia lfa ll Я =  0 u n d  d er B eze ichnung  x  — l/rj 
e n tsp r ic h t;  im  N ich t-N ew to n sch en  F a ll Я 0 is t  (23) w ieder als eine A pproxi- 
n ia tionsfo rm el anzusehen .

A u f die D iskussion  des L ab ilw erdens hzw . der T urb u len z  d e r S trö m u n g , 
sow ie des B egriffs d e r R ey n o ld szah l u n d  eines in s ta tio n ä re n  S trö m u n g sab lau fs  
fü r  n ic h t k reisförm ige R o h rd u rc h sc h n itte , w elche n eb st m a th em a tisch en  Ü b e r­
legungen  auch ex perim en te lle  N achw eise e rfo rd e r t, w erden  w ir an  an d ere r 
S te lle  eingehen. Schliesslich sei e rw ä h n t, dass sich  eine vo rläu fig e  A n k ü n d ig u n g  
in  englischer S p rach e  über die ob igen  E rgebnisse  in  [12] b e fin d e t.
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KINETICS OF CRYSTAL GROWTH IN AMORPHOUS 
SOLID AND SUPERCOOLED LIQUID TeSe20 

USING DTA AND d.c. CONDUCTIVITY 
MEASUREMENTS*
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(Received in revised form  30. V II. 1979)

Curves of reaction ra te  versus tem pera tu re  for constant heating  rates (Ф =  1 —10 °C/min) 
constructed  by  analytical m ethods have been used to  dem onstrate  the crystallization 
kinetics of am orphous solid TeSe20. The devitrification  process takes place w ith  predom inance 
of random  nucléation and  one-dimensional grow th, and is lim ited b y  combined sw itching and 
splitting  of the chemical bonds. The m ean value  for the activation  energy of th e  am orphous- 
crystal transform ation, E,  is found to  be 64 Kcal/mole. While th e  q u an tity  E  calculated on 
the basis o f d.c. conductiv ity  changes during d ifferent isotherm al crystallization (120 —175 °C) 
in supercooled liquid TeSe20 am ounts to  11.5 Kcal/mole and suggests the existence of mixed 
chains in th e  liquid alloys.

Acta Physica Academiae Scientiarum Hungaricae, Tomus 47 (4 ), pp. 345—352 (1979)

I. In tro d u c tio n

T he b in a ry  chalcogenide sy s tem  Se-Te is of p a r tic u la r  in te re s t because 
th e  co m p o n en ts  are isom orphous a n d  th e  phase  d iag ram  is v e ry  sim ple w ith  
to ta l  m isc ib ility  [1]. T o  sa tisfy  th e  loca l valence req u irem en ts  in  th e  Se-Te 
alloys, a n y  s tru c tu ra l g roup ings o th e r  th a n  rings or ch a in s  w ould  a p p e a r  to  
be exc lu d ed . T he a tom s w ith in  th e  c h a in s  are  co nnec ted  to  each o th e r  b y  cova­
le n t b o n d s (m ain  b onds), w hereas th e  b o n d in g  betw een  th e  chains show s cova­
le n t as w ell as V an d er W aals c h a ra c te r  (w eak bonds). R a m a n  s tu d ies  [2] have 
in d ic a te d  th a t  Те h as  a g rea t effect in  reducing  th e  Seg-ring  co n cen tra tio n . 
A lso, th e  v isco sity  o f Se is increased  b y  th e  ad d itio n  o f  Те and  is a t t r ib u te d  
to  an  en h an ced  in te ra c tio n  betw een  chains [3]. A n analysis  o f M össbauer 
e x p e rim e n ta l d a ta  m ade b y  P oolchand  an d  Su r a n y i [4] suggests t h a t  th e  
b in d in g  o f  Se-Te b o n d  is s tro n g er th a n  th e  average o f  th e  Se-Se a n d  Te-Te 
bo n d s. T h is m eans th a t  dop ing  of Те in  Se show s th e  te n d e n c y  to  fo rm  as m any  
Se-Te b o n d s as possib le [5], i.e. th e  w eak  bonds b e tw een  th e  ch a in s  are 
a tte n u a te d .

I n  th e  p re se n t a r tic le , an  a t te m p t  has been  m ade to  assess th e  a p p li­
c a b ility  o f  using  th e  D T A  m easu rem en ts  to  in v es tig a te  th e  k inetics o f  d ev itri-

* Published in th e  IC TP In ternal R eport, M iramare-Trieste, IC/79/66, Ju ly  1979.
** Perm anent address: Physics D epartm en t, Faculty  of Science, Ain Shams U niversity , 

Cairo, E gypt.
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f ic a tio n  of am o rp h o u s  solid T eS e20. Also, k in e tic  ca lcu la tio n s of th e  c ry sta l 
g ro w th  in  supercoo led  liqu id  T eS e 2 0  have  been  considered  b y  con tinuously  
fo llow ing  th e  ch an g es in  d.c. c o n d u c tiv ity  a t  d iffe ren t iso th e rm s.

II. Experim ental arrangements

1. Sam ple  preparation

T he e x a c t p ro p o rtio n s  o f  h ig h  p u r ity  (99 .999% ) Se a n d  Т е requ ired  fo r 
p re p a rin g  6  gm  o f T eS e 2 0  w ere enclosed  in  a v acu u m -sea led  (1 0 - 1  T orr) q u a rtz  
tu b e  ab o u t 12 m m  in  d iam e te r. T h e  tu b e  w as h e a te d  a t 800 °C for 8  hours in  
a n  e lec tric  oven  a n d  shaken  sev e ra l tim es d u rin g  th e  h ea tin g  to  ensure com plete 
m ix in g . T he m o lte n  m a te ria l w as th e n  ra p id ly  quenched  in  icy  w ate r. This 
m e th o d  o f p re p a ra tio n  leads to  th e  fo rm a tio n  o f  TeSe2 0  in  th e  am orphous 
s ta te  as ve rified  b y  th e  presence  o f  a halo  p a t te rn  in  th e  X -ra y  d iffrac tion . To 
in c rease  th e  deg ree  o f  o rder in  th e  s tru c tu re , an n ea lin g  b e tw een  T g and  T m 
is req u ired . A co m p ariso n  o f th e  d iffrac tio n  p a tte rn s  of a p a r tic u la r ly  c ry s ta l­
lized  TeSe 2 0  a n d  h ex ag o n a l Se rev ea led  p r im a rily  a sligh t sh if t in  th e  B ragg  
an g les  o f th e  c h a ra c te ris tic  d iffra c tio n  peaks.

2. D T A  measurements

T he a p p a ra tu s  used fo r th e  d iffe ren tia l-th e rm al-an a ly s is  (DTA) has been 
m ad e  locally . I t  is p rov ided  w ith  accu ra te  e q u ip m e n t fo r con tro lling  an d  
reco rd in g . T he e x p e rim e n ta l co n d itio n s a d o p ted  w ere in accordance  w ith  th e  
reco m m en d a tio n s  m ade b y  Macicenzi [6]. T h e  D T A  sam ple  tu b e , m ade of 
p y re x  glass o f  3 m m  in  d iam e te r, w as filled  w ith  th e  am o rp h o u s m a te ria l w hich 
h a d  been g ro u n d  in to  pow der fo rm . T he d iffe ren tia l te m p e ra tu re  has been 
m easu red  b e tw een  th e  cen tres o f th e  reference (a -a lu m in iu m  oxide) and  th e  
a c tiv e  (T eSe^) sam p le  tu b es . T h e  sam ple te m p e ra tu re  an d  th e  d iffe ren tia l 
te m p e ra tu re  h a v e  b een  reco rd ed  on th e  sam e c h a r t  u sin g  a tw o-channe l 
reco rd e r.

C ry s ta lliza tio n  d u rin g  h e a tin g , o r cooling, re su lts  in  an  exo th erm ic  p eak  
a n d  m elting  o f  c ry s ta llin e  m a te r ia l  y ields an  en d o th e rm ic  peak . The glass 
tra n s it io n  p o in t T g, fo r a fre sh ly  p rep a red  sam ple , ta k e s  th e  from  of a step  in 
th e  D TA  tra c e . S uch  a step  te n d s  to  a little  p e a k  i f  th e  sam ple  has been  aged. 
A  ty p ic a l D T A  tra c e , w ith  a scan  ra te  o f 9? =  11.3 °C /m in, is show n in  F ig . 1 
fo r  T eSe 2 0  am o rp h o u s  sam ple aged  a t  room  te m p e ra tu re  fo r fo u r w eeks: th e  
g lass tra n s fo rm a tio n  te m p e ra tu re  T g =  62 °C a n d  th e  m ax im u m  cry sta lliza ­
t io n  velocity  is a t ta in e d  a t 168 °C in  c o n tra s t to  pu re  Se, th e  beginning  of 
c ry s ta lliz a tio n  a n d  th e  su b seq u en t m elting  are  d isp laced  to w a rd s  h igher te m ­
p e ra tu re s  (T m =  220 °C for Se an d  240 °C fo r T eS e^).
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Fig. 1. A typical D TA trace  obtained w ith  scan ra te  o f 11.3 °C/min for TeSe20 amorphous 
sample aged fou r weeks a t  room tem perature

3. d.c. conductivity measurements

F o r e lec trical c o n d u c tiv ity  m easu rem en ts in  supercooled  liq u id  T eSe20, 
th e  quenched  m a te r ia l  has been  fa b ric a te d  in  th e  follow ing w ay  : i) A b o u t 2 gm  
o f th e  m a te ria l w as sealed u n d e r  v ecu u m  (10 ~ 4  T orr) in  a p y re x  glass tu b e  
( ~ 1 0  m m  in d iam e te r)  p ro v id ed  w ith  tw o  tu n g s te n  electrodes n e a r  th e  base , 
ii) T he tu b e  was h e a te d  a t  300 °C +  2 °C fo r one h o u r, th e n  q u ic k ly  tra n sfe rre d  
to  a p reh ea ted  o v en  ad ju s ted  to  th e  requ ired  te m p e ra tu re  o f  a n n e a lin g .T h e  
e lec trica l c o n d u c tiv ity  has b een  m easu red  a c c u ra te ly  using  a n  e lec tro m e te r  
w ith  an  e rro r less th a n  2 .5% , a n d  ap p ly in g  sm all s tab le  v o ltage  (less th a n  5 V)

III. K ine tics of crystal g row th  in  am orphous solid T eSe 20

F ig . 2 show s ex o th e rm ic  cu rv es  o f d iffe ren t scan  ra te s , (p =  1 —10 °C /m in, 
o b ta in e d  on 0.1 g m  pow dered  sam ples w ith  n o n -ag ed  am o rp h o u s  TeSe20. I t  
is c lea rly  seen th a t  th e  position  o f  th e  ex o th e rm , w hich  is a sso c ia ted  w ith  th e  
d e v itr if ic a tio n , sh if ts  tow ards h ig h e r te m p e ra tu re  w ith  th e  in c rease  o f scan 
ra te . T h is suggests t h a t  th e  c ry s ta lliz a tio n  shou ld  be considered  as a ra te  
p rocess w hich c a n n o t be ch a rac te rized  b y  a d e fin ite  c ritica l te m p e ra tu re  in d e ­
p e n d e n t o f scan r a te .
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116°C 123° C 127° C U 5 °C  148° C 153°C

Fig. 2. Exotherm ic curves obtained w ith TeSe20 non-aged sam ples scanned at: a) 0.85, b) 1.6, 
c) 2.2, d) 5.5, e) 8.5 and  f) 9.8 °C/min, respectively

temperature. °C

Fig. 3. F raction  reacted, a , versus tem pera tu re  as calculated from  the relevant area under the 
D TA peaks, for the  various scan rates o f Fig. 2

T he com plex  process of d e v itr if ic a tio n  o f T eS e 2 0  can  be described  by  
th e  follow ing k in e tic  eq u a tio n  fo rm a lly  derived  b y  A v r a m i  [7 ]:

- l n ( l  - a )  =  K t n +  K 0tn exp  ( - E / R T ) . (1)

T h e  desired  p a ra m e te rs  to  be d e te rm in e d  are n an d  E .  T he o rder o f  th e  reac ­
tio n , n, has been  ca lc u la ted  from  th e  D T A  trace  b y  m easu rin g  th e  sh ap e  index  
accord ing  to  K i s s i n g e r  [8 ] an d  th e  base  line h as  b een  co rrec ted  b y  using 
th e  S c o tt  and  R a m a c h a n d r a r a o  m eth o d  [9]. T h is gives a n ea rly  c o n s tan t 
v a lu e  fo r th e  pow er in d e x  of n  =  1 +  0.1. T h a t is , th e  process o f d e v itr if ic a ­
tio n  of am o rp h o u s T eS e 2 0  tak es  p lace  w ith  one-d im ensional g row th .

T he tra n sfo rm e d  frac tio n , ct ( th e  ra tio  o f th e  new  phase to  th e  to ta l  
vo lum e) in  tim e  t c an  be ca lcu la ted  from  th e  p a r t  o f  th e  area u n d e r  th e  DTA 
cu rve  up  to  th e  tim e  t [10, 11]. T h erefo re , a  is know n  as a fu nc tion  o f  te m p e ra ­
tu re ,  an d  so th e  p ro ced u re  of e v a lu a tio n  of k ine tic  d a ta  is th e  sam e as in  th e  
case o f th e rm o g ra v im e tric  m easu rem en ts  described  earlie r b y  S a t a v a  [12].

T he resu lts  o f <x =  f ( T )  are g iven  in  Fig. 3 fo r th e  d ifferen t scan  ra te s  
s tu d ied . T he o b ta in e d  curves are sigm oid  in  shape , in d ic a tin g  an  a u to c a ta ly tic
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reac tio n  w hich is o ften  observed  am o n g  various k in d s  o f  solid re a c tio n s . An 
e s tim a te  o f th e  com plex  a c tiv a tio n  en e rg y  o f c ry s ta lliz a tio n , E,  can  be  m ade 
b y  using  P il o y a n ’s m e th o d  [13]. T h is is based  on th e  d iffe ren tia l fo rm  o f th e  
m odel re la tio n  fo r a , / ( a ) ,  an d  on B o r c h a r d ’s assu m p tio n  [11] th a t  th e  reac ­
tio n  ra te , doc/dt, is p ro p o rtio n a l to  th e  te m p e ra tu re  d eflec tio n , AT,  as d e tec ted  
b y  D TA . T h u s , E q . (1) can  be d iffe ren tia ted  to  y ield:

dx/dt  =  A(1  — a ) [ —ln  (1 — oc)]n exp ( — E / n R T ) ,

=  A  '/ ( a ) ,  (2 )

w here A  an d  A '  a re  c o n s tan ts . E q . (2) m ay  be w ritte n  in  th e  form :

Г — —  dx =  f  A '  dt =  g ( x ) .
Jo  / ( a )  Jo/ ( « )

F o r a c o n s ta n t ra te  cp — dT/dt,  du ring  th e  D TA  m easu rem en ts , is

A r r - 1 E - \ d T .g(*) =  [ — ln  ( 1  — <*)]1/n =  —  f  exp —
<P J t . n R T

I f  T 0 T v  th e n

log g(x) =  c o n s tan t -f- log
n R T

(3)

(4)

(5)

To a f i r s t  ap p ro x im a tio n , Sestá k  [14, 15] assu m ed  th a t :  P ( E ln R T )  ^  
exp  (Е /n R T ) .  T h a t  is a , p lo t o flogg (a) v e rsu s  Í/T  should  give a s tra ig h t line  over 
th e  w hole ran g e  o f a  ( 0  <  a  <C 1 ) t h a t  corresponds to  th e  co rrect m echan ism  
of th e  process. T herefo re , th e  fu nc tion  lo g g (a )  has been e v a lu a ted  [12] a n d  th e  
p ro b ab le  reac tio n  m echan ism  is d e te rm in ed  b y  co m p arin g  the  ex p e rim en ta l

23_L_
2J*_1_ 2.5

- 0

-1
Öo>

0 о

Fig. 4. P lots of th e  function  logg(a) versus tem perature , where th e  fitting  kinetic equation  
is: — ln ( l — a) =  K t, for th e  scan rates investigated
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d a ta  w ith  k in e tic  eq u a tio n s [16]. F ig . 4 show s th e  p lo t o f log  g(a) = f ( l l T )  
fo r  th e  p ro b ab le  m echan ism  o f d e v itr if ic a tio n  o f T eS e^. T h e  f i t t in g  o f th e  
lin e s  in  F ig . 4 co rresp o n d s to  a k in e tic  eq u a tio n  o f  th e  ty p e : —In (1 — a) =  K t , 
fo r  a ll va lu es  o f  <p. T h a t  is, th e  ra te -c o n tro llin g  process ta k e s  p lace  w ith  p re d o ­
m in an ce  of ra n d o m  nuc léa tio n .

T he a c tiv a tio n  energies E  c a lc u la ted  fro m  slopes of th o se  lines in  F ig . 4 
a re  p lo tte d  as a fu n c tio n  of cp a n d  g iven  in  F ig . 5. I t  shows th e  dependence of

Fig. 5. Dependence of th e  activation  energy for c ry s ta lliz a tio n  of am orphous solid TeSe20 
on the heating  ra te  Ф. E  =  64 Kcal/mole

th e  a c tiv a tio n  en e rg y  of c ry s ta lliz a tio n  E  on th e  h ea tin g  r a te  <p. However^ 
th is  is lim ited  b y  com bined  sw itch in g  an d  sp littin g  of th e  chem ical bon d s 
w h ic h  are  n ecessa ry  to  co n v ert th e  com plex  s tru c tu re  of th e  in i t ia l  am orphous 
m a te r ia l  (chains a n d  rings o f Se8 a n d  Se6T e 2 [2]) to  th e  ch a in  s tru c tu re  o f th e  
so lid  so lu tion  o f  T eS e^ . F ro m  th e  d a ta  o f F ig . 5, an  average  v a lu e  of E  =  
64 K ca l/m o le  h a s  b een  ca lcu la ted .

C om parison  o f  th e  k in e tic  p a ra m e te rs  co m p u ted  from  th e  D TA  m easu re­
m e n ts  fo r th e  d e v itr if ic a tio n  o f am o rp h o u s so lid  TeSe20 w ith  l i te ra tu re  d a ta  
o b ta in e d  for th e  sam e com position  using  o th e r  m easu rem en ts  (e lec trica l co n ­
d u c tiv i ty , th e rm a l co n d u c tiv ity , or d en sity  [17]), shows th e  good  a p p licab ility  
o f  th e  m e th o d  described .

IV. K inetics o f crystal growth in  supercooled liquid TeSe20

In  Fig. 6  th e  d .c. c o n d u c tiv ity  a  of T c S e ^  is p lo tte d  v e rsu s  th e  an nea ling  
t im e , t, a t  d iffe re n t iso th erm s in  th e  te m p e ra tu re  range o f  120—175 °C. I t  
show s c o n d u c tiv ity  decrease d u e  to  th e  decrease  in  th e  te m p e ra tu re  o f th e  
sam p le  from  300 °C to  th e  te m p e ra tu re  a t  w hich  th e  c ry s ta lliz a tio n  s ta r ts  
( p a r t  ab); th e n  i t  increases b y  3 o r  4 orders t i l l  i t  a tta in s  a c e r ta in  lim itin g  v a lu e  
c h a ra c te riz in g  th e  c ry sta llin e  s ta te  a t  th e  te m p e ra tu re  o f th e  oven  (p a r t be). 
T h e  big ch an g e  in  a  du ring  th e  p a r t  be is d u e  m ain ly  to  th e  tra n sfo rm a tio n  
o f  th e  supercoo led  liqu id  T eS e 2 0  to  h ex ag o n a l s tru c tu re  as in d ic a te d  by  X -ra y  
d iffrac tio n . F ig . 7 shows th e  to ta l  tim e  n ecessa ry  for th e  com pletion  o f th e  
p rocess, T, as a fu n c tio n  of th e  an n ea lin g  te m p e ra tu re . I t  show s th a t  т decreas­
es w ith  in c reas in g  te m p e ra tu re  u p  to  150 °C, th e n  it  increases.
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H g. 6. The tim e-dependence of th e  electrical conductiv ity  a during different iso therm al 
crystallization in supercooled liquid TeSe20

temperature,°C

Fig. 7. The tem perature-dependence of th e  to ta l tim e of transform ation  т

To d e te rm in e  th e  k in e tic s  order, re, o r  th e  ac tiv a tio n  energy  o f liq u id -  
c ry s ta l tra n s fo rm a tio n  E ,  a t  iso th e rm al an n ea lings, th e  A v b a m i  e q u a tio n , 
E q .( l ) , i s  ap p lied .T h e  f ra c tio n v o lu m e ,a ,c a n b e  ev a lu a ted  on th e  basis o f ch an g es 
in  e lec trica l c o n d u c tiv ity  a  d u rin g  th e  p a r t  be of th e  cu rv es  in  Fig. 6  [18]. 
A t a n y  in te rm e d ia te  p o in t b e tw een  b and  c th e  m easured  v a lu e  o f a is a re s u l­
ta n t  o f  th e  co n d u c tiv itie s  o f tw o  phases, l iq u id  and  c ry s ta llin e .

F ig . 8  show s th a t  th e  A v r a m i  p lo ts, In  [—ln  (1 — a)]  v e rsu s  In (t), y ie ld  
s tra ig h t line re la tio n sh ip s  fo r th e  d ifferen t annea ling  te m p e ra tu re s . V alues o f 
th e  k in e tic  p a ra m e te r  re, as ca lcu la ted  f ro m  th e  lines’ slopes are d raw n  in  
th e  F ig u re . T he changes of re in  such a m a n n e r  in d ica te  th a t  d iffe ren t c ry s ta l l i ­
za tio n  m echan ism s are  d o m in a n t in  v a rio u s ran g es of te m p e ra tu re . A p lo t  o f 
In (К ) =  f ( l /T )  cou ld  be f i t te d  w ith  a s tra ig h t line  to  give a n  ac tiv a tio n  en e rg y
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175 160 150°C  140 130 1 2 0 °C

Fig. 8. A v r a m i  plots for d ifferent annealing tem peratures in th e  range of 120 — 175 °C

o f 11.5 K ca l/m o le  in  th e  te m p e ra tu re  ra n g e  considered. T h is  value is sign ifi, 
c a n tly  less th a n  th a t  fo r th e  c ry s ta lliz a tio n  from  th e  am orphous solid phase- 
E  =  64 K ca l/m o le , re flec tin g  th e  ex istence o f  m ixed ch a in s  in  the  liqu id  alloys.
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THERMAL CONDUCTIVITY OF LIQUID SELENIUM  
AND S e - T l - S  ALLOYS
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(Received in  revised form 30. V III . 1979)

M easurements of the therm al conductiv ity  of liqu id  selenium were carried ou t above 
th e  m elting point. The therm al conductiv ity  increases w ith  the tem perature , w hich is a t t r i­
b u ted  to  the photon com ponent of therm al conductivity. Moreover, the effect of thallium  and 
sulphur on the therm al conductiv ity  of selenium was investigated . I t  was found  th a t  the addi­
tion  of thallium  and  sulphur increases th e  therm al conductivity .

1. In troduction

T he te m p e ra tu re  d ependence  of th e  th e rm a l co n d u c tiv ity  o f selenium  
h a s  n o t  been s tu d ie d  com ple te ly . M ost of th e  ava ilab le  d a ta  re fe r  m ain ly  to  
m easu rem en ts  a t  room  te m p e ra tu re  an d  low er [1 — 3]. Abd u l l a e v  e t al [4] 
h a d  s tu d ied  th e  v a r ia tio n  o f  th e  th e rm a l c o n d u c tiv ity  o f se len ium  n ea r th e  
so ften in g  (Tg ~  31 °C) and  th e  m elting  po in ts . T h ey  show ed t h a t  fo r am o r­
p h o u s selenium  n e a r  T g th e re  is a d isc o n tin u ity  in  th e rm a l co n d u c tiv ity  
in v o lv in g  a sh arp  increase of a b o u t 40% . H e a t t r e a tm e n t an d  a d d itio n  of ca d ­
m iu m  rem ove th is  d isco n tin u ity . M oreover, in  th e  c rysta lline  s ta te  th e  th e r ­
m al co n d u c tiv ity  increases w ith  te m p e ra tu re  u p  to  th e  m e ltin g  p o in t w here i t  
decreases a b ru p tly .

T h e  aim  o f th e  p resen t c o n tr ib u tio n  is to  s tu d y  th e  th e rm a l c o n d u c tiv ity  
o f p u re  selen ium  in  th e  liq u id  s ta te  and  th e  e ffec t o f th a lliu m  a n d  su lp h u r 
ad d itiv e s , since th e  in tro d u c tio n  o f ad m ix tu re s  changes th e  in te rm o lecu la r  
b o n d s an d  hence th e  m ag n itu d e  of th e rm a l co n d u c tiv ity .

Acta Physica Academiae Scientiarum Hungaricae, Tomus 47 (4), pp. 353 —  356 (1979)

2. E xperim ental

Selenium  an d  S e—T1—S sam ples were p re p a re d  from  h ig h ly  p u re  ele­
m e n ts  (99 .999% ). Tw o Se—T1 — S system s w ere p rep a red  w ith  th e  follow ing 
co m position  (a tom . % ):

Se T1 s

System 1 56.86 3.14 40
System 2 51.4 6 .6 42

6 Acta Physica Academiae Scientiarum Hungaricae 47, 1979



354 A. H. ABOU EL ELA et al.

T h e sy n th es is  o f th e  sam ples w as c a rr ie d  o u t u n d er h ig h  v acu u m  in silica  tub es 
a t  450 °C fo r m ore th a n  6  hou rs. T h en  th e  tu b es  w ere q u en ch ed  in  a ir  to  o b ta in  
th e  sam p le  in  a g lassy  s ta te . T he so lid  g lassy  m a te r ia l  is th e n  h e a te d  in  in e rt 
a tm o sp h e re  u n til  i t  m e lts , th e n  tra n s fe rre d  to  th e  th e rm a l c o n d u c tiv ity  m easu r­
in g  sy s tem .

M easu rem en ts o f  th e  th e rm a l c o n d u c tiv ity  w ere  ca rried  o u t u s in g  the  
co n cen tric  cy linder m e th o d , w here th e  m a te ria l in  l iq u id  s ta te  was p o u re d  in to  
th e  cy lin d rica l gap b e tw een  tw o  co n cen tric  g ra p h ite  cy lin d ers  k e p t in  n itrogen  
a tm o sp h e re . T he h e a te r  w as inside th e  in n e r cy lin d er a n d  th e  th e rm a l conduc­
t iv i ty  w as ca lcu la ted  u sin g  th e  fo rm u la

К  =  Q In (d 2jd1)l2nL(tl — t2) ,

w here  d l an d  d2 are  th e  d iam ete rs  o f  th e  in n e r a n d  o u te r  cy linders, tx and  t2  

are  th e  te m p e ra tu re s  on  b o th  sides o f  th e  sam ple, L  is th e  len g th  o f th e  cy lin ­
ders a n d  Q is th e  q u a n t i ty  o f h e a t gen era ted .

3. R esu lts an d  discussion

T h e  te m p e ra tu re  dependence  o f th e  th e rm a l co n d u c tiv ity  of liq u id  sele­
n iu m  a n d  its  a d m ix tu re s  w ith  th a ll iu m  and  su lp h u r  are show n in  Fig. 1. 
T he th e rm a l c o n d u c tiv ity  of se len ium  increases r a p id ly  w ith  te m p e ra tu re , 
m o reo v er, th e  a d d itio n  o f th a lliu m  a n d  su lp h u r p ro d u ces an  a d d itio n a l rise of 
th e rm a l c o n d u c tiv ity  (cu rves b  a n d  c). W hen th e  co n cen tra tio n  o f th a lliu m

Fig. 1. Tem perature dependence of the therm al conductiv ity  of liquid selenium and its ad ­
m ixtures w ith thallium  and  sulphur: (a) L iquid selenium ( ° ) ;  (b) Se0 5686 T l0 0314 S0 10 ( • ) ;

(c) Se0 514 T l0 066 S0 42 (A)
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increases from  3.14 a to m . %  to  6 . 6  a to m . % , th e  th e rm a l c o n d u c tiv ity  increases 
b y  a b o u t 50%  a t  h igh  te m p e ra tu re s .

T h e  th e rm a l c o n d u c tiv ity  in  solid sem iconducto rs can  be a d e q u a te ly  
ex p la in ed  b y  t r a n s p o r t  due to  phon o n s an d  free  e lec trons. I n  liq u id  sem icon­
d u c to rs , how ever, i t  is n ecessary  to  invoke an  a d d itio n a l process in v o lv in g  p h o ­
to n  tra n s p o r t  [5]. T h e  th e rm a l co n d u c tiv ity  o f  a liqu id  sem ico n d u c to r can  be 
described  in th e  fo rm  [6 ]

К  =  K a -f- K e -f- K m +  K r , ( 1 )

w here K a is th e  c o n tr ib u tio n  o f  a tom ic  m o tio n  an d  is g iven b y

л а
( 2)

w here a is th e  a to m ic  rad iu s , v is th e  v ib ra tio n  freq u en cy  ~ 3 x l 0 12 s -1 , and  
к  is B o ltzm an n ’s c o n s ta n t. T h e  va lu e  o f K a is a b o u t 1.5 X l 0 - 3  Cal • c m - 1  • 
d e g - 1  • s -1 , K e is th e  elec tron  c o n tr ib u tio n , K m is th e  b ip o la r c o n tr ib u tio n  
a n d  K r is th e  p h o to n  co m p o n en t o f th e rm a l c o n d u c tiv ity .

In  n o n - m e t a l l i c  m a t e r i a l s  l i k e  s e l e n i u m  t h e  e l e c t r o n i c  a n d  b i p o l a r  c o n t r i ­

b u t i o n s  a r e  r e l a t i v e l y  s m a l l ,  t h e r e f o r e ,  i t  i s  s u i t a b l e  t o  a t t r i b u t e  t h e  d i f f e r e n c e  

b e t w e e n  t h e  m e a s u r e d  v a l u e s  o f  t h e r m a l  c o n d u c t i v i t y  o f  l i q u i d  s e l e n i u m  

( c u r v e  a )  a n d  t h e  s u m  ( K a -f- K e -(- K m) t o  t h e  r a d i a t i o n  c o n t r i b u t i o n  t o  h e a t  

t r a n s p o r t .  D r a b b l e  a n d  G o l d s m i d  [ 7 ]  h a d  s h o w n  t h a t  f o r  p u r e  s e l e n i u m  a b o v e  

350 °K  o t h e r  m e c h a n i s m s  o f  t h e r m a l  c o n d u c t i o n  c a n n o t  p l a y  a n  i m p o r t a n t  

r o l e .  C z e r n y  [ 8 ]  a n d  G e n z e l  [ 9 ]  h a d  d e r i v e d  t h e o r e t i c a l l y  t h e  e q u a t i o n  o f  

K r f o r  t h e  c a s e  w h e r e  t h e  o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t  oe i s  s m a l l

1 6  „ oT3
(3)

w here n is th e  re fra c tiv e  index , a  is th e  S tefan  — B o ltzm an n ’s c o n s ta n t. D ix o n  
an d  E rtl  [10] h a d  p ro v ed  th e  u ti l i ty  o f E q . (3) to  ex p la in  th e  increase  of 
th e rm a l c o n d u c tiv ity  w ith  te m p e ra tu re  fo r liq u id  T l2Te.

T he increase o f  th e rm a l c o n d u c tiv ity  w ith  th e  c o n cen tra tio n  o f th a lliu m  
an d  su lp h u r a d m ix tu re s  m ay  be a t tr ib u te d  to  a change in  in te rm o lecu la r 
b o nds in  th e  liq u id  system . V iscosity  m easu rem en ts  o f K e e z e r  an d  B a il e y

[1 1 ] in d ica te  t h a t  p o ly m eriza tio n  eq u ilib riu m  o f selen ium  is d isp laced  b y  
th a lliu m  ad d itiv e  to w ard s  sh o rte r  chains. M oreover, liq u id  su lp h u r consists 
essen tia lly  of long ch a in s  [12] (d irad ica l Sx) beside S8.
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NON EXISTENCE OF AXIALLY SYMMETRIC 
FIELDS IN ROSEN’S BIMETRIC THEORY 

OF RELATIVITY

By

T. M. K a r a d e  and Y. S. D h o b l e *
DEPARTMENT OF MATHEMATICS, NAGPUR UNIVERSITY, NAGPUR-440 010, INDIA

(Received in  revised form 3. IX . 1979)

Acta Physica Academiae Scientiarum Hungaricae, Tomus 47 (4), pp. 357 — 360 (1979)

I n  R o sen ’s b im e tr ic  th eo ry  o f g ra v ita t io n  th e  n o n  ex is ten ce  of th e  a x ia lly  sy m m etric  
m assive  sca la r m eson  fie ld  ( to g e th e r w ith  e lectrom agnetic  fie ld ) is e stab lished .

I. Introduction

A  new  th e o ry  o f g ra v ita tio n  p roposed  by  R o s e n  [1] d isp lays th e  a t t r a c ­
tiv e  fea tu re s  o f g enera l re la tiv ity  w ith o u t s in g u la rity . T his b im e tric  th e o ry  of 
re la t iv i ty  is b a sed  on tw o  m etric  ten so rs  gtj  (a R iem an n  te n so r d escrib ing  th e  
g ra v ita tio n a l fie ld ) an d  yi; (a te n so r  o f f la t  space-tim e w hich describes in e rtia l 
forces).

T h e  fie ld  eq u a tio n s  of b im e tric  re la tiv ity  are

Kjj  =  —8 nkTjj,  ( 1)

w here

K u = N U - j N g u ,

and

N ‘j  (2)

w here  b a r  (|) s ta n d s  fo r c o v a ria n t d iffe ren tia tio n  w ith  re sp ec t to  an d  к =  
=  (g/y)1/2’ an d  T i, is th e  energy  m o m en tu m  ten so r o f m a tte r  or o th e r  n o n  g rav i­
ta t io n a l  fie lds. I n  a n  earlie r w o rk , th e  au th o rs  [2] h a v e  show n t h a t  non ex is­
ten ce  o f s ta tic  p la n e  sym m etric  m assive  sca lar f ie ld  is e s tab lished  in  b im etric  
r e la tiv ity  fo r a p lan e  sy m m etric  m etric . T his is n o t th e  case in  resp ec t of 
E in s te in ’s g enera l re la tiv ity . I n  th is  p aper, w e h a v e  p o in ted  o u t th a t  th e  
non  ex istence  o f a cy lind rica lly  sy m m etric  m assive sca la r fie ld  is v a lid  b o th  in 
E in s te in ’s g enera l re la tiv ity  an d  R o sen ’s b im etric  re la tiv ity .

* Perm anent address: Y. S. D h o b l e , D epartm ent o f A griculture Engineering, College 
of A griculture, Nagpur-440100, India.
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H ere  we co n sid e r an ax ia lly  sy m m etric  E in s te in —R osen  space-tim e 

ds2 =  e2a-» (d T 2 -  d R 2) -  R 2e~2ßdcp2 -  e ^ d Z 2, ( 3 )

w ith  th e  co n v en tio n s

я;1  =  R , X 2 —  9 9 , X 3 =  Z ,  X 4 =  T.

T h e  un k n o w n  v a ria b le s  x  and  ß  a re  fu n c tio n s o f  R  an d  T  only. F o r th e  im p o rt­
a n c e  o f  th is  m e tr ic  ( 3 ) ,  one m a y  re fe r  to  K a r a d e  [ 3 ] .  T he f la t  space-tim e 
co rresp o n d in g  to  ( 3 )  is

da2 =  d T 2 -  d R 2 — R 2dcp2 -  d Z 2 =  Yij dx‘ dx> 

F ro m  (4), o n e  fin d s  easily  t h a t

У11 =  Узз =  -У44 =  —1 and У 22 =  —R2 • 
T h e  y-C hristoffel sym bo ls of th e  second  k in d  a re  defined  as

r 'J I  =  Y y
ih &Уih , d y kh _  d y jk

1 d xk dxi dxh 

F ro m  (4), w e th e n  o b ta in  th e  n o n  v an ish ing  / ’-sym bols as

n 2= 1 1 , = —  an d  n , =  - R .21
R

T h e s tra ig h tfo rw a rd  ca lcu la tio n s  for th e  line e lem ent (3) y ie ld  

F ro m  (1) an d  (5), w e derive

K \  =  0 .

T 44 =  0 .

(4)

(5)

( 6)

II. M assive m eson field coupled with an electrom agnetic field

T he m a tte r  te n so r  for th e  m assive  sca la r m eson fie ld  is g iven  b y

М ц  =
4 it

V i V j - - U vsVs n£

d v
w h e re  V t s tan d s  f o r -----r a n d  th e  e lec tro m ag n etic  fie ld  is specified  b y  th e  stress

dx
te n s o r

E i J ~  i n
— F is F j  +  — gij F sp F sp 

4
( 7)
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w here F (j is a M axwell e lec trom agnetic  te n so r  given b y

Fij = Ati] — A*jlt — A/j — Au, (8)

w here  A t is a four v ec to r  p o te n tia l  an d  (,) s tan d s  fo r p a r t ia l  d iffe ren tia tio n . 
T h e  en e rg y  ten so r, for a m assive sca la r fie ld  coupled  w ith  e lec trom agnetic  
fie ld  will b e

T n
1

4 jt
— F is F sj  -f- — gij F sp F sp

1
4 я

V  V'  ' r l -8i}(Vs V ° -  т 2 П (9)

T hen  from  (6) and  (9), we get

- g 11 V '2 +  gii V 2 + m * V *  +  g " g * ( F 12f  +  g " g ™ (F 13)* -

-  g n gu ( F u )* -  g ^ g u  ( F 2,)2 -  g™g“[(F3i)* =  0 ,  (10)

w here V  =  dv/dR  and  V • =  dV/dt  e tc . All th e  te rm s on l.h .s. o f (10) are 
positive . T h erefo re  to  sa tis fy  th e  id e n ti ty  (10), each o f i ts  te rm s m u st v an ish  
se p a ra te ly , im ply ing  th a t

V  — V ’ =  0, m -= 0,

F i2 =  F 13 =  F u  =  F 24 =  F 3i =  0. (11)

I t  is seen th a t  all th e  com ponen ts o f  F tj  v an ish  e x c e p t F 23. B u t because  
o f th e  a x ia l sy m m etry  im posed , th e  fo u r v ec to r p o te n tia l  A t will n o t d ep en d  
u p o n  Ф a n d  Z, i.e.,

А ,  о == 0 А  о» .
H ence b y  (8)

F%3 =  -^2,3 ^ 3,2 =  ® • ( 1 2 )

T he M axw ell e lec trom agnetic  ten so r b e in g  zero, its  c o n tr ib u tio n  to  T tj  is nil. 
I t  is in te re s tin g  to  no te  t h a t  (from  11 a n d  12) th e  c o n tr ib u tio n  of sca la r m eson 
fie lds to  T j j  is also nil. In  sh o rt 7 'i;. tu rn s  o u t to  be zero a n d  co n seq u en tly  gives 
an  e m p ty  space-tim e. T herefo re  we a rr iv e  a t  a th eo rem :

“ In  R o se n ’s b im e tric  re la tiv ity , th e  on ly  possible so lu tion  of th e  ax ia lly  
sy m m etric  d is tr ib u tio n -sca la r  m eson, m assive  m eson a n d  M axwell e le c tro ­
m ag n etic  fie ld s  is a v acu u m  so lu tion .” **

I t  h a s  been  observed  th a t  th e  ab o v e  th eo rem  does n o t  ho ld  good fo r  th e  
ax ia l sy m m e try  revealed  th ro u g h  Ma r d e r ’s m etric  [4] w hich  involves th re e  
p a ra m e te rs .

* I n  b im e tric  th eo ry  o rd in a ry  d iffe re n tia tio n  of general re la tiv i ty  is rep laced  b y  y - 
d ifferen tia tio n .

** A x ia lly  sym m etric  v a cu u m  solu tions fo r  b im e tric  re la tiv ity  are  developed a n d  th e ir  
significance e tc . will ap p ear in  th e  n e x t p aper.
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In  g enera l re la tiv ity , th e  w ork o f R o y  and  R a o  [5] shows th a t  th e  
ax ia lly  sy m m etric  m assive sca la r fie ld  (a lso  coupled w ith  e lec trom agnetic  
fields) is non  e x is te n t. B u t i t  does ad m it sca la r  fie ld  and  e lec tro m ag n etic  f ie ld .
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S u r a j  N . G u p t a : Q u a n tu m  E lectrodynam ics

Gordon and  Breach Science Publishers, L ondon —New Y ork — Paris, 1977, p. 226.

The book contains a comprehensive tre a tm e n t of the well established facts o f quantum  
electrodynam ics in  an extrem ely concise and  coherent way. The firs t chapter describes the 
classical theo ry  of fields based on variational principles, discusses th e  derivation o f th e  cano­
nical and sym m etrical energy-m om entum  tensor. The second chap te r summarizes th e  prin­
ciples of q uan tum  field  theory  (including indefin ite m etric problems), describes th e  properties 
of th e  different pictures and presents as an exam ple the quantization  of a scalar field. Chapter 
3 is devoted to  th e  quantization  of the photon an d  electron field, tre a ts  their in te rac tion  and 
th e  C, T transform ations. C hapter 4 deals w ith  th e  properties o f th e  scattering operator. 
C hapter 5 describes some cross sections and lifetim es. The following 34 pages contain  regulari­
zation  and renorm alization problems. Chapter 7 trea ts  some special topics including dam ping 
effects, two partic le  potentials, infrared divergences, etc. The orien ta tion  in these topics is 
fac ilita ted  by  m eans of a comprehensive index.

The book is highly recom m ended to in te rested  students who have studied a prelim inary 
course of electrodynam ics and  quantum  m echanics.

K . L. N a g y

Strongly C oupled P lasm as

E ditors: G. K alm an  and P. Carini, NATO A dvanced Study In s titu te s  Series; Series В : Physics, 
Volume 36, P lenum  Publishing Corp., New York —London, 1978

The A dvanced S tudy In s titu te  on S trongly  Coupled Plasm as was held on th e  Campus 
of th e  U niversité d ’Orléans, Orléans-la-Source, F rance, from J u ly  6 th  to  Ju ly  23rd, 1977.

15 in v ited  speakers and  50 other p a rtic ipan ts  attended th e  Institu te .
The p resen t volume contains the tex ts o f m ost of the lectures and  of some of th e  num e­

rous sem inars held a t  the In s titu te .
Strongly coupled Coulomb systems occur in a great v a rie ty  of physical situations: 

stellar and p lan e ta ry  interiors, solid and liqu id  m etals, sem iconductors, laser —compressed 
plasm as, and gas discharges. All these systems, however, resist analysis by  trad itional plasma 
pertu rba tion  techniques because of their high po ten tia l energy — kinetic energy ratio .

The V olume presents an up-to-date  review  o f th e  various m ethods designed to  deal w ith 
th e  strongly coupled plasm a problem . The con tribu tions reflect a  full range of approaches 
and  points of view , from form al sta tistical m echanics and kinetic th eo ry  to  applied solid state 
and  plasm a physics. Numerous theoretical schem es addressing re la ted  equilibrium and  non­
equilibrium  problem s are reviewed, along w ith th e  abundance of com puter-generated d a ta  on 
classical charged-particle behaviour.

The hook definitely is o f high value, because no t only is it  a lm ost unique in  its  coverage 
of an im portan t subject area, b u t it  also contains a wealth of inform ation th a t otherw ise is 
difficult to  find.

J .  S z a b ó
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T heoretical M ethods in  M edium -E nergy  a n d  H eavy-Ion  Physics

E dito rs: K. W. McVoy and  W. A. F riedm an, NATO A dvanced Study In s titu te s  Series; Series B: 
Physics, V olum e 38, P lenum  Publishing Corp., New Y ork—London, 1979

This volum e contains the Proceedings of the NATO Advanced In s titu te  on Theoretical 
N uclear Physics held  a t  the U niversity  o f Wisconsin, M adison, USA, Ju n e  12—23, 1978. I t  
w as a topical In s titu te  focusing a tten tio n  to  two up-to -date  fields of theoretical nuclear physics: 
heavy-ion (H I) reactions (P art I) and  pion-nucleon reactions (P art II).

P a rt I  begins w ith  a thorough survey o f the current experimental situation in  H I  reactions 
(D . K. S c o t t ). Itisfo llow edbyalectureonsem i-ciossica/ approximation fo r  H I-s  (R. S c h a e f f e r ) 
in  which i t  is show n th a t  the objections against th e  semiclassical approxim ation do no t 
hold  when com plex contributions are  included. Then a pedagogical lec tu re  is presented on 
the time-dependent meanfield a p p ro x im a tio n ^ . W . N e g e l e ) ,  which turns o u t to  be a well m oti­
v a te d  and successful f irs t approxim ation for a varie ty  of problems of in te re s t ranging from  
H I  collisions th rough  fission to pion condensation. This is followed by a lecture  on the transport 
theory o f deeply inelastic H I  reactions (H . A. W e i d e n m Ül l e r ) outlined in  a com pact and elegant 
m anner, giving som e examples for tra n sp o rt equations, th e  general aspects of nuclear tra n s ­
p o r t theory, and a survey  of theoretical approaches. The n ex t lecture shows th a t the m ultiple 
scattering  theory is applicable as a  theoretical tool for describing reactions between H I-s  at 
high energy (J . H ü f n e r ). The last lec tu re  of P art I  discusses models o f  high energy nuclear 
collisions (N. K . G l e n d e n n i n g ) an d  b y  performing sta tistica l m echanical calculations i t  
p resents argum ents th a t  the study  of the products o f nuclear collisions a t c.m. energies 

5 GeV/nucleon will be able to m ake a  sta tem ent concerning the asym pto tic  form of th e  
hadron  spectrum .

P art I I  begins w ith a lec tu re  on the non-relativistic multiple scattering theory 
(W . R. G i b b s ) presen ting  also resu lts for the scatterings л ~  — 4He a t  E  — 110 MeV and  
л± — 4He a t E  =  75 MeV, and for charge exchange reaction  13С /л+, ji°/13N. In  the lecture on 
th e  fie ld  theory aspects o f meson-nucleus physics (L. S. K i s s l i n g e r ) th e  differences between th e  
th eo ry  involved in  pion-nucleus vs conventional nuclear physics are em phasized and some tools 
fo r carrying ou t re la tiv istic  calculations are developed. T he next lecture is on the pion-nucleus 
scattering in  the isobar formalism  (E . J . M o n iz ) in w hich the  isobar-hole formalism for pion 
reactions is described and applied in  detail to  я  — 160  scattering. The la s t lecture of P a rt I I  
m akes us fam iliar w ith  the application o f three body techniques to pion-nucleus scattering 
(A. W. T h o m a s ).

All lecturers developed their subjects in a careful, coherent sequence. As a result, th is  
book is an excellent in troduction  in to  these two rapidly  expanding fields of nuclear physics.

B. A p a g y i

H ighly C onducting  One D im ensional Solids

E dited  b y  Jozef T. Devreese, Roger P. E v ra rd  and  Victor E . von  Doren 
 ̂P lenum  Publishing Corp., New Y ork —London, 1979

Research in  th e  field  of highly conducting quasi one dimensional m aterials has rap id ly  
developed in th e  la s t decade. The reasons for this are m anifold. The discovery of organic charge 
tran sfe r salts in  w hich donors and  acceptors form segregated  only w eakly interacting chains 
an d  th e  synthesis o f platinum  m ixed valency complexes in  which well separa ted  chains of p la ­
tin u m  occur, y ielded model system s w ith  properties approaching ideal one dimensional con­
ductors. A nother im petus came from  th e  suggestion o f A. W. L i t t l e  in  1964 th a t such quasi 
one-dim ensional system s m ay show a new type of superconductiv ity  w hich could lead  to  
superconductiv ity  persisting  to tem pera tu res well above am bient. In  1973 a group a t  P en n ­
sylvania (Philadelphia, USA) led b y  A. J . H e e g e r  found  a large increase in  the conductiv ity  
a round  60 К  in  th e  organic charge tran sfe r salt T T F —TCNQ, which th e y  a ttrib u ted  to super­
conducting fluc tuations. A lthough th e  question w hether high tem peratu re  superconductivity  
m ay  be obtained or n o t rem ains open, th e  enormous am o u n t of both  experim ental and th eo re­
tica l work w hich followed revealed a num ber of o ther phenom ena p articu la r to quasi one­
dim ensional system s. Perhaps the m ost spectacular of these  are the la ttice  instabilities pred icted
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long ago by P e ie r l s  b u t for which clear evidence was only  recently found in  quasi one-dimen­
sional systems. These la ttice  instabilities lead to charge and  supposedly spin density waves 
which are no t necessarily com m ensurate w ith  the la ttice  periodicity.

The book contains eight reviews b y  the m ost p rom inent physicists o f th e  field. A clear 
in troduction  is given by  A. J . B e r l in s k y . In  a critical review  H. Gu t f r e u n d  and  W. A. L it t l e  
conclude th a t although all superconductors known a t p resen t are believed to  be determ ined by  
th e  usual phonon m echanism  all objections to  the possibility  to  synthesize an  excitonic type 
of superconductor w ith  possibly high transition  tem pera tu re  can be answ ered. Our know ­
ledge on la ttice  instabilities is based to  a great ex ten t on th e  X -ray sca ttering  experim ents 
perform ed a t  the U niversité Paris Sud O rsay in  France an d  the  neutron sca ttering  experim ents 
a t  Brookhaven N ational L aboratory  in  the U nited S tates. The review b y  R. Comes and
G. Sh ir a n e  gives a detailed  description of th is work. D espite the extensive experim ental work 
o n T T F —TCNQ an d re la ted  systems in  w hich alm ost all tools available to  solid sta te  physicists 
were used there is y e t no agreem ent betw een different research groups on th e  nature  of the 
basic interactions. The review by A. J . H e e g e r  gives a clear survey of th e  experim ental s itua­
tion  on T T F —TCNQ and  discusses th e  relation  of theories developed for ideal systems to th e  
experim ental findings. A chapter by  T. S chultz and R . A. Cra ven  sum m arizes the work 
perform ed a t the IBM  W atson R esearch Center Y orktow n H eights U.S. on a series of organic 
alloys based on T T F —TCNQ. The tw o chapters discussing th e  theory of la ttice  instabilities 
by  L. I. Sham  and th e  theory  of a one-dim ensional electron gas by Y. J . E m e r y  are excellent 
reviews. The final chap te r by  J. B a r d e e n  gives a brief account of the m ost im p o rtan t problems 
raised in the past few years and com m ents on some of th e  controversial po in ts from the view­
po in t of a theoretician.

The book is of g rea t value bo th  to  experts and those who in tend to en te r the  field and is 
highly recommended. W e note, however, th a t  th e  experim ental sections deal alm ost exclusi­
vely w ith  the KCP (a particu lar p la tinum  complex) and  T T F —TCNQ system s, although by  
now a large num ber of o ther highly conducting quasi one-dimensional salts are known. This 
concentration while having the advantage of a comprehensive trea tm en t of these m aterials 
m asks somewhat th e  m uch larger scope of the field.

A. JÁNOSSY

D . M. P i s e l l o : G ravita tion , E lec trom agnetism  and  Q uan tized  Charge

Ann A rbor Sei. Publishers, 1979, $ 12

This book presents essentially an elaboration  of some ideas pu t forward by  D. F in k e l s t e in  
and  others on the possible homotopic na tu re  of electric charge. Simple exam ples are w ork­
ed ou t of the hom otopy properties of certa in  com plex-valued functions representing  electri­
cally charged physical states. The effects of th e  work w hich has been obviously spent on the 
p reparation  of the book are largely demolished by claims which are liable to  be ridiculed by 
m any readers. On p. 83 one finds: “ Q uantum  mechanics is no t revolutionary” .

Once again, th e  publication of th is  book stirs th e  superficiality of our understanding 
of quantized m aterial properties. There rem ains a tan taliz ing  need for a decisive developm ent 
tow ards a well-established theory of these properties.

Z. P e r jé s

Synergetics, F a r  from  E quilib rium

E ditors: A. Pacault and  C. Vidal, Springer-Verlag, Berlin, Heidelberg, New Y ork , 1979. pp. 105,
109 figures

Synergetics is declared an in terdisciplinary field of the particular p a rts  of na tu ra l 
sciences which is concerned w ith the cooperation of individual parts of a system  th a t produces 
macroscopic spatial, tem poral and functional structures. We have learned already from th e  
two volumes of H akjen’s (Synergetics: An In troduction ; Synergetics: A W orkshop, bo th  
published by  Springer-Verlag) th a t th is  interdisciplinary field  deals w ith determ inistic as well 
as stochastic models o f phenomena. This th ird  volume gathers m ost of the lectures and commu-
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nications presented a t  the m eeting on “ F a r from  Equilibrium , Instabilities and S tructures” 
held in  Bordeaux from  27th  to  29th Septem ber, 1978. Since in th e  las t decade Synergetics has 
become the “ la test fashion”  of the in terdiscip linary  field of some macroscopic na tu ra l sciences, 
th e  B ordeaux m eeting was only p a rt of a series of several o ther conferences such as Elm au 
1972, London 1974, D ortm und  1976, E lm au 1977 and Tokyo 1978.

U ndoubtedly , the research fields of Synergetics (laser emission, chemical reactions, fluid 
m otion, etc.) are very  im p o rtan t and  in teresting  fields of n a tu ra l sciences. However, by the 
sub title  of th is volum e: “ F a r from  E quilibrium ”  the  nonequilibrium  state  of the investigated  
system s is no t uniquely and well defined, a lthough  most of th e  topics trea ted  in  th is  volume 
belong to  th e  well-known fields of physics and  chem istry. Indeed, th e  examples given are related 
m ainly to  therm ohydrodynam ics and  chem istry, nevertheless on account of the given examples 
th e  m eaning of “ fa r” cannot be uniquely defined, We are even sure, for example, th a t  the 
macroscopic evolution critérium  of Prigogine and  Glansdorff, w hich is undoubtedly th e  only 
com plete theory  for the investigated  properties of instabilities an d  dissipative structures, is 
valid  only for system s no t so far from  equilibrium . In  fact, th e  characteristic m a trix  of the 
second variation  <52S of the  en tropy  S contains m aterial coefficients (specific heats etc .) b u t in 
th is theo ry  we consider them  as constant quan tities. However, there  are several hundred  expe­
rim en ta l facts showing th a t  th is condition is n o t fulfilled b u t th e  system  is not so fa r  from  the 
adequate  equilibrium  sta te . On the o ther hand , theories o ther th a n  Prigogine’s and  Glans- 
do rff’s are no t complete b u t ra th e r special ones.

A part from the above, i t  is real pleasure to  see such a volum e containing very im portan t 
applications of in terdisciplinary sciences in  a well sum m arized way.

I. G yarm ati
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