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IS LASER-INDUCED NUCLEATION D U E  TO A BULK LONG-WAVELENGTH INSTABILITY? 

Binder, K.  

IFF, KFA Jiilich, 0-51 70 Jiilich, Postfach 1913, PI-Germany. 

Abstract.-The speculative suggestion i s  made t h a t  laser-Induced Nucleation of s ing le  
c r y s t a l s  from amorphous t h i n  f i lms i s  due t o  an i n s t a b i l i t y  of the  system aga ins t  
c e r t a i n  long-wavelength f luctuat ions ,  analogous t o  spinodal decomposition of binary 
mixtures. 

It i s  the  purpose of t h i s  note t o  d iscuss  

l a s e r  annealing of t h i n  amorphous semicondu- 

c t o r  f i lms / 1 , 2 /  and the  mechanisms which 

have been suggested t o  explain it /1,3,4/, 

applying the  view point  of nucleation theory 

/5-7/. A s  a  r e s u l t ,  a  mechanism of r ec rys ta l -  

l i z a t i o n  i s  suggested which s l i g h t l y  d i f f e r s  

from the  other approaches /3,4/. 

In the  standard approach /3/ one assumes 

t h a t  the  whole mornhous layer  (and eventual- 

l y  g a r t  of the  s ing le  c r y s t a l  subst ra te)  is 

molten i n t o  a more o r  l e s s  ordinary l iqu id  

during the  duration of the  l a s e r  pulse ; 

when the  molten layer  afterwards cools down 

it f i n a l l y  c r y s t a l l i z e s  by e p i t a x i a l  growth 

from the  subs t ra te  ( i .e . ,  quick motion of 

the  l iquid-crys ta l  in te r face  when the  l iqu id  

i s  strongly enough supercooled, i n  order t o  

enable a r e c r y s t a l l i z a t i o n  completed during 

a time of about 10-  s. ) . Many arguments 

have been given /4/ which shed doubt on t h i s  

hypothesis. A p a r t i c u l a r  convincing counter- 

argument i s  the observation /2/, t h a t  f a i r l y  

large  simple c r y s t a l l i n e  domains can a l s o  be 

produced without having a s ing le  c r y s t a l l i n e  

subs t ra te  of the same mater ia l .  The standard 

explanation of such an observation would be 

t h a t  the  s ing le  c r y s t a l s  or ig inated from 

presumably heterogeneous) nucleation.  This 

explanation wkll be examined below. 

Van Vechten /4/  suggested another mecha- 

phonon frequencies and associated e l a s t i c  

constants vanish a t  t h i s  t r a n s i t i o n .  

Here, of course, the question a r i s e s  : 

how can the re  e x i s t  a  second-order phase 

t r a n s i t i o n  between a so l id  and a "cold 

l iquid"? After a l l ,  thermal sol id- l iquid  

t r a n s i t i o n s  f o r  a l l  kinds of mater ia ls  a l -  

ways a r e  f i r s t  order i n  three-dimensional 

systems (and symmetry arguments suggest 

t h i s  t o  be the  case,  too /8/). Rescaling 

the  forces  means rescal ing the  melting t em-  

perature,  but  it i s  not c l e a r  how t h i s  

could change the  q u a l i t a t i v e  character  of 

the  t r a n s i t i o n .  The Lindemann c r i t e r i o n  

p red ic t s  t h a t  a so l id  melts  when the  roo t  

mean square displacement of atoms becomes 

of the  order of 10% of the  interatomic d i s -  

tance. A second order l iquid-sol id  t r a n s i -  

t i o n  would imply t h a t  on the  so l id  s ide  of 

the  t r a n s i t i o n  the  r o o t  mean square d ispla-  

cement continously goes t o  i n f i n i t y  ( i .e . ,  

there  would be a regime of the  s o l i d  with 

displacements large  i n  comparison with in-  

teratomic dis tances)  . 
I am now going t o  point  ou t  t h a t  the re  

may be a l s o  a bulk long-wavelength ins tab i -  

l i t y  associated with f i r s t -o rde r  r a t h e r  

than second-order t r a n s i t i o n s .  In  mixtures, 

t h i s  phenomenon is  well-known a s  "spinodal 

decomposition" /9/ (see a l s o  /5,6/) . Let 

us consider the  energy b a r r i e r  & which - - 

nism, where the system experiences nonther- has t o  be overcome by - 
ma1 "melting" i n  a second-order phase tran- 

new phase a t  a  f i r s t  or-der t r a n s i t i o n  /5,6/ 
s i t i o n .  Rather than producing melting by en- 

( f igure  1 ) .  For s u f f i c i e n t l y  large  under- 
hancing the temperature of the system, he 

AT the energy AF of a - - 
suggested that the las& energy produces a critical l l c l u s t e r V  (microdomain of the new 
( su i t ab ly  long-lived) dense electron-hole phase) is no longer large in 
plasma, which weakens the  interatomic bonds 

With thernal energy kBTr and through a so- 
strongly enough t h a t  a l l  t ransverse acoust ic  ca l l ed  spinodal regime (which i n  the  simplest  
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ver s ion  of t h e  theory i s  a  well-defined an I' o rder  parameter" $/8/ of t h e  t r a n s i -  

sharp  l i n e  /9/) one e n t e r s  a  regime of  gene- t i o n  f o r  t h e  subvolume. I n  a b inary  mixture,  

r a l  i n s t a b i l i t y  of  t he  system with  r e spec t  t h i s  order  parameter J, i s  a  concent ra t ion  

t o  f luc tua t ions .  d i f f e r e n c e  ; f o r  l i qu id - so l id  t r a n s i t i o n s ,  

an o rde r  parameter component might be t h e  
-++ 

amplitude of  a  d e n s i t y  wave exp ( i r r + i $ ) ,  
order phase transition where $ i s  a  r ec ip roca l  l a t t i c e  vec to r  of 

inoda1"line" (regime) t h e  s o l i d  t o  be formed and J, a  phase f a c t o r .  

Figure 2  shows then t h e  schematic s t r u c t u r e  

of F  a s  a  func t ion  of  $ i f  t h e  i n i t i a l  
(A) cg 

s t a t e  J , i  i s  metas table  ( a )  o r  uns table  (b), . 

I 
suitable 6tensive 
variable p 

1 - - - - - - - 

, -AT 
Fig.2.- Schematic description of the coarese-grained 
free energy as a function of the order parameter in 

\ the case where the initial state ($ . )  is metastable 

0 metaddle regime spinadal ~ 3 a b l e  (a) or unstable (b) . gf is the orde; parameter of 

regime regime the resulting final new equilibrium state. 

I n  case ( a )  we have a 2 ~  ( J , ) /aJ ,21  >Or  while  
cg 

Fig.1.- Schematic description of metastable and uns- J,i 

table regimes at first order phase transitions (A) i n  case b)  a2F ($)/aJ,21 <O. Since t h e  f r e e  
cg 

and the associated variation of the nucleation energy J,i 
barrier with undercooling AT. energy of  t h e  t o t a l  system wants t o  become 

a  minimum, one can de r ive  t h e  fol lowing 
While i n  t h e  metas table  regime t h e  energy equat ion  f o r  t h e  time evolu t ion  of  long- 
b a r r i e r  determines the  r a t e  a t  which t h e  pha- wavelength ( X  = 2s/k) o rde r  parameter f l uc -  
s e  t ransformat ion  proceeds v i a  nuclea t ion  -+ t u a t i o n s  6J , (k , t ) ,  i n  l i n e a r i z e d  approxima- 
events ,  occuring independently of each o t h e r  t i o n s  /9-12/ 
with a  r a t e  

J = v exp(-AF/lcgT), (1) -+ a  d t  6, ( k , t )  = -r (k) rl:ig 1 +Kkq 6J, 

where va i s  t h e  "at tempt frequency", t h i s  Qi 
p i c t u r e  breaks down i n  t h e  uns t ab le  regime: 

Here t h e  d e n s i t y  of uns table  c l u s t e r s  o r  f l u -  -F ( k t )  ; (2) 

c t u a t i o n s  (which grow i n s t e a d  of decreas ing  here  r (k) i s  a  k i n e t i c  f a c t o r ,  1 K ( v J , ) ~  

~ , , i th  time) i s  so  l a r g e  t h a t  they s t rong ly  2  
desc r ibes  a  s t a t i c  g rad ien t  eneegy (M > O ) ,  

i n t e r a c t  with ezch o t h e r ,  and A? i ,s  no 
and n ( E , t )  a  random noise  term due t o  

longer a  ver\r mmningful parameter. 
short-wavelength f l u c t u a t i o n s .  I n  t h e  uns- 

I t  i s  convenient t o  analyze what happens t a b l e  regime f o r  small  enough k  t h e  square 
i n  t h e  uns table  regime by in t roducing  a  coar- bracket in (2 )  is negative, and 
se-grained f r e e  energy F  i . e .  t h e  f r e e  

cg' f l u c t u a t i o n s  inc rease  exponent ia l ly  f a s t .  
energy a finite subvolume the 'ystem Of course, t h i s  inval idates the  use of the 
l a r g e  enough t h a t  it is  meaningful t o  de f ine  linearization approximation for the descri- 

p t i o n  of t h e  l a t e r  s t a g e s  of t h e  phase 



transformation (and the  treatment of the  non- 

l i n e a r  case i n  f a c t  is  s t i l l  a formidable 

problem / 6 , 1 0 , 1 1 . ) /  

In  equation (2) there  is  an important d i f -  

ference between the casewhere the  order para- 

meter $ (0 ,  t) i s  a "conserved" quant i ty  [i .e. 

d/dt  $ (0, t) -07, where r (k) = p.fk2, I\I being 

some mobil i ty fac tor , ,  and the case where it 

is not conserved, where T(k+O)+ const. Alth- 

ough f luc tua t ions  increase  i n  both cases,  

the  r a t e  of increase  i s  very small i n  the  

conserved case f o r  long wavelengths, while 

i n  the  nonconserved case the  r a t e  of increa- 

s e  is  bas ica l ly  a microscopic frequency. A s  

a  r e s u l t ,  only i n  the  conserved case l i k e  

i n  binary mixtures where the order parameter, 

a  concentrat ion di f ference ,  is conserved be- 

cause the  chemical composition of the t o t a l  

system is  held constant] the re  so f a r  has 

been a chance of observing t h i s  "spinodal 

decomposition" mechanism, a s  one c a l l s  t h i s  

growt? of unstable modes /9/. In  the  non- 

conserved case ,  t h i s  hardly could be obser- 

ved because i n  an experiment t h e  des i red  un- 

dercooling AT can never be reached instan- 

taneously, but  only with a f i n i t e  r a t e  AT/ 

d t .  Since i n  equation ( l ) v a  i s  s u f f i c i e n t l y  

large  and AF s u f f i c i e n t l y  small ( a t  l e a s t  

c lose  t o  c e r t a i n  de fec t s ,  impuri t ies  or  sur-  

f a c e s ) ,  nucleation w i l l  occur i n  the  metas- 

t a b l e  regime already. Since i n  typ ica l  ex- 

periments (see Ref ./7/) the f i n a l  underco- 

o l ing AT i s  reached during a time of 

t o  I s, and one i s  in te res ted  i n  a comple- 

t i o n  of the  phase transformation during a 

s imi lar  time-scale, the re  is  no chance a t  

a l l  t o  see  a phase transformation on the  

bas i s  of t h i s  mechanism where long-wave- 

length-fluctuations grow, s ince  it i s  super- 

ceded by nucleation during the  cooling. I t  

is speculated here t h a t  i n  "laser-induced 

nucleation",  where the  c h a r a c t e r i s t i c  times 

a r e  of order 1 o - ~  s ,  the  s i t u a t i o n  might be 

d i f f e r e n t  : going through the  metastable 

regime on such a quick time-scale the re  i s  

more chance t h a t  ordinary nucleation does 

not ,come i n t o  play, and hence one might 

reach the  spinodal or  unstable  regime. The 

concept of such a bulk long-wavelength ins-  

t a b i l i t y  would account f o r  the  observation 

t h a t  f a i r l y  l a rge  coherent s ingle-crys ta l -  

l i n e  domains a r e  formed. The nonlinear 

terms neglected i n  equation (2) together 

with the  e f f e c t  of boundary condit ions 

should lead t o  a se lec t ion  of the most fa-  

vorable mode o u t  of the band of unstable 

modes, which then survives i n  a p a r t i w l a r  

case. One does i n  f a c t  expect, t h a t  the  

coarse-grained f r e e  energy of the amorphous 

f i lm before the  l a s e r  pulse i s  qua l i t a t ive -  

l y  s imi la r  a s  i n  f igure  2, case ( a ) ,  with 

$. = 0 (no periodic arrangement present)  . 
1 

The hypothesis hence is  t h a t  even f o r  t h i s  

phenomenon f a r  from thermal equilibrium one 

can introduce a funct ional  which would play 

the r o l e  of a coarse-grained f r e e  energy i n  

thermal equilibrium, and t h a t  t h i s  functio- 

nal  immediately before c r y s t a l l i z a t i o n  has 

the shape of f igure  2 ( b ) .  With l e s s  l a s e r  

power, on the o ther  hand, one would expect 

t h a t  one would g e t  an intermediate case,  

where F before c r y s t a l l i z a t i o n  looks 
cg 

q u a l i t a t i v e l y  a s  i n  f igure  2 ( a ) ,  but  the  

energy b a r r i e r  AF is s t rongly  reduced. I n  

such a case where the  phase transformation 

s t i l l  s t a r t s  well  ins ide  the  metastable 

regime one would expect nucleation and 

growth, bu t  with a comparatively high den- 

s i t y  of c r i t i c a l  nucle i .  This should lead 

t o  a polycrys ta l .  

With the  present  information, one can 

hardly make these  speculations more quanti-  

t a t i v e  and hence prove o r  disprove them. 

The present  arguments say not much about 

the  physical  nature of the  i n i t i a l  s t a t e  

before c r y s t a l l i z a t i o n ,  and hence presuma- 

bly  a r e  consis tent  with both the  " hot  

l iquid"  o r  "cold  - l iquid" p ic tu re  .Microsco- 

p i c  theor ies  f o r  the  nonlinear t ranspor t  

phenomena occuring due t o  the  i r r a d i a t i o n  

/13/ a r e  c e r t a i n l y  an important f i r s t  Step 

f o r  a more quan t i t a t ive  analys is .  

References 

/1/ Poate, J. i n  the  present  proceedings. 

/2/ Lovato, M., Wautelet, PI., and Laude, 
L.D. Appl. Phys. Le t t .  2, (1979), 
160 and i n  the present  proceedings. 

/3/ bJang, J.C. ,  wood, R.F. and Pronko, P .P. 
Appl. Phys. Le t t .  3, (1978) 455 ,  
and references the re in .  

/4/ Van Vechten, J . A . ,  i n  the  present  pro- 
ceedings. 



C4-78 JOURNAL DE PHYSIQUE 

/5/ Binder ,  K. and S t a u f f e r ,  D . ,  Adv. Phys. 
25, (1976) 343. - 

/6/ ~ i n d e r ,  K . ,  B i l l o t e t ,  C . and Miro ld ,  P. 
Z. Phys. 930, (1978) 183. 

/7/ Binder ,  K., i n  t h e  p r e s e n t  p roceed ings .  

/8/ Landau, L.D. and L i f s h i t z ,  E-II., S t a t i s -  
t i c a l  Physiques,(Pergamon Press )1958 .  

/9/ Cahn, J .IT. , Trans.  M e t a l l .  Soc .AIPIE 
(1968) ,  166 and r e f e r e n c e s  t h e r e i n .  

/ l o /  Langer, J. S. , Ann. Phys. (N.Y.)  65, (1971) 
53. 

/11/ B i l l o t e t ,  C. and Binder ,  K.,  2. Phys. 
B32, (1979) ,  195 and r e f e r e n c e s  - 
t h e r e i n .  

/12/ Cook, H.E., Acta Met. 18, (1970) , 297. 

/13/ Yoffa,  E., i n  t h e  p r e s e n t  p roceed ings .  


