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A Thermal Model for Silicon-on-Insulator Multilayer
Structure in Silicon Recrystallization

Using Tungsten Lamp
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Abstract

A one-dimensional distribution of the temperature and the heat source in the SOI (silicon-
on-insulator) multi-layer structure illuminated by tungsten lamps from both sides was obtained
by solving the heat equation in steady state on a finite difference grid using successive over-
relaxation method, The heat source distribution was obtained by considering such features as
spectral components of the light source, multiple reflection at the internal interfaces, tempera-
ture and frequency dependence of the light absorption coefficient, etc. The front and back
surface temperatures, which are boundary conditions for the heat equation, were derived from
a requirement that they satisfy the radiation conditions. The radiation flux as well as the
conduction flux was considered in modelling the thermal behaviour at the internal interfaces.
Since the temperature and the heat source profiles are strongly dependent upon each other,
the calculation of each profile was iterated using the updated profile of the other until they
are consistent with each other. The experimental temperature at the front surface of the
wafer as measured by pyrometer was about 1200°K, while the simulated temperature was
1120°K.

I. Introduction
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crystalline silicon film on insulating sub-
strates for applications in VLSI and VHSIC
devices. Compared to the laser beam, the

recently proposed cw incoherent light sourcell:2)

has made it
crystalline films with larger grain structure

possible to grow single

and lower point defect density at a higher
throughput rate. In both cases, a knowledge
of the temperature profile in the polisilicon
film as well as in the silicon substrate is essen-
tial in estimating the optimal light source
intensity, the thickness of various dielectric
films in the wafer, and to study the physics
involved in melting and recrystallization.

Temperature profile in the bulk semiconduc-
tor due to the laser beam was obtained analy-
tically by several workers.[345]  When the
light source is not monochromatic and the
temperature dependence of the light absorption
coefficient has to be considered, the solution
can only be obtained using an iterative numeri-
cal method. Lietola et al.[!) calculated the
temperature profile in the bulk silicon in the
‘heat sink’ mode, where the backside of the
silicon wafer is at a certain fixed temperature,

An experimental scheme for recrystallizing
polysilicon film is shown in Fig. 1. A 0.5um
thick polysilicon film was deposited on the
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continuously flushed with argon gas. The wafer
is heated from the backside up to 900°C-
1100°C due to the illumination from the
bottom tungsten lamp. A molten zone is
created in the polysilicon film by the top
tungsten lamp focused on the front surface,
and scanned at the velocity of 0.1~1mm/sec.
The width of the focused beam perpendicular
to the scanning direction is about 2.5 c¢m,
and the length in the scanning direction is
about 4mm.

I1. Heat Source Profile

The spectral power distribution of the
tungsten lamp at 2800°K as derived from
the black body radiation function and the
spectral emissivity data of tungsten(6l s
shown in Fig. 2. In this simulation, we con-
sidered only the spectral components within
the range, (0.4 um, 3.0 um). It is assumed
that the light energy absorbed in silicon is
totally converted to heat source, and the
absorption in SiQ, is negligible, The absorp-
tion coefficient of silicon, a, is a function of
wavelength and temperature and is given
by[7,8]

0.5 um thick SiQ, layer which was thermally
grown in the silicon wafer. A dielectric capping
film, which is 2 um thick CVD 8i0O, in Fig. 1, is
usually deposited on top of the polysilicon film
to prevent the impurity contamination and to
act as a mechanical support.

(E~Eg(T)-0.0575) (E—Ey(T)+0.0575)?
+
1-—exp(—670/T) exp (670/T)—1
4.73x10-4T*

where Eg(T)=1 AT (eV).
T+ 636

a(\,T) = 6000

The wafer sits
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£ | NORMALIZED TO THE TOTAL POWER
£ DENSITY OF 1W/em?
TOP LAMP -
b =
f GUARTZ TUBE I S EY A L~ N
z
Argon Gos o
cvD S0z ~[eum |0 8um PoLy 15
—— [£3]
. 0 5um $i02 ¥
—— L Silicon [50Cu-m e o ) 30
Gioss Suppeort Isocow L WAVELENGTH[ gm|
. [+
Fig. 2. Spectrum of tungsten lamp at 2800 K
QUARTZ TUBE 3

normalized such that total power is
1W/cm?. The shaded region denotes
the portion of the spectrum that would
pass through 4 um thick silicon film,

BOTTOM LAMP

Fig. 1. Schematic view of experimental setup
for recrystallization of polysilicon film.
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A simple method to calculate the heat
source profile due to the top lamp (see Fig. 1)
is illustrated in Fig. 3. In Fig. 3(a), the front
surface of the wafer (the interface between air
and the capping oxide) is placed at x=0. A very
thin (= 300A) SisN, film is quite commonly
used along with the SiO, to act as capping
layer, but it can be regarded as a part of SiO,
or neglected because the refractive index of
Si3N4 is quite close to that of Si0,(=2.0)
and its thickness is negligible. Reflection
occurs at the material interfaces: the oxide
1/poly interface (x=L;), the poly/oxide 2
- interface (x=L,) and the oxide 2/bulk silicon
interface (x=Lg3). I, is the intensity of light
incident on the surface (x=0), and the part of
I, transmitted at x=0 is represented by I'o-
Since the incoming light, I;)
tiple internal reflections at every material
interface, the signal flow graph as shown in
Fig. 3(b) is introduced to obtain the light
intensity as a function of location. Reflectivity

, will undergo mul-

at the material interfaces is a function of the
refractive indices of the two neighboring
materials and is not a quantity dependent on
the propagating direction of the light. Re-
flectivities at x=0, L,, L,, and L, are re-
presented in Fig. 3(a) as R, Ry, R, and Rj,
The actual values used in the
simulation are shown in Table 1, which were
obtained from references [9, 10]. These
values are all assumed to be constant through-
out the wavelength range (0.4 um,3.0 um)
considered here,

respectively.

Table 1. Reflectivity values at various inter-

faces.
Solid Si/SiO, interface 0.15
Solid Si/air interface 0.3
Liquid Si/SiO, interface 0.6
Liquid Si/air interface 0.73
SiO, /air interface 0.04

In Fig. 3(b), each interface has two points
associated with itself. The left point denotes

the intensity of light traveling to the left, and
the right one denotes the intensity of light
traveling to the right. For example, Iy, is the
intensity of light at x=L;, traveling to the
left, and Ilp is th intensity of light at x=L,,
traveling to the right. The term Ilr can be
considered the sum of the reflected com-
ponent, RiI, while the term I;  represents
the sum of AR;°ly. and (1-R1)Io, where A
denotes the attenuation in the polysilicon
film given by

L,
A=exp I—J a(x) dx|
L, (x)

The light intensity in the polysilicon film,
I,(x), can be written as

X
L (x)=1; gexp l_le a(x"dx'|+
L, ' '
IZI-epr*J a(x)dx| , L)< x<L,, eq.(1)
X

and the light intensity in the bulk silicon,
Ib(x), can be written as

X
I,(X)=13s-exp l—fL a(x)dx'|, x>Ls eq.(2)

3
I, Ip; and Ip¢ are obtained by solving a set

of equations (3) thru (6), represented by the
flow graph in Fig. 3(b).

Ie=(1-Ry) I + AR} I, eq. (3)
Lr=ARy- 1} H(1-Ry)i3; eq. (4)
Lyi=A(1-RI +Ry I3, eq. (5)
I3;=R3- Ip¢ eq. (6)

The resulting values for Iy¢ Iy, and Ig¢sub-

script are
1-R; , y
1= I eq. (7
1= 18 (o)
1-Ry i}
121' = P | eq- (8)
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Fig. 3. (a) Light components in the frontal
region of the wafer.
(b) Flow graph of the light components.

The heat source per unit volume, A(X)
which has a unit of W/cm?, is equal to the
decrement of the light intensity (unit: W/cm?)
per unit length, ie.,

dI(x)
dx

A(x)= eq. (10)

According to the definition, dI{(x)=a(x).
I(x), for the absorption coefficient, o(x),
the heat source per unit volume, A(X), can be
represented by

A(x)=a(x)I(x) eq.(11)

Since the absorption coefficient, «, is a
strong function of wavelength and temperature
(which is again a function of position, x),
eq.(11) can be generalized to incorporate the
wavelength dependence;

A\ x)=a(\,x) I(A,x) eq.(12)
If we assume that spectral distribution of the

incoming light is F(\), the total heat source,
A(x), generated by the incoming light is given
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by the integral of the spectral components
within the wavelength region (Ay, A2), that is,
.7\2
A(x)= j}\ AQLX) - FQV dX eq. (13)
1
The procedure for obtaining A(x) is imple-

mented in the subroutine TSOURCE, and its
flow chart is shown in Fig. 4.

Spectral Distribution of
Light Source ;
CALL. SPECDATA, F{X)

from initia! gssumption
or SOR, T=T(X)

Temperature Distribution; 1

Compute absorption coefficient, a{i,T)
CALL ABSOR

1= lgexp {—u(x,‘r)»xl

1

Compute spectral heot source, A(X,X)
CALL HSOURCE

AX) <2 s ain, T)- 1

1

Integrate A (X ,X)

A2
A(x)=fo(x,x)F()\)dx
al

RETURN

Fig. 4. Flow chart of the subroutine TSOUR-
CE. (Calculation of the heat source
profile) .

IIl. Temperature Profile

The temperature profile is calculated by
solving the heat equation.

— V<(KVT)=A eq. (14)
Where K denotes the thermal conductivity,
T, the temperature, and A is the heat source
term as derived in section II.

Equation (14) was solved in one dimension
on a finite difference grid using the SOR
(successive over relaxation) algorithm. Three
different mesh spacing were used to cover the
whole region as illustrated in Fig. 5(a). The
frontal region, from x=1 to x=LM], is dis-
cretized by the finest mesh (h;=0.05 um)
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and the mesh size for the bulk silicon (h,)
is 3.125 um., and that for the supporting glass
is 50 um. The mesh size discontinuity points
are chosen such that they do not coincide
with any material interfaces.

It is assumed that the thermal conductivity
of solid silicon is 0.23 W/cm °K, and that of
liquid silicon (above the melting point of
silicon 1689 °K) is 0.67 W/cm K. The three-
point finite difference scheme to solve the heat
equation at the i-th point is illustrated in
Fig. 5(b) and the equation to be solved is

Ti-Tity
K. -

Ti.1—Tjj h;+h,
i h, h,

A eq. (15)

We incorporated the SOR algorithm to solve

the equation (15);

(nt+1) ) (n) (nt+1)
T; =(1-w) T(n +a
1 ( i +w|alTi+1 2T1_1
h, hy
+2K- Al eq. (16)
i
h, h,
Where o, = On = d w is the
" hythy Y2 hyen, o 009!

over-relaxation factor (1<w<2). The super-
script in eq.(16) denotes the number of itera-
tions.

When the mesh size is uniform, i.e., h;=h,=
h, eq.(16) is simplified as

M= —w)Ti(“)+—;)—-

(n) (n+l) p?
ITip1 + T T Al
1

€q. (17)
While the equation (16), or (17), is sufficient to
describe the thermal behavior of the bulk of
material, the black body radiation term has
to be considered additionally at the material
interfaces to account for the heat exchange
due to radiation.

The net radiation flux, Frad, at the material
interface can be written as

Frg=o0le el T eq. (18)

where 0 is the Stefan-Boltzman constant,
5.67x10"*W-em™?-°K™*, and le; —e,| is the
absolute difference of the emissivities of two
neighboring materials. Therefore, Eq.(14)
has to be modified at the interfaces at Eq.(19);

V(KVT)=A—0T? |, ¢, | eq. (19)
Newton’s method was used to solve the eq.(19)
which is nonlinear in T.
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Fig. 5. (a) Allocation of mesh size for each
region.
(b) Finite difference scheme.

Although it is generally believed that the
emissivity of silicon, € is a function of wave-
length and temperature, the emissivity data
available from the literature fall short of
covering the region of our interest. Reference
[11] covers the data from T=1000°K to
1688°K for one wavelength X\ = 0.65 um.
Another set of data is available from [12] for
the range 0.3 um <A<I15um, but only for
1073°K.
is a slowly varying function of both wave-

temperatures below Assuming €
length and temperature, we extrapolated the
avilable data to obtain a constant value of
Esi=0'5 in the region of interest. On the other
hand, total emissivity of SiO, was assumed to
be 0.18 while that of air was assumed to
be 0.1,

In the following we consider the front
surface (the interface between air and the
capping SiO, film) and the back surface (the
interface between glass support and air). If
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the temperature values and/or their derivatives
are known at both boundaries, the equation
can be solved unambiguously for the whole
region. In our case, the boundary conditions
at the front and the back surfaces are specified
by the conduction flux and the radiation flux.
As an example, the flux continuity at the front

surface can be written as

Feon = Frad eq. (20)

T, T,
where F. . =K- N eq.(21)
and F 4 = 0€T} eq. (22)
T, denotes the the surface tempersture,

and T,, the temperature at the grid point
just inside the surface.

SOR calculates the temper-
ature profile given the heat source profile

Subroutine
data and the front surface temperature as
The flow chart of SOR is shown
in Fig. 6. The heat source profile comes from
subroutine TSOURCE as explained in section
[I. The front surface temperature T,, is an

input data,

input parameter to SOR which is initially set
to an arbitrary value and subsequently im-
proved by iteration. The accuracy of T, can

be measured by a relative error, 8,

Fcon ~ Fraq

6= eq. (23)

con

The Yth guess for Ty, Tle is calculated using
two previous guesses for T, and the associated
errors,

T : eq. (24)
5§82 —50-1

-1 _
0 69—2. TQ _69—1.'1*;12 2

Equation (24) is used to improve T;, until
the relevant error becomes sufficiently small,
The use of this scheme leads to the unique
convergence of the front surface temperature,
regardless of the first two guesses. (Since
eq. (24) improves T, -value using two previous
guesses, the first two initial guesses are made
arbitrarily.)
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n
Temperoture Dota, Tlx Heat Source Data, A
from 1nitial assumption
or previous SOR from TSOQURCE

!

Solve
-V-KIT 'A‘-O'T?(({c

Solve
v KT= €y O TH€5T Tor

nsiter OR

max [T}m - T,‘"")lsen
i

Fig. 6 Flow chart of the subroutine
SOR. (Calculation of the
temperature profile)

Figure 7 shows two different examples of
the convergence of the temperature at the
front surface of the wafer, T,. In case I, the
first two guesses are 3000°K anleOOoK, where
as in case II, they are 1500°K and 2000°K,
respectivey. In either case, T; converges to
the 1742°K. Con-
vergence was accelerated in case II, where

same value, which is

the initial guess of T; was much closer to the
exact value. The decrease of the error (see

Cose | Case 0

3000 5 . Coon-Frod 4z |pooo 42
Feon
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¥ \
= Frag=¢o T4
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£ \
K | '
¥ A
5 2000
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»
4
000
1 A 1 1 Il L 1 - 1 L 4 1 1 1. J
1 2 E) L T a 9 [+ 1 5 7 8

« 2
ITERATION NUMBER ITERATION  NUMBER

(a) (b)
Fig, 7. Converge of the front surface temper-
ature with iteration,

RELATIVE ERROR, 8
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eq, (23)) was fairly monotonic in case II, while
in case I the convergence was not obtained
until after the seventh iteration.

Finally, the flow chart of the overall scheme
is shown in Fig. 8. The outermost interation
when the temperature profile. is consistent
with the heat source profile.

Imitial ossumption of
Temperature .'T, {ye1~N)

CALL TSOURCE

. 5!—2,»&'—1 '8‘71' k-2

K
T R

CALL SOR

Fig. 8. Flow chart of the overall calculation
Scheme.

Result

Simulation results were summarized in
Fig. 9 through Fig. 11. Average CPU run time
of the program written in FORTRAN IV was
about 15 seconds on CRAY-1. Fig. 9 shows
the calculated heat source profile as generated
by absorbing the incoming light from both
front-side and back-side. The solid line re-
presents the heat source profile within the
silicon wafer when the power density of the
incoming light on front of the wafer, Pf (due to
the top lamp in Fig. 1) is 160 W/cm? and the
incoming power density at the backside of the
wafer, Pb (due to the bottom lamp in Fig. 1)
is 257 W/em? .

It is noted that most of the heat source
generated within the silicon due to the top

lamp is confined within the 0.5 um thick
polysilicon film, which is due to the high
reflectivity (= 0,73) at the SiOz/liquid silicon
Quantitatively, a total of 74.5%
of the incoming power from the top lamp
is reflected back into the air, 17.6% is absorbed
in the 0.5 um poly film, and the remaining
7.9% is absorbed in the bulk silicon.

interface,

102 Sileon . Gloss  §
A~ ~je
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I due © due to
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Depth from Surfoce [gum]

Fig. 9. Heat source profile and overall tempera-
ture profile in the original and ‘seed’
structure when the top lamp power is
160 W/cm®, and the bottom lamp
power is 25.7 W/cm?.

On the other hand, 34% of the bottom lamp
power is absorbed within the bulk silicon.
In Fig. 1 we have shown the portion of the
spectrum of tungsten lamp which will not be
absorbed with 4 um thick silicon as a shaded
Since more than 80% of the total
power is absorbed within the first 4 microns,

region,

the heat source generated by the bottom lamp
can be considered to be located at the bulk
silicon/glass interface. It was observed that the
distribution of the heat source at the wafer
backside has a negligible effect on the temper-
ature profile in the frontal region of the wafer
where our main interest lies, as long as the
total magnitude of the backside heat source
is conserved.

Fig. 10 shows the calculated temperature
profile from the front surface of the wafer
down to the backside of 3.5mm thick support
glass. Three examples, denoted by (a), (b)
and (c), are shown where, Pf=160 W/cm2
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and Py=25.7 Wjem® in (a), while the bottom
famp was removed (Pb=0) in (b), and the top
lamp was removed (Pf=0) in (¢), respectively.
The temperature fluctuation within the silicon
wafer was less than 2°C for all examples, which
seems to be due to the relatively high thermal
conductivity of solid silicon (= 0.23 W/em* °K)
and the molten silicon (0.67 W/cm- °K) com-
pared to the thermal conductivity of SiO,
of 0.02 W/em- °K.

1800}
P lo} !
i (Prroa® BOWCRR, Py 25 7Wem?) '
L to) \\*_E
1600 mult loyer | tpy t60wen? POy ———e ]
. 1 b )
— ey
[ sicon | Gloss [P
" 3
< 1 !
L ) ) -
s ool ! Py
5
H ' p 8
I
§ !
1
* i !
! |
|
12004 1 i
| |
1 {c} (Py=0, Pp=257Wemd) '
} —
1
1
'
I |
1000 L s L 1
o 503 1000 2600 3000 3503

Depth from Surface | pm)

Fig. 10. Temperature profile in the original
structure: (s) when P=160 W/cm?
and Py =25.7 Wjcm?, (b) when P, =0,
and (c) when Pf=0, respectively.

The temperature at the front surface of the
wafer is shown to be higher than the melting
point of silicon (1689 °K) for the case, (a),
while (b) and (c¢) shows the front surface
temperature below the melting point. This
was also experimentally verified by observing
the strip-shaped shiny molten zone on the sili-
con surface only for the case of (a). The
actual temperature of the front surface of the
wafer for the case of (c), where the top lamp
was turned off, was measured using the bino-
cular-type pyrometer to be in the range
between 1150°K and 1290°K which is about
100°K higher than the simulation result (see
Fig. 11).
in the temperature measurement cannot accu-

Since the optical pyrometer used

rately measure the target temperature when
the light from the external source is reflected
at the target surface and enters the pyrometer
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disturbing the black-body radiation from the
target, the front surface temperature was
not experimentally obtained for the case of
(a) and (b). Fig. 11 shows the calculated
temperature at the surface of the wafer for
various Py and Py, which can be used as a
guideline for setting the power of the front
lamp and the bottom lamp.

2000 — — — — — — — T 9
!
- !
|
I BOTTOM LAMP
POWER DENSITY = 25.7 W/em?

T 12.8 W/em? :
¥ [ SILICON MELTING POINT |
gwoo —————— — e

6.4W/cm2 {
& ¢ |
4
& [
._
" |
2 !
© |
?
{
w
5 {
2
é woH A/fM~+— —— - d— — — — — —— — 4
2 EXPERIMENTAL RESULT |
WHEN BOTTOM LAMP POWER®25.7W/em2 |
} J
[ | i
L | [
| |
| I 1 1 1 1 It " i |
100 200

TOP LAMP POWER DENSITY INCIDENT ON WAFER
SURFACE [ w/em?]
Fig. 11. Front surface temperature as a func-
tion of the top and the bottom lamp
power.

A similar calculation was carried out for
another silicon wafer sample which is identical
to that shown in Fig. 1 except that the underly-
ing Si0, film does not exist. This structure
represents the ‘seed’ region in the recrystal-
lization experiment where the polysilicon
film is in direct contact with the bulk silicon.
The calculated heat source profile in the
silicon was shown as a dotted line in Fig. 9,
About 12.4% of the incoming power from the
top lamp was absorbed in the 0.5 um thick
polysilicon film, and 23.6% was absorbed in
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the bulk silicon, while the remaining 64%
was reflected back into air.

Compared to the former case when there is
a SiO,; film between polysilicon and the bulk
silicon, the power absorbed in the polysilicon
decreased, while that in the bulk silicon incre-
ased. This is due to the fact that there is no
reflection at the polysilicon/bulk interface
and the heat source is less confined in the
polysilicon in the ‘seed’ structure.

The total percentage of the incoming power
absorbed in the wafer is 36% in the ‘seed’
structure, and 25.7% in the former structure,
and the calculated temperature at the front
surface of the wafer in the ‘seed’ structure is
about 100°C higher than that in the original
structure.

An experimental observation that the width
of the molten zone on the silicon wafer in
perpendicular to the scanning direction broa-
dens somewhat as the molten zone leaves the
seed region and enters the original film struc-
ture seems to disagree with the above simula-
tion result. It is to be noted that the adjust-
ment of the relevant model parameters used in
this simulation such as spectral emissivity,
reflectivity, etc.,, which are not well docu-
mented for our interested region, could result
a significant change in the calculated tem-
perature profile, but was not tried in this work.

Conclusion

A one-dimensional program was developed
to calculate the heat source and the tem-
perature profile in a SOl multilayer structure
illuminated by incoherent light. The calcula-
tion of heat source profile takes into account
the multiple reflections at the internal inter-
faces, the spectrum of light source, and the
temperature and wavelength dependence of
the absorption coefficient. The inter-depend-
ence property of the heat source and temper-
ature upon each other is handled by continuing
the solution for one with an assumption of the
other until they are consistent with each other.
The only input to this program is the power

density of the incoming light source,

Considering the limitation coming from
the measurement of the temperature, and the
fact that the relevant model parameters such
as spectral emissivity and reflectivity are not
well characterized, it is suggested that the
simulation result should be used as a guideline
in the setup of experiment to predict the
effect of the experimental parameters such as
lamp power, film thickness, etc. on the tem-
perature profile, rather than a means for
obtaining the exact absolute temperature
profile in the silicon,
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