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Abstract--lnteractions of pulsed laser irradiation with matter may lead to controlled phase change trans- 
formations and material structure modifications. During transient heating at the nanosecond scale, the 
thermal gradients across the heat affected zone are accompanied by changes in the material complex 
refractive index. These changes, coupled with wave interference, modify the energy absorption, and thus 
the temperature field in the target material. This work accounts for these effects in a rigorous manner using 
thin film optics theory. Results are presented for the induced temperature field in thin silicon films by 

pulsed ruby and Nd :YAG h.ser light. 

I N T R O D U C T I O N  

PULSED laser irradiation is employed over a wide 
spectrum of materials processing applications, includ- 
ing surface hardening, alloying, curing, synthesis of  
compound and superconductor films. In semi- 
conductor  systems, it is used to anneal ion-implan- 
tation surface damage, recrystallizc amorphous and 
polycrystalline films, and enhance dopant diffusion. 
An extensive review of  pulsed laser processing of  semi- 
conductors is given in ref. [1]. 

Both cxpcrimental and computat ional  inves- 
tigations of  pulsed laser interactions with semi- 
conductor  materials have been performed. A time-of- 
flight method [2], was combined with time-resolved 
reflectivity measurements [3] to infer that the energy 
coupling of  pulsed ruby laser light (2 = 0.694 Itm) 
irradiation of  a 20-ns pulse duration with semi- 
conductor  materials occurs via a thermal heating 
mechanism. The measured temperature of  the crystal 
lattice, together with the surface reflectivity of  the 
semiconductor  material, clearly indicated melting in 
accordance with the macroscopic theory of  pulsed 
laser annealing developed by Wood and Giles [4]. The 
theoretical predictions showed satisfactory agreement 
with experimental measurements of  the melt pen- 
etration, melt-duration times, melt-front velocities 
and dopant  concentrat ion profiles in the nanosecond 
pulsed laser regime at the visible and near infrared 
wavelengths. Transient conductance measurements 
[5] yielded the melt depth as a function of  time. 
Numerical  heat transfer computat ions were used to 
indirectly obtain the transient interface temperature. 
Nanosecond-resolution,  X-ray diffraction measure- 
ments [6], of  the thermally induced lattice strain 
yielded temperature profiles in the solid material with 
an accuracy of  -I-50 K_ Using time-resolved ellip- 
sometry, Jellison and Lowndes [7] obtained the 
optical properties of  silicon during pulsed excimer 
laser irradiation. 

The transient thermal model of  the process [8] 
agreed with all of  the above measurements, with the 
sole exception of  Raman measurements [9, 10]. The 
optical properties of  semiconductors are strong func- 
tions of  temperature [I I]. The treatment of energy 
absorption in the above mentioned heat transfer 
models assumes a surface reflectivity that is calculated 
using bulk expressions and depends upon the surface 
temperature. The energy absorption is then found 
by assuming a continuous exponential decay of the 
radiation intensity in the material. Thin film optics 
methods [12 14] are used in this work to determine 
the energy absorption in the target semiconductor 
material. The effects of  a continuously varying com- 
plex index of  refraction are taken into account. The 
transient temperature field is calculated via a con- 
ductive heat transfer model. 

MODELING OF ENERGY ABSORPTION AND 
HEAT TRANSFER 

A sketch of  the basic structure is shown in Fig. I. 
A silicon layer of  thickness d,i is deposited on a fused 
quartz substrate of  thickness d,- The silicon layer is 
illuminated by a pulsed laser beam_ The laser beam 
diameter on the sample surface is typically 100 l~m 
wide. The temperature profile penetration is of  the 
order of  1 ,urn. Thus, it may be assumed that the heat 
transfer at the center of  the laser beam is essentially 
one dimensional. For  temperatures below the melting 
temperature, the conductive heat transfer in the solid 
silicon layer is given by : 

?T ~ (k(T)~T)  (PCp)(T)~Ttt = c7_~- ~x +Q, , ( x . t ) .  (I) 

The energy absorption in the semiconductor material 
depends upon the temperature in the film and is 
analyzed in the next section_ The incident laser inten- 
sity considered in this problem is so high (of the order 
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NOMENCLATURE 

a,, linear coefficient of  temperature S 
dependence of  the real part of  the solid r 
silicon refractive index t 

c speed of  light tp 
% specific heat tr 
d layer thickness T 
dsi semiconductor layer thickness 7"~ 
d~ substrate thickness x 
E electric field vector 
F laser beam fluence 
H magnetic field vector 
i imaginary unit 
i unit vector in the x direction 
k thermal conductivity ) 
k~,,  extinction coefficient of  silicon /_t 
k~~ extinction coefficient of  silicon at 300 K P 
/< complex wavenumber r 
..// transmission matrix o~ 
n real part of  the refractive index 
n real part of  the silicon refractive index at 

300 K 
r] complex refractive index 
N number of  layers in the silicon film 
P temporal profile of  the incident laser light 

intensity 
Q,~ energy absorbed by the thin silicon layer, 

per unit volume, per unit time 
R reflectivity 
S magnitude of  the Poynting vector, 

normalized with the incident energy 
flux 

Poynting vector 
Fresnel reflection coefficient 
time 
length of  laser pulse 
Fresnel transmission coefficient 
temperature 
ambient temperature 
coordinate in the normal to the sample 
surface direction. 

Greek symbols 
complex electric perrnittivity 
laser light wavelength in vacuum 
magnetic permeability 
density 
transmissivity 
light frequency. 

Subscripts 
a ambient 
si silicon 
s substrate. 

Superscripts 
+ forward wave propagation along 

the direction of  incident laser 
light 

- reflected wave propagation 
* complex conjugate. 

o f  l0 I '  W m-- ' ) ,  that convection and radiation losses 
from the top layer surface are negligible. For  the time 
scales considered in this work. the temperature pen- 
etration in the structure is small, so that the bot tom 
substrate surface remains at the ambient temperature, 
Tj. 

gT  
ffX-X .,= 0 = 0 (2a) 

Loser  

~/~ 
/ T ( x , t )  

Silicon 
- -  Layer 

Substrole 

FIG. I. Sketch of a silicon layer of thickness d,i, deposited 
on a glass substrate of thickness d~. 

T ( x  = tl~, + d~, t) = T ~ .  (2b) 

Initially the structure is isothermal, at the ambient 
temperature : 

T ( x , O )  = T ~ .  (3) 

For  short times, when the temperature in the silicon 
layer is below the melting temperature, the heat con- 
duction is solved by an implicit finite difference 
algorithm_ 

The temperature field in the semiconductor film 
induces changes in the material refractive index. The 
semiconductor film is thus treated as a stratified multi- 
layer structure, composed of  N layers of  varying com- 
plex refractive index (Fig. 2). Assuming that the elec- 
tric field and the magnetic field are periodic in time, 
with a time dependence e jo'', Maxwelrs  equations for 
the complex electric and magnetic field vectors 
become : 

V x H = iog~E (4a) 

V x E = - iog/aH. (4b) 

The energy flux along the direction of  propagat ion is 
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FIG. 2. Schematic picture of the multilayer, stratified 
structure. 

given by the time-averaged magnitude of  the Poynting 
vector : 

S = ~Re(E ×H*)_ (5) 

A plane wave is incident on the structure, with an 
electric field amplitude, E~.  The corresponding 
energy flow along the x-direction is : 

n~ 2i S = ~ l g + l  . (6) 

Utilizing the formalism of the characteristic trans- 
mission matrix, the lumped structure reflectivity and 
transmissivity can be obtained. The mth layer of  thick- 
ness d,,,. which may be absorbing, having a complex 
refractive index, ~.,, = n m  - i k ~ , : . ,  is represented by the 
2 x 2 matrix J[ . , ,  whose elements are complex : 

- -  sm l - - f t ,  d / /  
&, \ ,i ' "71 

i 

2n 2n - 

(7) 

The multilayer transmission matrix, J¢', is : 

N 

. #  = I-I ~a . , .  (8) 
I11 m I 

The reflection and transmission Fresnel coefficients, r 
a n d  l r ,  are : 

(M/(I, I ) + Ja(1.2)fi~)~. - (.///'(2, l) +.At(2,2)fi~) 
r =  

lr = 

(J t ' ( I ,  1) + .At'(1,2)&)ft. + (J¢'(2,1) + .A¢ (2,2)ti~) 

(9) 

2h. 

(.,/,/( I, 1) + J / ' (1 ,2)~)f i .  + (.,I/(2,1 ) + ~t' (2,2)h~) 

(10) 

The structure reflectivity and transmissivity in terms 
of  r and tr, follow : 

IE£12 
R -  lEVi ~ - I,'12 (I I) 

n~lE~ l- n~ , 
"r - + ~  - - - I t ,  I - .  ( 1 2 )  

n.lE,, l- n. 

The electric field amplitudes of  the reflected and 
transmitted waves, E~-, and E~ ,  are obtained using 
the above expressions_ The electric and magnetic fields 
in the ruth layer, m = 1 , . . . ,  N, are given by : 

Era(x) = E, + exp { - i L . ( x - x . , , ) }  

+E,7, e x p {  +il~, , , (x--x. , )}  (13) 

H. , (x )  = rl,,, {E .  +, exp [ - i l ~ . , ( x - -  x,,,)] 
cp 

- E £ ,  exp[+i~ , , , ( x - - x . , ) ] }  (14) 

where 

2x " -  ' 

<,  = T,~, , ,  x°, = E a,. 

Continuity of  the electric and magnetic field at the 
interfaces is applied to obtain a recursive formula for 
the amplitudes of  the electric field 

1 E +  n . . . .  ~ e _ ~ k _ , % _ ,  
E,~ = i  . ,_, l +  &, 

A 
I ~ m  I e + i f :  _ i d _ 

n m - I  e_ll:-=_~d_~ E 2 , = ~  E,,*,_, l -  
nm 

-I" ~ " ' -  I e + i £  ,~, , 

Calculation of  the amplitudes E,*.. E 2 ,  starts from 
the first layer, for which d.,_,  = 0. Once the electric 
field is determined, the power flow is evaluated every- 
where in the structure by combining equations (5) and 
(4). In a location x within the ruth layer: 

1 
S°,(x) = ~Uc n d ( ' k ' ) * ( E " ( x )  + E"~'("~)) 

x ( E ' , ( x ) - E . 2 , ( x ) ) * l i  (16) 

where 

E~.,(x) = E + e x p [ - i ~ . , ( x - x . , ) ]  (17a) 

E2.,(x) = E~  e x p [ + i l ~ . , ( x - x . , ) ] .  (17b) 

The local energy flow is normalized by the energy flux 
incident on the structure 



922 C . P .  GRIGOROPOULOS et al. 

I 
S.,(x) = ;i,, IE,,+y 2 Re[(,i,,,)*(E,',,(x) + E,~,(x)) 

x (E, ' , , (~: ) -E,~,(x) )* ] .  (]8) 

The absorption in the ruth layer i s  

dS,,, 
Q.h:,,.  = P ( t )  d.~- (19) 

R E S U L T S  A N D  D I S C U S S I O N  

A silicon layer o f  th ickness  d~. = 0.5/~m is i r rad ia ted  
by a pulsed ruby laser (2 = 0.694 pm) .  The  t empora l  
shape  o f  the laser pulse is cons ide red  to be equi la tera l  
t r iangular  wi th  a pulse length,  t~, = 20 ns. The  laser 
pulse fluence, F, is def ined as the total  energy  inc ident  

on the target  dur ing  one  pulse,  per  unit  target  area.  
Figure 3 shows  the surface  t e m p e r a t u r e  his tor ies  for 

laser fluences, F = 0.2, 0_4 and 0.6 J cm -~. The  tem- 
pera tu re  profiles in the sil icon layer  for different  t imes,  
and for a laser fluence, F = 0.6 J cm '- are s h o w n  in 
Fig. 4. The  a b s o r b e d  energy as a func t ion  o f  d e p t h  for  
the same times,  and  laser beam fluence is given in Fig. 
5. Initially, and until a t ime, t = 8 ns, the a b s o r p t i o n  

across  the sil icon layer is per iod ic  wi th  dep th .  T h e  
c o r r e s p o n d i n g  t empera tu r e  profi le  is relatively flat, as 
seen in Fig. 4. At  longer  t imes,  a the rmal  g rad ien t  
across  the sil icon layer  is es tab l i shed ,  and  the changes  

in the mater ia l  opt ica l  p rope r t i e s  with t e m p e r a t u r e  

~E 5 

°i ILl 
0 oJ 0 .2  0 .3  o4 o5  

Depth x (/zm) 

FIG. 5. Absorption profiles in a silicon layer of thickness, 
d~. = 0.5 `am, irradiated with a ruby laser. The laser fluence, 

F = 0.60 J cm -', and pulse length, t,, = 20 ns. 

(see Appendix)  skew the absorbed  energy profile 
towards the i rradiated surface, where the tempera ture  
(and thus the ext inct ion coefficient, kc~,), is larger. The 
normal  reflectivity of  the surface for a p rob ing  laser 
wavelength of  2 = 0.6328 l~m (HeNe laser) as a func- 
tion of  time, for the laser beam fluences, F = 0_2, 0.4, 
and 0.6 J c m -  2 is shown in Fig. 6_ 

The silicon layer is also considered to be i rradiated 
by a frequency doubled  pulsed N d : Y A G  laser 
(2 = 0.532 l(m). Silicon is a significantly s t ronger  
absorber  at this wavelength,  and much lower fluences 

are needed to raise the layer tempera ture  (Figs_ 7 and 
8). The absorption distribution in the silicon layer (Fig. 
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FIG. 3. Surface temperature histories for a silicon layer of 
thickness, d,, = 0.5 ,am, irradiated with a ruby laser. The 

laser pulse length, tp = 20 ns. 
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FIG. 6, Normal surface reflectivity histories for a silicon layer 
of thickness, d,~ = 0.5 `am, irradiated with a ruby laser. The 
laser pulse length, tp = 20 ns. The probing HeNe laser light 

wavelength, 2 = 0.6328 `am. 
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FIG. 4. Tempera tu re  prof i les in a si l icon layer o f  thickness, 
d~i = 0.5/am, i r rad iated wi th  a r uby  laser. The laser fluence, 

F =  0 .60J  cm -z ,  and pulse length,  tp = 20 ns 
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FIG. 7_ Surface temperature histories for a silicon layer of 
thickness, d~ = 0.5 ,am, irradiated with a frequency doubled 

Nd :YAG laser. The laser pulse length, tp = 20 ns. 
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FtG. 11. Transient temperature histories at different locations 
in a silicon layer o f  thickness, d,. = 0.5 ym, irradiated with a 
frequency doubled N d : Y A G  laser. The laser fluence, 

F = 0.15 J cm -~, and pulse ]ength, t~, = 20 ns. 

9), is consis tent  with the profiles obta ined  for the ruby 
laser case (Fig. 5). The predicted t ransient  reflectivity 
signals from the i r radiated layer surface are shown 
in Fig_ 10. It is seen that  the t ime-resolved surface 
reflectivity measurements  are very sensitive to tem- 
perature  changes,  which should provide valuable 
in fo rmat ion  abou t  the silicon layer tempera ture  dis- 
t r ibut ion.  The tempera ture  rise at different locations 
in the silicon layer is shown in Fig. 11. As the distance 
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< 

W 0 
o 

/3. 

o.I o2 03 04 05 
Depth x ( ~ m )  

FIG. 9. Absorption profiles in a silicon layer of thickness, 
d,~ = 0.5 #m, irradiated with a frequency doubled Nd :YAG 
laser. The laser fluence, F =  0.15 J cm-L  and pulse length, 

It, = 20 ns. 

from the exposed silicon layer surface is increased, the 
deve lopment  of the temperature  field is progressively, 
but  slightly, delayed. 

The above results show that  the util ization of  thin 
film optics in a r igorous m a n n e r  is essential for both  
the predict ion of  the temperature  dis t r ibut ion in the 
irradiated semiconductor  material ,  and for the devel- 
opment  of  optical diagnost ic  methods  at the nano-  
second scale, The absorp t ion  dis t r ibut ion in the silicon 
layer exhibits  a periodic var ia t ion  with depth,  which 
is due to wave interference and canno t  be captured  by 
the approx imat ing  exponential  decay assumpt ion.  At  
the nanosecond  scale, the tempera ture  field devel- 
opment  does not  show a cor responding  periodic vari- 
a t ion within the thin film. Such effects may be 
observed at shor ter  time scales It is noted that  the 
computa t iona l  approach  taken in this work is quite 
general, and can also be applied to modeling of  pulsed 
laser heat ing of  bulk materials.  
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APPENDIX  

Optical properties 
In the visible range, the real part of  the solid silicon re- 

fractive index is a linear function of  temperature between 
approximately 300 and 1000 K [I I] 

n(),, T) = n"(2)+u,,(2)(T-300). (AI) 

The coefficient a°(2) is a fifth-order polynomial of  the wave- 
length, 2. The extinction coefficient, k~,, is given by the 
following expression 

kc~,(2, T) = kL,(2) exp ((T-293)/To). (A2) 

The complex refractive index components  at room tem- 
perature for the ruby laser light wavelength (2 = 0.694/am) 
and for the frequency doubled Nd :YAG laser light wave- 
length, (2 = 0.532 llm) are given below : 

# ' (2 = 0.694 ,am) = 3.763 n°(2 = 0.532/am) = 4.153 

kL,(,t = 0.694/am) = 0.013 k~,,(2 = 0.532/am) = 0.038. 

In the above expressions, the wavelength, 2, is in/am. 

Thermal properties 
The solid silicon properties vary with temperature [15] 

k~i(T) = 2.99 x 104/(T--99) (W m -  i K -  i) (A3) 

P~i (T)cp :~i (T) = ( 1.474 + 0.17066 x 7"]300) x 106 

(J m-~  K - I ) .  (A4) 

The fused silica substrate thermal properties are assumed 
temperature-independent 

k s = l . 4 W m - J K  --', p ~ = 2 2 0 0 k g m  ~, 

Cp:~ = 1200J kg-  ~ K -  ~. 


