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Abstract The rapid melting of silicon film due to the sbsorption of  CW laser besm radistion is siudied.
The silicon film melting and recrystallizatson 15 maanky controlked by the temperature distribution in the
semiconductor. The enthalpy technigue for the solution of phase change problems is used in an explicit
finate difference form to caleulsbe the transient semperature distribution i the salscon film and the substrate
and the growth rates of the melt pool. The technigue is modified so that it i not necessary 1o assign a
constunt tempersture, Tm, to the mesh element that contains e mell front. Calcelations are carried out
for s range of laser besm parameters and msterial translaticnal speeds, The results lor the melt pool size
are compared with (ke experimentsl data e fessonsble agreement is obinined.
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INTRODUCTION

The silicon microfabrncation has grown rapidly dur-
ing the past several years, Examples of such advance-
MENs are microsensors, microactuaiors and other
microdevices, Recrystallization of semiconducior
films deposited on amorphous substrites has been
shown 1o improve the transpon properties and the
reliability of electronic devices [1].

The use of light sources and, in particular, |asers
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o melt and subsequently recrystallize thin semicon-
ductor layers on insulators. such as oxidized wafers
andd bulk substrates has shown good potential for
applications o commercial technology [2]. Despite
significant progress that has been made toward im-
proving the crystal growth in thin silicon films, it has
not been possible o consimently eliminate the forma-
bon of grain boundaries in the recrystallized mate-
riil. These grain boundaries limit the use of the
mterial a8 an active component inelectronic devices

Vol. 8, Mo. 3, August 1995 - 168



[1,3].

The crystal growth in silicon film melting and
solidification is mainly controlled by the tempemtun:
diztribution inside the film. The temperature distribu-
tion itsell is controlled by the laser beam total power,
the lateral distribution of the beam imlensity and the
transiational speed of the targetmatenal. Experimen-
tal studies [4,5] have shown some success in control-
ling crystal growth by modifying the laser beam
shape, and thuz the induced emperamure fizld, Rel-
able prediction of the tempersture distribution in the
thin film is essential for improving the electrical and
crystalline propemies by laser annealing. Extensive
reviews of analytical and numencal technigues have
been compiled [6,7.8.9]. The steady state emperi-
mre distribution in the meliing of a thick silicon slab
by alaser source has been given by Kokorowski [ 10].
The conwentional enthalpy formulation of phase
change problems along with simplifying assump-
tions has been used o obtain the ransicnt tempers-
ture distribution for statondry thick slabimadiated by
laser beam [11]. One-dimiensional phase change fi-
nite difference models have been developed 1o study
the effects of laser beam scanning rates and
encapaulating structural configurations [12.13]. A
three-dimensional transient numerical algorithm for
thin silicon laser melting and recrystallization has
been based on the conventional  enthalpy method
[15,16]. The numerical results wene compared with
sufficient experimental dath and reasonable apres-
ment was obtained [17].

In this study an explicit finite difference scheme
incorporating the enthalpy formulation wazemployed
1o calculate the temperature distributions in the stmc-
ture and the location of the solid-liguid interface ina
thin silicon film deposited on a glass substrae,

During melting only a portion of the nel energy
transfermed to o mesh element is consumed o phase
change and the rest builds the sensible energy. The
conventional enthalpy method wasmodi fied by imple-
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mienting and extending previous work [ 18] o account
for this effect. This energy balance modification
improves the numerical method.

The problem studied in this work is one of three-
dimensional heat trunsfer involving melting of a
silicon film on top of a glass substrate covered by a
thin encapsulating $i0), layer. The target is iradiated
by a laser beam of specified temporal and spatial
distributions of intensity. The vanation with tem-
perature of the thermophysical and optical properties
of the targel material is included in the caleulations.
The changes in these properties upon melting of the
silicon film are also accounted for. The mumerical
model captures expenmental tremds and reasonable
agreement is obtained between numencal results and
experimental data.

PROBLEM FORMULATION

A polysilicon film of thickness d_ is deposited on a
fused silica substrate of thickness d_. The film is
covered by 4 510 layerof thicknessd__ . A laser beaum
of Craussian intensity distribution passes through the
substrate, and iz pamially absorbed by the silicon
film. The encapsulating layer and the substmte e
transparent for the wavelengths of the multiling Ar-
gon ion laser beam, which is the anmealing source
considered in this work.

Comvection and radiation losses from the wp and
baotiom surfaces of the struciere are accounied for,
The targetmay travel at a speed, W, in the x-dimection,
The lnteral dimensions of the structure are much
larger than the thermal diffusion length of the mate-
rigls cormresponding to the time required o reach the
quasi-steady  conditions; hence an infinite conpu-
tational domain is assumed in the x and y directions.
On the other hand, the thickness of the silicon film
and of the capping layer (0.5 pm each) are much
smaller than the typical thermal diffusion length, 2o
that temperature variations in the z-direction in these
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layers may be neglected. However this is not true for
the substrate which is (L.5mm thick.

Computational results obtained by treating the
three layers separately showed that the temperatun:
difference between the modpoints of the silicon film
and the capping layer at the center of the beam did not
exceed IK, except forvery short time afterthe heating
is staned, These two layers were therefore consid-
ered as lumped for computational purpose. Thus, itis
possible to use larger time intervals and reduce the
computing time considerably, without any signifi-
cant loss of mumercal accuracy. The heat conduction
equation in region 1, the lumped layers, may be
written s

.ﬂT|+-|urﬂT|-,_ ﬂT|1+EnIﬂT|
'Fr!l ¥ 3‘.!. I E}' ?
+ win (el + J e+ | “}
d
whered=d_ +d

e The Larget is assumed to travel in
the x-direction. The heat conduction equation in the
substrate is

a 8 . aT
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Thie boundary conditions ane

x—=ptwm, T=T,=T,
F—.'j;_,' T1::T3IT_
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Initially the temperature is T_ everywhere, The
thermophysical properties in Equation | have wo be
averaged over the two materials. The laser beam
energy that is absorbed by the silicon layeris given by
(17
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where n_ is the number of laser beam peak wave-
lengths and g, (x, ¥} is the laser light source irmadi-
ance distribution. The beam irmadiance distribution
can be shaped to be elliptical or circular,

The reflectivity R, and the transmissivity T, in
Equation 3 are calculated [17] using thin film optics
that take into account wave imerference effects in the
multileyer thin film structure, When liguid, the sili-
con film is opague and its reflectivity at o wavelength
of A= 488 nm is R=0.527.

The radiation losses from the region | was calcu-
lated from
G =0 e+ +E )T T (4)
The hemispherical total emissivities appeaning in this
equation were calculsed by analyzing the electro-
magnetic wave propagation through the multilayer
structure, which was considered isothermal and in
thermal equilibrium with its surmundings. The con-
vection heat loss in Equation | is given by

q. =h(T -T) {5)

The heat ransfer coefficients b andh are estimated
using expressions for free convection from honzontal
surfaces. The radiation and the convective losses ane
very small compared to the laser light absorption in
the semiconductor layer. The length scale in this
problem is small so that conduction is the dominant
mode of hem transfer. On the other hand, liguid
silicon is opague to radiation, exhibiting o metallic
behavior. The complete radiative transfer aquation
does not need o be solved in the multibiver structurne
as is the case in the large scale vertical Bridgman
system for bulk silicon crystal growth [19).

The enthalpy of the lumped material per unit
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volume can be written in terms of the enthalpies of itz
constinsents

e,m E—"“T eady {6)
No phase change is considered for the capping Si0,
layer during the entire process, and its volumetric
heat capacity can be assumed constant:

T
ﬂp'l (s e AT ={pCp yeap(T =T ) i
Tm

For an element of the silicon film completely in solid
or hiquid phase, we have

T

:‘EJ {ch }ldT {ﬂﬁ]
T

T
m-l ipepudT+L (8h)

If the elemem of the silicon film contains both phases,
an average enthalpy may he defined ns

e, =fc, +(l-Ne, (8c)

Where f is the volumetric fraction of the element in
the liguid phase. By using an average value for the
clement containing the solid-liquid imterface and
employing Equations &a and b in Equation 8c the
following expression is obtained

cy =1L +(pc),. (T-T,) (sa)

By substitution for e and ¢, in Equation & from
Equation T and Equations § (ab.c.d), a relatnon
between the enthalpy snd temprature of a grid point
in the lumped region is derived.

The enthalpy formulation is wsed in the phase
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change zone of the lumped layers. The left hand side
of Equation 1 i writen in terms of enthalpy o give.

EI:;] vﬂc. —[h _} a'T]
dh dx El'].'

_l_g-h'ﬂ-l.;'ﬂw*‘g:d] ,:'g}

Equation % is used for cach discretized spatial domain
regardless of whether the domain is in solid or liquid
state or contains both phases. Appropriate average
values must be used for the thermophysical proper-
ties in Equation 9, The solid-liquid inerface location
is a function of x,y. and . Atany pointonthe interface
the following conditions apply [20].

T,=T,=T, (10)

B S S

[ aﬂ;;ﬂ[ aT. ;n,]_l_{ﬂx- .,r] (12)

wiere ‘% anil % are the velocity components of

the interface in the y and x directions respectively.
NIUMERICAL METHOD

The computational domain in the x-y plane is divided
into the inner region and the outer region. The solid-
liquid imterface is confined in the inner region. Each
region is discretized by using a fixed in time orthoga-
nal mesh. Different sizes of the inner region wene
used for the different cases examined in this work.
For the circular beam imensity profile, the inner
region consisted of 21 = 21 grids located 7 pm apart
{Ax= Ay = Tjum), while for the elliptic beam profile
45 = | 5 grids of the same size were used. In the outer
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region grid sizes of cither Ax_= Ay = 50 um or Ax =
35 um and Ay = 50 pm were used. The mesh is
uniform in the z-direction, with the first point placed
ifi the lumped layers and the rest located in the
substrate. The grid spacing is sufficient to capture the
temperamre distnibution in the liquid pool and scross
the phase boundary with reasonable accuracy. The
temperature distributions and the position of the
moving interface did not change noticeably when the
mesh was refined by a factor of tao.

Equations 1,2 and 9 were written in explicit finite
difference forms, The enthalpy formulation, Equa-
tion 9 was only used for the inner region of the
lumped layers, where the phase change occurs. For
the puter region of the lumped layers the conduction
Equation 1 was used. The three-dimensional con-
duction Equation 2 was used to solve for the tempera-
ture distribotion in the substrate, Figure | shows the
volume element (i, j) in the lumped lnyers containing
the interface and its neighboring elements. At ime
1, the interface S divides the silicon pant into a liquid
porion (f Ax, Ay,) and a solid portion (1-0) (Ax, Ay).
After a small increment in time, At, the interface
moves to new location §' resulting in an increase of
the liquid protion. The progress of the interface can
be caluclaed from the finite difference forms of
Equations 11 and 12.

Ifthe interface is in the element at the center of the
laser beam, the following equation must be used:

LN®-Yel) p Tt Tm p TuTild (g3
At y(j+1)- YD Y.li)

This cquation assumes radial symmeétry for the inter-
face as long as its diameter is less than Axi. At the
beginning of melting, when Y {i)=0, the last term of
Equation 13 becomes infinite. This singularity can
be removed by writing Equation 13 in a backward
timie difference form. Therefore for the staning con-
dition= at the begining of melting:
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Figure 1. Progress of solid-liquid interface dimng ime AL
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Using Equations 6.7 and &, Equation. 14 may be
wirilien as:

P
. ¢;{i-ij-=[w Lde
L Ydb _y Tulijhl)-Tm, k, ayil _d
AL 1)V (Pch Y.ii)

(15)

For the circular symmetric case, the computational
domain is only one quarter of the physical domain,
with the xz and yz planes considered adisbatic, 1f
elliptic symmetry exists, one hall of the physical
domain needs 1o be considered. with the xz plans
being adiabatic.

RESULTS AND DMSCUSSION
The calculations were carried out for a mnge of laser
beam parameters. It was assumed that the CW laser
beam is wmed on instantancously and thit it is

focused on the sillicon film, The results for the 1em-
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perature distributions in the silicon film and the
substrate and size of the molien pool are presented as
Functions of time. The laser beam power wis variod
from Pp= 1.0 1o 1.8 W and the beam radius corre-
sponding to 1/e intensity, W, , was varied from 30 1o
BO pm, The results have shown that afier an elapsed
time of 20 ms, a quasi-steady temperature distribu-
tion and melt pool size are vinually established,
Figure 2 shows the lemperatung fise in a nonmoving
silicon film, at the center of the laser beam for beam
radii of 30, 40, 50, 60, 70, and B0 pm and wial power
of 1.8 ‘W, The rate of the temperaure increase is
remarkably reduced after the beginning of melting,
The change in the emperature rise after the intiation
of phase change 15 dug 1o a larger thermal conductiv-
ity of liquid silicon than that of the solid at the melting
temperature. It is also cansed by a drop in the absom-
tion of the silicon film by almost 40 percent as a result
of phase change o liquid. Figure 2 shows that for
W,,= 30 um, the silicon lemperature at the center
reaches the boiling point, T= 2628K, within Sms.
‘This is related o the "Keyhole" formation observed
im the experiments [ 17]. The numenical scheme does
not account for this effect. Figure 3 shows the melt
pool size for the same parsmeters as in Figure 2. As

Silicon Temperaturne at the Cenfer (K)

2 10 p
Time (ms)

Figure 1. Sikicom temperature at the center of the laser beam for
P= LB W, W = 30,40,50,70 and B pm and V= 0 mmuisec.
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o 0 w0
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Figure 3. Melt pool mdius in the silicon film for P= LEW, W=
050,60, 70, and BO jim and Ve O mm/ssc.

the beam radius is increased the beginning of melting
is delayed.

Figure 4 ghows the melt pool size as a function of
the lazer beam radins for different total powers. The
melt radius rises to a maximum with respect to W,
and decreases to zero at & larper beam radius. Fora
smiall rading the energy intensity 15 sufficient w canse
a "keyhole™ over the entire beam waist shonly afier
the laser goes on. On the other hand, for very large
beam radii, the energy intensity would not be
sufficient to  cause melting, Therefore, for a given
total power, there is a beam waist for which the

Bl
- Pr oW
£ —a— Liep
E &3 == | Raxp
—r— ] Agiiin

E —®— |inum
g
E i0
§
=

i -

8 m i & B 1] E3i

Beam Radius {microns)

Figure 4. Experimental duta and numerical results for the quasi-
sleady melt pool radias for Po= 1.8 and 1.4 W, b= 20 msec, and
W ( mmisec.
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energy intensity distribution is such that the iargest
pool is created. Also shown in Figure 4, are the
experimental results [17] for the same beam param-
eters. It can be stated that the numerical model
between the numerical results and the experimental
data become larger ai small and large radii. For
P.= 1.8 W and W, = 30 pm, the silicon temperamum
at the center of the laser beam reaches the boiling
point in 5 ms. On the other hand, at the larger beam
diameters the decrease of the pool size is not signifi-
cant as shown by the expenmental results; instexd
partial melting is observed. The partially maolien
zone contains Hguid coexisting with solid filaments,
The present numerical scheme does not address this
phenomenon, since it assumes that the molten zone
containg only the uniformly liquid phase. Computs-
tional models of partially molten, mushy zones gen-
ermted by iniemal radiative absorption in semitrans-
parent materials have been reported [21]. It is noted
that in thin semiconductor film laser meling the
problem would require trestment of the different
material optical properties by the solid and Hoquid
phases and light absorption within the partially mol-
ten zome.

Figure 2 shows that for P.= 1.8 W, and W, = 80
jum the peak silicon layer temperature does not sub-
stantially exceed the melting poinL. As the mpera-
ture gradients across the solid-liguid interface de-
creases, the phase change boundary may become
unstable with respect W temperamre fickd permorba-
tions. These instahilities are surface tension limied
and may give rise o solid-ligquid coexistence [22).
The difference between the experimental data and the
numerical results may be due to deparures of the thin
film thermal and optical properties from the bulk
form values, For instance, the thermal conductivity
of micron-thick silicon films may be several times
smaller than the bulk silicon value which was used in
the caloulations.
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Figure 5. Radial distribation of the sbsorbed energy flux at t=

0.3, 0,7, snd 10 msec for P= LB 'W, and W =40 jum, and V=10

mmsec.

Figure 5 shows the absorbed cnergy intensity
profiles st different times. The total power is 1. W
and the beam madius is 40 microns. The absorbed
energy decreases following a Gaussian rype profile
up to the solid-liquid interface. At the interface the
energy increases sharply due o a larger absorpivity
of the solid silicon than that of the liguid. Then the
energy distribution follows the exponential variation
of the laser beam.

Figure & shows the melt pool for W, = 53 pm and
a sample ranslational speed. V= Zmm/sec. At V=

(a)

ag
20ma
=" I0ms
40 -
i of
- IR
-40 - ems
Ems
-80 /T [ (NN Y PO A |

-80 -40 o 40 8O
x{um)

Figure & Melt pool in the sificon film for P= 1LEW, W_=53 pm
ut t= 2.5, 100,20 meecs; ¥= 1 mm/sec.
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Pigure 7. Melt pool in the silicon film for Py= LEW, W= 53 um
ut = 1,25, 10, meecs; Ve 20 mmy/sec.

2mmysec the shape of the pool is only slightly dis-
torted due to the effect of the translational speed of
the target material, The calculated diameter in the x-
direction is 112.4ym and the diameter in the y-
direction is 110.6 jum. The experimental value of the
average molten pool diameter was 199 um[17], indi-
cating a relatively good agreement between the nu-
mercal and experimental results. Figure 7 shows the
melt pool size for the same laser beam parameters il
V= 20mmfsec, As the ranslational speed is increased,
the melt pool becomes smaller, The shrinkage of the
molien pool at higher rranslational speeds may be
explained in the following manner. When the laser
beam is applied on the surface of the target, a melt
pool will be created if the laser beam power is
sufficient. If the relative ranslational speed berween
the target and the heat source is zem, increasing
portion of the incident energy is accumulated in the
pool, thereby increasing the melt pool diameter until
& quasi-static state is reached. Howevere, if the rela-
tive ranslational speed is not zero, the high intensity
portion of the source will be convected away from the
initially created melt pool, resulting in a smaller pool
gize, In this case more energy is stored in the tanet
material a5 sensible heal rather than latent heat as
compared to the zero speed case, The molen pool
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Figure 8, Melt pool in the silicon film for P_=1.8W, W,_=36
pum, W, = 76 pm, a2 b= 12,5, 1020, msec; V= 2 mmsec.
movement inthe x-direction is still very small for the
speed of about 5 mmy/sec, but becomes quite notice-
able for the higher speeds.

Figure & shows the melt pool size for a laser beam
with elliptic inensity distribution. The calculated
lengths of the major and minor axes of the elliptically
shpaed molten pool along the x- and y-directions, at
t= 20 msec, are 144 and 30 pm respectively. The
commesponding experimental values are 166 and 73

&0
10 yres:
ﬂl
S5ms
- 1 1
E
= 207
401
ims
A0 4 1ms
] T T T T T
A0 80 20 0 2 40 B0 BD

x (microns)

Figure 9. Melt poal in the silicon film for Po= 18 W, W, =22
pm, W, = 100 pm, af t= 1,2.5,10,20, mses; V=40 mm/sec.
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TEMPERATURE OF SIICON FILW st 10 ma
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Figure 10. Contoar plod of the temiperature filed in the
silicon layer at = 10 msec, for P = LEW. W, =53 pm, V=
40 mmysec,

pm [ 17]. Relatively good agreement between experi-
menial and theoretical results is confirmed. Figures 9
shows the melt pool growth for the same elliptic lxser
beam parameters, and for V= 40 mm/sec. It is noted
that an increase in the translational speed results in a
smaller melt pool size, a shorer time required ©
reach steady state melt pool size, and & more pro-
nounced distortion of the molten pool shape.
Figure 10 shows a contour plotof the temperature
in a silicon film moving at a speed of V=40 mm/sec,
irradiated by a laser beam of circular shapes with P =
1.8 W, W, = 53 um, at t= 10 msec. An elliptically
shaped laser beam with W, = 22 pm, W, = 100 pm
generates the emperaure filed shown in Figure 11

CONCLUSIONS

The three-dimensional heat transfer problem involv-
ing melting a silicon film on wp of a glass substrate
waz studied. The target was imadiated by a moving
laser beam of specified temporal and spatial distribo-
tions of intensity. The iemperature distribution and
the size of melt pool in the film were calculated for a
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TEMPERATURE QF SILICON FILM at 10

=400 =-18.00 11.08 #4100
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Figure 11. Contour plot of the temperatare filed in the silicon
layer sl t= 10 msec, for o= LEW, W, =38 pm, V= 40 mm/sec.

range of beam parameters. The effects of the transla-
tional velocity of the beam on the shape and size of
the melt pool as well as the isotherms were investi-
pated.

ACKNOWLEDGEMENT

Support to this work by the National Science Founda-
tion, under Grant CTS-9086253 s gratefully ac-
knowledged, The helpof Scoit Taylor and Hee Kuwon
Park of the Depanment of Mechanical Engineering at
the University of California st Berkeley is appreci-
ated,

NOMENCLATURE
= specific heat
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&nd_+d_

d_ = encapsulating layer thickness
d = silicon film thickness

d_= substrate thickness

= enthalpy per onit volume

fi= Tiguid wolume fraction

b= heat ransfer coefficient al the bolfom surface

b= heat ransfer coefficient af the top surface
= numbering for grid points in x direction
= numbering for grid points in y direction
k= thermal condoctivity

L= Latent heat of fusion per unit volume
n_= number of laser beam peak wavelengths
F. = iotal power of laser beam

g, = absorbed heat flux

4= conduction heal loss

i,,= conveciion heal loss

g, = peak power intensity of the laser beam
R, = rellectivity

k= time

T= temperaiin

T, = bailing paint of silicon

T = malting point of silicon

T_'- iruiiial iﬂmhtm

W= velacity of largel in x-dirsction

x = coondinale in the scanning direction

X = x-comrdinate of the sobid-liquid interface
¥ = coondinaie in the ransverse direction

¥ = y-coondinaie of the solid-liquid interface

Greek letters

PRI B8
A= vavelength

p= density

o= Stafan-Bolizmann constant
s i

Subscripts
caps encapsulating layer
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i= inmer region

I= Biquid salicon

O QbEr Teghod

8= sobid sithoon

si= gilicon

ss= substmis

1= region of lumped layers
2= substrate region

A = wavelengih

Superscripts
+ = gmissive loss towards the op
- = gmissive loss owands the botbom

= valoe af the new Ime
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