
C R I T E R I A  C H A R A C T E R I Z I N G  T H E R M A L  P R O C E S S E S  

I N  T H E  C R Y S T A L L I Z A T I O N  O F  T H I N  M E L T  L A Y E R S  

ON B A C K I N G S  O F  D I F F E R E N T  M A T E R I A L S  

V.  S.  R a v i n  UDC536:542.65 

We propose  c r i t e r i a  to de sc r ibe  the t he rma l  p r o c e s s e s  in the c rys ta l l i za t ion  of thin mel t  l ay -  
e r s  on backings  of different  ma te r i a l s .  We have es tabl ished the re la t ions  between these  c r i -  
t e r i a  and the i r  re la t ionship  to the conditions of c rys ta l l iza t ion .  

The method of growing single c ry s t a l s  on backings of different  m a t e r i a l s  (see,  for example ,  [2-4]) 
involves the appl icat ion of the semiconductor  ma te r i a l  (germanium,  silicon) onto a backing in the fo rm of 
an amorphous  or po lycrys ta l l ine  f i lm,  which is then subjected to melt ing and subsequent  c rys ta l l i za t ion  as 
the mel t  cools.  The c rys ta l l i za t ion  p r o c e s s  is accompl i shed  ina  vacuum. The heating of the spec imen  
and the melt ing of the semiconductor  ma te r i a l  a re  accompl ished  by means of an e lec t r ic  hea te r  which is 
p laced underneath the backing, and the heat  is r emoved  through the outside sur face  of the melt  by t h e rma l  
radia t ion into the vacuum. R e f e r e n c e s  [5-9] a r e  devoted to the development  of the phenomenological  theory  
of the p r o c e s s  of growing single c r y s t a l s .  

In the one-d imens iona l  approximat ion ,  assuming  that  the c rys ta l l i za t ion  front  is fiat  in shape and that 
it moves  f rom the outside su r face  of the mel t  toward the backing* (Fig. 1), the p roce s s  of mel t  c r y s t a l l i z a -  
t ion is descr ibed  by a nonlinear boundary p rob lem of the fo rm 
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* This  i s  the p r e f e r ab l e  d i rec t ion  of the c rys ta l l i za t ion ,  s ince it reduces  to the minimum the r equ i remen t  
imposed on the backing,  and it is a lso poss ib le  to grow c rys t a l s  at a r b i t r a r i l y  smal l  r a t e s  of growth,  needed 
to ensure  s t ruc tu ra l  integri ty .  
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Fig.  1. D i a g r a m  showing the c ry s t a l l i z a t i on  of 
a mel t  l a y e r  on a back ing  of a d i f fe ren t  m a t e r i -  
al :  1) sol id  phase ;  2) l iquid phase;  3) backing;  4) 
hea t e r ;  y(t) v a r i a b l e  coord ina te  of  boundary  of 
phase  sepa ra t ion .  

and the init ial  t e m p e r a t u r e  d i s t r ibu t ion  is d e s c r i b e d  by the funct ion w(x) = l i m ~ ( x ) ,  where  ~ (x) is the so lu -  
t ion  of  the s t e a d y - s t a t e  p r o b l e m  of the f o r m  ( la ,  b, c) when t = 0, c(x) = 0, y = Y0, "~(Y0) = 0. This  c o r r e -  
sponds  to the initial value of the b o u n d a r y - v a l u e  funct ion f(0) = (kh/4)[a + (KI/K1)]. 

The b o u n d a r y - v a l u e  p rob l e m  (1) r e p r e s e n t s  a subs tant ia l  compl i ca t ion  of the f ami l i a r  Stefan p rob l em.  
To solve  this  p r o b l e m  fo r  the case  of r e l a t i ve ly  thin mel t  l a y e r s ,  a/l << 1, which is of  the g r e a t e s t  p r a c t i c a l  
s ign i f i cance ,  we have developed a method of s u c c e s s i v e  approx ima t ions  [6, 7] that  is a s soc i a t ed  with the ex -  
pans ion  of the unknown function in s e r i e s  of  the p a r a m e t e r  fi = c T c / L d .  

In the c a s e s  of  p r a c t i c a l  i m p o r t a n c e ,  when 1) the lower  su r f ace  of the backing  is cooled in a c c o r d a n c e  
with the l i nea r  law f(t) = f(0) - Tt ,  3 / = cons t  and 2) at the ins tant  t = 0 of the onse t  of c r y s t a l l i z a t i o n  the 
t e m p e r a t u r e  of  this  su r f a c e  ins tan taneous ly  drops  to some  value '~0 = cons t ,  "~0 - f(0) = D < 0, and solut ion 
(1), in f i r s t  app rox ima t ion  for  fi, can  be p r e s e n t e d  by the fol lowing f o r m u l a s ,  r e s p e c t i v e l y :  

1) u(x)-~-Zo--~s,~J'~--Bo.~-~B,[1--exp( B : ) ] }  
1 2  ~ ' 

�9 ( 2 )  

2) u(x)~_zo + ~sD { T--Bo[t--exp ( - -Bo)]} ,  

where  u(r = y( t ) / / ;  ~- = t /X;  2, = a2/~; X 1 = 12/nl; z 0 = a/l; s = z~/(~z + z0); ~z = K /K  1. 

In the gene ra l  ease ,  the solut ion of  (1) contains  coeff ic ients  Bm of the f o r m  
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while the in t eg ra l s  fire(z), z = x/l a r e  d e t e r m i n e d  by the r e c u r r e n c e  r e l a t i onsh ip s*  
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*In  the gene ra l  case ,  so lut ion (1) in f i r s t  app rox ima t ion  has  the f o r m  

, 
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where  fl(-r) = f(k-r) - f(0), and the funct ion t2(~-) sa t i s f ies  the equat ion 

~2/'t dz(n ) (+') = q'o (zo) 
n ~ l  

for  the initial condi t ions  
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n ~ 0 ,  I ,  2 . . . .  
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Fig. 2. Graphical  r ep resen ta t ion  of the motion of the crys ta l l iza t ion  
front  for  var ious values of the c r i t e r i on  Z: a) cooling of the backing 
according to a l inear  l a w -  1) Z = 0.5; 2) 1; 3) 2; 4) 10; 5) :o; b) in:  
stantaneous drop in the t empera tu re  of the lowest  surface of the 
b a c k i n g -  1) Z = 0.1; 2) 1; 3) 2; 4) 4; 5) 10; 6) ~ .  

To cha rac te r i ze  the thermal  p r o c e s s e s  in the crys ta l l iza t ion of a melt  on a backing of a different  ma-  
t e r i a l ,  let  us introduce the following c r i t e r ion  into our examination: 

Z =  _a - , (4) 

which represents the ratio of the duration of the crystallization process to the relaxation time for the pro- 
cesses of thermal conductivity "~ w I [I0] in the specimen. We can also impart the following form to formu- 
la (4) : 

z =  ~' n,  ~o= to . (4,) 

Because of the s t ruc tu re  of (3) for  the coefficients  Bm the solutions of (1) can be presented  in e r i -  
t e r i a l  form�9 thus making it possible to evaluate the ro le  of the individual t e r m s  as a function of Z (when 
Z >> 1 we have a quasis teady thermal  reg ime ,  when Z ~ 1 the heat capacity of the media exer t s  significant 
influence on the p rog re s s  of the the rmal  p roces se s ,  and when Z << 1 the p ro ce s se s  a re  par t icu lar ly  non- 
steady in nature).  In pa r t i cu la r ,  f rom (2), (3), and (4') we have the following 

1). u(x) = 1--  + l - - exp  - , 

2) u ('~----~) ----- l z o  y ~ {  x_.% bOz [1 --exp ( boZ x-~)]} ' 

(5) 

where  for the case of the cooling of the backing according to laws 1) and 2) we have introduced, respect ive ly ,  
the c r i t e r i a  

1) y(Z)*_ 2zo ( ~, t * 2Zo(B+zo)a• 

2) y(2) = zo ~. _ zo (~ § zo) a• 
~sD ~'1 D 

(6) 

which a re  functions of the intensity of the cooling of thebacking and of the p a r a m e t e r s  of the melt-backing 
sys tem.  

As follows direct ly  f rom (5), the quasis teady reg ime  Z ~ ~ is descr ibed  by the f i r s t  t e rm s  in the 
b races :  

zo 

2) u (~) �9 . . ~ _ . ~ l  �9 

Zo To 

while when Z << 1 the exponential t e r m s  play a predominant  role .  

(6') 
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Assuming  in (5) that ~- = 7 0 and (u(l-0)= 0) we find the re la t ionship  between the c r i t e r i a  Z and Y: 

- z  + 7 1 - e x p  - 
(7) 

( i-v)]}' 2) y(2)_~Z 1 ~ 1--exp Z 

and the c r i t e r ion  Y thus has the sense  of the re la t ive  c rys ta l l i za t ion  durat ion t0/~ ~ in the quas is teady reg ime.  

Because  of (5) and (7), in the approximat ion  being cons idered ,  the motion of the c rys ta l l i za t ion  front  
is de te rmined  ent i re ly  by the magnitude of the c r i t e r ion  Z. Figure  2 shows the cor responding  curves ,  plotted 
for  var ious  values  of Z (these,  and the examples  p resen ted  l a t e r  on, pe r ta in  to the case  of the c r y s t a l l i z a -  
t ion of l a y e r s  of thin g e r m a n i u m  melt ,  z 0 << 1, on sapphi re  backings with a th ickness  of 5 �9 10 -4 m). The 
magnitude of Z also de t e rmines  the durat ion t o = ~IZ of the c rys ta l l i za t ion  p r o c e s s  and for  a fixed value of 
the th ickness  of the mel t  l aye r ,  it de t e rmines  the ave rage  ra t e  of c rys t a l  growth,  i . e . ,  V = a/XlZ. R e l a -  
t ionships  (6) and (7) es tab l i sh  the a g r e e m e n t  between Z, which de t e rmines  the nature  of the p r o c e s s ,  and 
the c rys ta l l i za t ion  conditions - intensity of the cooling of the backing,  and the p a r a m e t e r s  of the spec imen.  

Under the conditions of mel t  c rys ta l l i za t ion  f rom its outside sur face ,  the r a t e  of c rys t a l  growth is 
bounded f rom above by the emi t tance  of the melt  being c rys t a l l i zed ,  V < Vm = kh/4a (in the example  under 
considera t ion ,  V m -~ 3 . 1 0  -3 m / s ec ) .  Hence,  in the light of (4), we find the lower  bound for  Z, 

Z > Z,v Z~ = a 4zoa• t (8) 
Vra~,i khl ' 

which also r e m a i n s  valid in the quas is teady reg ime .  The values of the e r i t e r i a  Y(m 1) and Y~), de te rmined  
f rom (7), co r r e spond  to Z = Zm,  and because  of (6), the max imum values for  the cooling intensi t ies  a r e  

I 2zo (~ + zo) a• 

(9) 
zo (~ + z0) ~• 

2) -- D,~ = 

This  makes  it poss ib le  to p r e s en t  the re la t ionships  between Z and the cooling intensi ty - obtained f rom 
(6) and (7) - in d imens ion less  fo rm 

Z2 - -  2boZ + 2bi [ 1 - -  exp ( - - 7 ~ )  ] 

1) ~'~- = 

V Z~__2boZm+2bi[l__exp(___~o) J " (10) 

2) . D~ ..... 

The family  of curves  Z(Tm/" ~ and Z(Dm/D),  cor responding  to the va r ious  values  of the p a r a m e t e r  z0, a r e  
shown in Fig. 3. 

When the cooling intensity for  the backing exceeds  the max imum values of (9), the t e m p e r a t u r e  g r a d -  
tent at the boundary of sepa ra t ion  between the mel t  and the backing may change sign and t h e r m a l  conditions 
may a r i s e  that a r e  suitable for the onset  of melt  c rys ta l l i za t ion  f rom the side of the boundary with the back -  
ing before  the e rys ta l l i za t ion  which has  s t a r t ed  on the f ree  sur face  is coneluded. Once c rys ta l l i za t ion  has 
s t a r t ed  as well on the side of the backing,  the poss ibi l i ty  of s i ng l e - c ry s t a l  fo rmat ion  is excluded. 

To es tab l i sh  the l imi t s  on the p e r m i s s i b l e  cooling intensi ty for  the backing, excluding the poss ibi l i ty  
of dual c rys t a l  fo rmat ion  f rom the t he rm a l  point of view, let  us p r e s e n t  (9) in the quas is teady a p p r o x i m a -  
tion 
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TABLE 1. Critical Values of the P a r a m e t e r s  for the Case of the 
Crystal l izat ion of Germanium Layers  on a Sapphire Backing (1 = 5 
�9 10 -4 m) 

ZO 

0,1 
4.10-* 
2,10 -2 
1.10 -~ 
3.10-a 

Z m 

0,3 

9,85 
3,85 
1,85 
0,83 
0,15 

9,85 
3,85 
1,85 0,83 0,15 

- - D  m 

f(o) 

1,02 
1,04 
1,09 
1,20 
1,90 

5,5. I0 -s 
1,5-10-~ 
3,2.10-s 
7,6.10-* 
7,4.10-1 

~m 

0 , 2 4  
0,23 
0,21 
0,18 
0,06 
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Fig. 3. Cr i ter ion Z as a function of the cooling intensity with a drop in the tempera ture  of the lower 
surface of the backing, according to a l inear  law (a) and instantaneously (b) : 1) z 0 = 0.1; 2) 4" 10-2; 
3) 2.10-2; 4) i. 10-2; 5) 3.10-3; 6) I. 10 -3. 

1) vhu, = 2 z~ (~ + zo) ~ ,  _ 2f (o) v~, 
)~iZ~ a 

2) _ D ~  = Zo (~ + zo) au, = f (0). 
Zm 

(9') 

It is c lear  that the l imitat ion - D  < -D~r ~ (i. e . ,  ~0 > 0 i n  this sense is sufficient in the cooling of the backing 
according to law 2), since it follows from this that T > Tc in the region - l  -< x < y(t). With cooling acco rd -  
ing to law 1), however,  the condition 3/ < ~ /~  i s  insufficient, since the c r i t e r ion  Z includes the value of the 
average rate of c rys ta l  growth, whereas  for the instantaneous values we have the l imitation V < Vm. The 
sufficient condition for  the permiss ib le  cooling intensity, T < Tp, in case 1) follows from the condition f(r0) 
> 0, whence f(0) = ~/p~'0 = TpXlY(l)(~/p) and ~/crab/4. Vp 

The cri t ical  values of the pa rame te r s  corresponding to a number  of values for the thickness of the 
melt  layer  are  given in Table 1. 

The c r i t e r i a  introduced here  can also be used to give the solution of (1) in cr i te r ia l  form,  in succes -  
sive approximations.  

N O T A T I O N  

T is the absolute tempera ture ;  
Tc is the semiconductor  crys ta l l iza t ion  temperature ;  

is the dimensionless  tempera ture ;  
t is the time; 
x is the coordinate; 
y(t) is a variable coordinate of the crys ta l l iza t ion front; 
t o is the duration of the crys ta l l iza t ion process ;  
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Y(t0) = 0; 
f(t) 
a 

l 
K, c, 

K', c T, n '  and K1, e l ,  ~t 1 

L 
d 
Ev 

O" 

V 

is the dimensionless  hea te r  t empera ture ;  
is the thickness of the melt  layer ;  
is the backing thickness; 
a re  the coefficients  of thermal  conductivity, volume heat capacity,  and t he r -  
mal diffusivity for  the liquid phase of the melt; 
a re  the thermal  coefficients for  the solid phase and for the backing, r e s -  
pectively;  
is the specif ic  heat of semiconductor  crystal l izat ion;  
is its density; 
is the sol id-phase emissivi ty;  
is the Stefan constant; 
is the ra te  of c rys ta l  growth; 
is the average  value of the growth ra te .  

i. 
2. 
3. 
4. 
5. 
6. 
7. 

8.* 
9. 

I0. 
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