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TRANSIENTS IN CW LASER HEATING OF SEMICONDUCTORS : GENERAL METHOD, 
ANALYTICAL SOLUTIONS AND ILLUSTRATIONS 

A. ~aruani', Y.I. Nissim, F. Bonnouvrier and D. Paquet 

C. N .  E. T . ,  Laboratoire de Bagneux', 196 m e  de Paris ,  92220 Bagneux, France 

R6sum6 - La m6thode des transformges in tegra les  e s t  appliquEe 'a l a g q u a t i o n  
nonr inea i re  de l a  chaleur pour dzterminer 1 ' gchauffement d l  un semiconducteur 
i r r a d i 6  par un laser  cont inu. Pour l e  t r a n s i t o i r e  , on t r a i t e  exactement l e s  
nonl in6ar  i tEs dues aux v a r i a t i o n s  de 1 a conduct iv i  t 6  thermi que e t  adi aba t i  - 
quement c e l l e s  dues aux v a r i a t i o n s  de l a  chaleur specif ique. On envisage 
l ' i n f l u e n c e  du c o e f f i c i e n t  d'absorpt ion, e t  de l a  forme du faisceau laser .  
Pour tous l e s  cas consid6r6s, l e s  expressions obtenues sont anal y t i  ques. 

Abst ract  - The method o f  i n t e g r a l  transforms i s  appl ied t o  the nonl inear 
h e a t  equation t o  determine the heat ing o f  a semiconductor i r r a d i a t e d  by a CW 
1 aser beam. For the t r a n s i e n t  , the nonl i near i ti es associated t o  the var i a -  
t i o n s  of the thermal conduc t i v i t y  are t rea ted  exac t l y  and those due t o  the 
v a r i a t i o n s  o f  the s p e c i f i c  heat ad iaba t i ca l l y .  The in f luence  o f  the absorp- 
t i o n  c o e f f i c i e n t ,  and the shape o f  the laser  beam are treated. For a l l  the 
cases considered, the r e s u l t s  are i n  a n a l y t i c a l  form. 

Midway between the continuous regime and the very fast ,  far from equi l ibr ium, regime, 
t h e  t rans ien ts  i n  CW laser  heat ing o f  semiconductors address two problems o f  n o t i -  
ceable importance : a fundamental one concerning phase t r a n s i t i o n s  for in termediate 
t ime scales and a technological one concerning laser  processing o f  mater ia ls .  I n  
t h a t  respect, a r e l i a b l e  knowledge o f  the actual temperature r i s e  i s  i n  order. Mea- 
surements are d i f f i c u l t  and exact computations cumbersome. Th is  paper deals w i t h  the 
problem o f  c a l c u l a t i n g  the temperature r i s e  w i t h  an operat ional accuracy, and w i t h  a 
formalism leading t o  simple expressions. The basic idea i s  the systematic use o f  
i n t e g r a l  transforms for  a1 1 spa t ia l  and temporal variables. That idea was pioneered 
by L a x l l /  who presented general r e s u l t s  for  the s ta t ionary  case, l i n e a r  and n o n l i -  
near. By the l a t t e r ,  i t  i s  meant t h a t  account i s  made o f  the v a r i a t i o n  o f  thermal 
c o e f f i c i e n t s  w i t h  the t r u e  temperature, which w i l l  be denoted hereaf ter  by  T. I n  the 
s t a t i o n a r y  case, on ly  the thermal c o n d u c t i v i t y  K(T) need be accounted for .  The stan- 
dard procedure i s  t o  perform a K i r c h h o f f  t ransform on the nonl inear Four ier  
equation: through t h a t  transform, the equation for  T becomes a l i n e a r  Fourier equa- 
t i o n  for some var iab le  8 ,  then one solves for 0. F i n a l l y  one has t o  go back from 
the  l i n e a r  temperature r i s e  o t o  T, and t h a t  i s  done through a quadrature i n v o l v i n g  
K(T)  on ly .  

I n  the t r a n s i e n t  case, both v a r i a t i o n s  of K(T) and the  s p e c i f i c  heat C(T) (or  the 
d i f f u s i v i t y  D(T) = K(T)/C(T)) have t o  be inc luded i n  the ca lcu la t ion .  S t r i c t l y  
speaking, the K i r c h h o f f  t ransform i s  no more v a l i d  i n  t h a t  case. A novel ty  o f  t h i s  
paper i s  t o  present how one can overcome t h a t  d i f f i c u l t y  and s t i l l  even tua l l y  exhi -  
b i t  t r a c t a b l e  a n a l y t i c a l  r e s u l t s .  Sect ion I i s  devoted t o  a b r i e f  review o f  the 
model 12.' and a discussion o f  the incidence o f  C(T) on the t r a n s i e n t  regime. Sec- 
t i o n  I1 presents some r e s u l t s  for se lected p r a c t i c a l  cases. 
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I - THE MODEL 

We shall r e s t r i c t  the mathematical formalism to what i s  s t r i c t l y  needed for th i s  
presentation. I t  i s  assumed that  the laser i s  specified by i t s  intensity distr ibu- 
tion as a function of the radial distance r : I ( r )  = I o f ( r / r  ,) where r o  i s  a cha- 
r ac te r i s t i c  length of the beam and I, = Po/2xro. For a gaussian beam f ( r ) =  
exp-r2/2r = exp-R2/2, for an uniform beam f ( r ) = l  for r c r , (Rs 1)  and null 
outside. The sample i s  inf in i te  i n  the x ,  y directions and semi-infinite for z> 0. 
Cylindrical coordinates are then appropriate. The laser i s  switched on a t  t = O ,  so 
tha t  i t  i s  described in the time domain by the Heavyside step function H ( t ) .  For the 
considered wavelength, the effective linear absorption coefficient  i s  a. The reduced 
quantities are uti l ized W=aro Z=z/zo and rl=K/Cr ,2 to obtain the nonlinear Fourier 
equation : 

submitted to  the i n i t i a l  condition (2)  T(t=O)=T, and the Neumann condition 
(3)  (aT/az) ,=o = 0. Equations (11, (2) and ( 3 )  completely specify the problem. 
Let us assume for the moment that  C(T)=C(T,)=Cste. Then equation (1) can undergo a 
Kirchhoff transform and eventually be read as (11, b u t  w i t h  K(T) replaced by K(T,) 
and T by e as mentioned above. Then a Laplace transform i s  performed on d t )  and a 
Bessel transform on o ( R )  : o(R,Z ,t) + @ ( A ,  Z , p). Similar transforms are done on 
the r ight hand side of th is  equation. One has now a linear differential  equation for 
o(h,Z,p) which i s  t r iv i a l  to solve, accounting for conditions ( 2 )  a9-1 (3) .  Back to  
the original variables, i t  is shown that  for  a gaussian laser  beam : 

deta i l s  and extensions are to  be reviewed in a forthcoming publication. Now, from 
room temperature throughout the solid phase regime the thermal conductivity for most 
semiconductors i s  f a i r ly  well f i t t ed  by (5) K(T)=k/(T-T k) which shows that  the 
major contribution to th i s  parameter comes from the phonon mean free path dependance 
/ 3 / .  This particular form allows the quadrature back to T t o  be performed leading to  

The above expression would be exact i f  C(T) were constant ; i t  i s  not. However, the 
d i f fus iv i ty  writes (7) D(T)=d/(T-Td) where the value of Td i s  within a factor 2 
from the value of T k .  The variations of C(T) are then much smoother than those of 
K ( T )  and, to  f i r s t  order, can be neglected. (In any case the stationary temperature 
i s  independant of C ) .  A further step along that  l ine  i s  to replace selfconsistently 
C(T,) in (6)  by C(T). I t  so happens that  the resul t ,  which i n  the general case would 
present as an implicit equation for T can, in the specific case (6)  and (7) be in- 
verted, leading to : 

(8) 

instead of 



the validity of the resul t  i s  submitted to the validity of the adiabatic approxima- 
t ion ,  expressing that  a t  each moment, the time scale for the temperature change i s  
much shorter than the time scale for the  variations of C(T) . While numerical analysis 
will be presented elsewhere, we sketch here the argument : (8) i s  valid provided 
T - l a ~ / a t < < ~ - l a ~ / a t  or T - 1 ~ 3 T / a ~ < < 1 ,  which i s  the case in most semiconductors. 
Some imp1 ications of tha t  procedure are now described. 

I1 - APPLICATIONS 

We recall briefly (Fig.1) one resul t  concerning the maximum temperature r i s e  for an 
in f in i t e  absorption coefficient ,  in the conditions described in refl21. The influ- 
ence of a on the stationary case i s  sketched in Fig.2, which i s  basically the same 
curve described by Lax111 although derived from a different formalism, leading to 
different analytical expressions. I t  resul ts  from th i s  curve that  i t  i s  useless to 
correct for a as soon as W ~ 1 0 .  

Consider now two laser beams : gaussian and uniform, b u t  with such in tens i t ies  and 
beam radii tha t  the total energy deposited on the one hand, the maximum temperature 
r i s e  on the other hand are respectively identical . The radial dependance of the 
surface temperature in the case of in f in i t e  aosorption i s  drawn in fig.3, showing up 
a smoother profi le in the uniform laser case. 

1200.- p =&R'; c s t e  =2.9kW/[m 
'0 

Fig.1 : Transient regime for a CW laser 
beam as a function of the beam waist, 
and in the case of in f in i t e  a. The maxi- 
mum temperature r i se  i s  calculated with 
data re1 evant to Si (121 ,131). 
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Fig.2 . ;viaximum temperature r i se  as a 
function of W = u r o .  Actually the curve 
represented here i s  the mean value bet- 
ween two very simple analytical expres- 
sions respective1 y under and overestima- 
ting the exact formula. As can be seen, 
the difference between those two expres- 
sions i s  a decreasing function of W. 
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The in f luence  o f  W on the t r a n s i e n t  i s  shown i n  Fig.4 for a gaussian laser  beam. No 
t ime constant can be def ined since the process i s  by no means exponential .  The t ime 
scale i s  s t rong ly  depending on the beam wa is t  and the e x c i t i n g  energy, b u t  i s  i n  the 
range o f  some microseconds. Some asymptotic values are r e a d i l y  deduced from f ig.2 - 
note t h a t  for  t h e  standard condi t ions o f  those ca lcu la t ions  (Pabs /r o)=2900~.cm-~ 
lead ing  t o  the l i n e a r  temperature r i s e  and the corresponding t r u e  temperature o f  
respec t i ve ly  385°C and 1203,4"C, i n  the case o f  i n f i n i t e  a. 

NORMALIZED RADIAL DISTANCE 

0.0 2.0 4.0 6.0 8.0 10 0 
TIME Csl 

Fig.3 : Normalized temperature r i s e  
as a func t ion  o f  the normalized r a -  
d i a l  distance for a gaussian ( s o l i d  
curve) and a uni form (dashed curve) 
laser  beam. I n  both cases, the ener- 
gy and the maximum temperature r i s e  
are i d e n t i c a l .  The lower curves r e -  
present the  energy d i s t r i b u t i o n  i n  
the spots. The t h i n  dashed curve i s  
a very simple approximation o f  the 
t h i c k  one, v a l i d  for Rc Ro (uni form 
beam). I n  both cases, W = a. 

Fig.4 : Non l i n e a r  t r a n s i e n t  regime 
fo r  a gaussian laser  beam, as a 
funct ion o f  W=ar,. Each curve i s  res -  
p e c t i v e l y  the mean between two under 
and over estimates. For a l l  curves, 
P abs /r o=2900W.cm-1. Thermal data 
are those o f  Si. Asymptotic values 
are t o  be deduced from fig.2. 

As a conclusion fu r ther  app l i ca t ions  o f  the method described i n  a previous pub l i ca -  
t i o n  have been described. These app l i ca t ions  are s t i l l  thoroughly described simply 
and a n a l y t i c a l l y .  
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