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Abstract

The phase transitions in thin layers of amorphous silicon on the quartz sub-
strate caused by pulsed-laser irradiation are studied as a four-phase moving
boundary problem with three moving boundaries using a nonequilibrium
thermal model. Three phases, namely the liquid silicon (1-Si), the polycrys-
talline silicon (pc-Si), and amorphous silicon (a-Si) are treated explicitly,
and the fourth phase, Si vapor, is included in the boundary conditions for I-
Si. The numerical solution is performed using the Landau transformations,
Galerkin finite element method and successive approximation approach with
underrelaxation. In a practical application of the numerical model, the XeCl
excimer laser irradiation of a-Si layers on quartz substrate is simulated. The
effect of the numerical parameters of the model, of the pulse energy density
and of the initial thickness of the a-Si layer is discussed.

1 Introduction

High quality polycrystalline silicon layers deposited onto inexpensive sub-
strates have become an object of technological interest of electronics indus-
try in recent years. Recrystallization of thin amorphous silicon layers due to
light sources proved to be a very suitable method for preparing pc-Si, which
is often used, e.g., as a metal gate in metal-oxide-semiconductor transistors
(1]. Many theoretical and experimental studies have appeared dealing with
the crystallization process of a-Si induced by pulsed-laser irradiation (e.g.,
[2-5]). In this paper, we present a computational model of pulsed-laser irra-
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diation of an a-Si thin film which is based on the experimental work having
been done before.

2 Physical model

In accordance with the results of the experimental work published in [2-5],
we assume that the pulsed-laser induced phase changes in a-Si proceed as
follows: The solid material is heated by the energy of the laser pulse until the
surface reaches the temperature T,.. Then, the solid-state crystallization of
a-Si is initiated, resulting in the formation of pc-Si. The absorption of the
pulse energy together with the release of the latent heat of a-Si — pc-Si
transition leads relatively fast to the melting of the pc-Si surface and to the
appearance of the liquid silicon. With a further temperature increase, also
evaporation from the surface may become important [6].

After some time, the position of the 1-Si/pc-Si interface reaches its max-
imum value due to the decrease of the absorbed laser energy. The melting
process is then stopped and crystallization from the melt begins. Since the
substrate is pc-Si previously recrystallized from a-Si, we can also assume
that the product of the crystallization from the melt will be pc-Si. How-
ever, the grain size of the newly formed pc-Si may differ from that of the
pc-Si substrate, since the process is running at a different temperature and
velocity conditions at the interface than the previous a-Si — pc-Si transi-
tion. Therefore, the values of the thermal conductivity K,. and of other
thermophysical parameters may be different from those used before. Also,
the latent heat of crystallization, L,., released during this process, and the
equilibrium temperature of the 1-Si — pc-Si transition, Ty, need not gener-
ally be identical to the corresponding values, L,, . and T}, pc, for the melting
process.

Finally, the 1-Si/pc-Si interface reaches the surface and the crystallization
.is completed. As a result, the following sandwich structure of the sample
can be formed. On the top, there are two pc-Si layers with possibly different
grain sizes, localized on the remaining a-Si and the substrate (fused quartz,
for instance).

3 Mathematical model

From the mathematical point of view, the described process can be classified
as a four-phase moving boundary problem with three moving boundaries.
Three phases, 1-Si, pc-Si, and a-Si are treated explicitly, and the fourth
phase, Si vapor, is included in the boundary conditions for 1-Si. Supposing
the one-dimensional heat conduction to be the dominant mode of energy
transfer, we can write the energy balances in the form

oT; d ( , OT;

pici_é? = ‘8’:‘: I‘zéj) + S,‘("L',t), = pc,a,l,s, (1)
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where p is the density, c the specific heat, T' the temperature, K the thermal
conductivity, S the volume heating term due to the laser irradiation (see
(6] for the exact form of this term), the indices pc,a,! are related to the
polycrystalline, amorphous and liquid phases, resp., the index s means the
substrate.

As in our previous work [6] we consider all phase changes to be nonequi-
librium, which follows from the rapidity of the processes. Therefore, on
every phase interface, we have one heat balance condition and one kinetic
condition.

In the case of evaporation into vacuum, the conditions on the liquid/vapor
interface (surface of the sample) can be expressed as follows:

dZ - K (8T1

piLy,— ——) ~easp(Ty, — T2, (2)
de oz e=70(t)s

dZ, F / M
— TS . 10~(A/Tz)+B 3
dt Pl 27I'Ry Zo ’ ( )

where Z, is the position of the liquid/vapor interface, € the emissivity from
the liquid surface, osp the Stefan-Boltzmann constant, Tz, the temperature
of the liquid/vapor interface, L, the latent heat of evaporation, M the molar
mass, iy the universal gas constant, 7, the temperature of the surroundings,
l.e.,in z — —oo, A, B,C, F are constants (see [6], for details).

On the pc-Si/1-Si interface we have

C T
pchm,pc% = K, QT_” - K, & , (4)
di Oz z=Z, (t)4 T ) e=z(0)-
dz .
—dt_] = Pl(TZJ - Tmypc), (5)

where Ly e = Lo + Lq e is the latent heat of melting of pc-Si, Ly is
the latent heat of melting of amorphous silicon, L, . the latent heat of the
a-S5i — pc-Si transition, Z; the position of the pc-Si/1-Si interface, Fy is
a constant [7].

Finally, on the pc-Si/a-Si interface we can write

T c Ta
paLa,pC% — Kpc <8_7’> - K, (?__> , (6)
dt Oz o= Za(1). oz e=Za(1)s
dZ
?tl = F2(T22 - Tac)’ (7)

where Z, is the position of the pc-Si/a-Si interface, F, is a constant [7], the
pc-Si/a-Si interface velocity dZ;/d¢ is assumed to be always positive since
the reverse transition pc-Si — a-Si is not considered.
The other boundary conditions and the initial conditions have the form
oT

S0 =0, ®)
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T(x,0) = To = const., x € [0, D], 9)
where D is the thickness of the sample.

4 Numerical solution

First, we use the Landau transformations to map the domains occupied by
the particular phases onto fixed space intervals £ € [0,1]. We thus write

T — Zo(t)
Za(t) = Zo(t)’

in the liquid and employ similar transformations in the other phases.
Equation (1) is then for the liquid phase transformed into

0 dz, dZo| 0T 1 5} (1{ 8T1>
1

€= T € [Zo(t), Z1(8)], (11)

(% = Zomazgy = e |\ + (=857 57 = 7756 | M5
+ (21 = Zo)Si(E,1), (12)

and for the other phases transforms analogously. The interface conditions
(2), (4), (6) change their form accordingly. The other equations are not
changed, only in (8) and (9) D has to be replaced by 1, and z by ¢.

To solve the fixed-domain initial-boundary value problem obtained after
transformations we employ the Galerkin finite element method. We approx-
imate the temperature field in each finite element by T' &~ (N)*{T'}*¢, where
(N)® is the row vector of linear basis functions on the element and {7'}° is
the column vector of the nodal values of temperature. Note that we use the
standard FEM notation (), {-} for the row and column vectors and denote
square matrices by square brackets, [-].

Performing the localization of the element matrices and vectors into the
global ones we use conditions (4), (6) for coupling the global matrices of the
individual phases and the condition (2) as a Neumann condition at £ = 0
in the liquid phase. The condition (8) is then processed as a Neumann
condition at { =1 in the substrate. Conditions (3), (5) and (7) are used in
the iteration procedure described later.

The space discretization leads to a system of ordinary differential equa-
tions for {T'}, which is then subject of discretization in time. Supposing now
that the initial state {T'}; is known, we get a system of nonlinear algebraic
equations for {T'};4a; which can be schematically expressed as

(H(Zo, 20, 21, 21, Z2, Z2){T }esare =
(P(Zo, Zo, Z1, Zy, Z2y Z2) AT }e — {U(Zo, Z1, Z2)} — {B(Zo, Z1, Z2)}, (13)

where the vector {U} contains the volume source terms, { B} represents the
boundary conditions, and the dots denote time derivatives.
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To proceed with the solution from time ¢ to ¢ + At we have to solve
the system of equations (13), (3), (5), (7). We use the following iteration
algorithm in each time step:

Lo Put 200t + A1) = 2,(t), Z0(t + At = Zy(1), Z0( + A =
Za(t), Z0(t + At) = Zy(t), 20t + At) = Zo(1), ZsV(t + At) = Zo(t).
2. Compute {T}gfm from (13) using 2V (¢ + At), Zl(l)(t +A), Z8M( +
At), Z(t+ A, 280t + At), 200 + Ar).
3. Compute Z1(2)(t+At) from (5), Z§2)(t+At) from (7) and Zé”(t—kAt)
: (1)
from (3) using {T'}; s,
4. It
20+ at) - 20 + At
ZM(t + At)

2t 4+ At) - 20t + At)

> 6§ 5
ZM(t+ At

>4

ZP(0t + A1) — 280t + Ar)
ZM(t + At)

where 6 is a user tolerance, then choose ¢ € [0,1], put Zl(l)(t + At) =
aZ(t + At) + (1 — 20t + AL), Z0(t + At) = ¢2Pt + At) + (1 —
0) 23" (14 80), 2004+ 0t) = g2 (14 D)+ (1= ) 20 (14 ML), Z0(t 4 A) =
Zu(t)+ A2+ A1), 21+ At) = Zy(6) + Az 1+ ALY, 200+ AL) =
Zo(t) + AtZél)(t + At), and go back to Step 2.

Otherwise, put {T},4a; = {T}Ei)m, Zi(t + At) = ZI(Q)(t + At), Zy(t +
At) = ZP(+ A), Zo(t + At) = ZP( + AL), Zu(t + AY) = Zy(t) +
SOUZP 4+ A+ 20(1)), Za(t+D8) = Zo(t)+ LA ZP (44 M)+ Za(1)], Zo(t+
At) = Zo(t) + %At[Z'én(t + At) 4 Zo(t)] and go to the next time step.

> 6,

5 Computational experiments

The pulsed-laser induced phase change processes in the a-Si layers de-
posited on the quartz substrate were simulated for a XeCl excimer laser
(308 nm, 28 ns FWHM). The initial thickness A of the a-Si layer var-
ied from 50 nm to 8000 nm, the laser energy density E was in the range
[0.05Jcm™?,1.00 Jem™?]. The thermophysical and optical data for a-Si, pc-
Si, 1-5i, and quartz necessary for our model were taken from Refs. [7-15].
First, we performed numerical tests of the computational model. We
varied the length of finite elements L; in the individual phases and mate-
rials and the maximum allowable time step Atp.y, and we also tested the
influence of the relaxation factor ¢ and of the tolerance 6. Our aim was
to find the optimum values of these parameters that would guarantee 0.1%
agreement in the characteristic values of the temperature field and the in-
terface positions and velocities as compared with the maximum-accuracy
case. The optimum parameters found were L,_g; = 0.5 nm, L, s; = 1 nm,
Lpe—si=1nm, Ly = 20nm, Atpaxy = 1 x 1073 ns, § = 1074, ¢ = 0.5.
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Figure la: Time histories of the sur-  Figure 1b: Time histories of the sub-
face temperatures for A = 230 nm.  strate temperatures for A = 230 nm.

Then, we studied the influence of the pulse energy density E. Fig. la
shows the surface temperature for A = 230 nm and lower values of E. The
first peak in temperature profiles gives an evidence of solid-state crystalliza-
tion from the surface which is accompanied by fast release of latent heat.
The second maximum corresponds to the maximum power density of the
laser pulse. The solid-state crystallization threshold E,. = 0.10 Jem~? and
melting threshold E,, = 0.15 Jem™2 can also be identified in this figure.
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Figure 2a: Position of the a-Si/pc-Si  Figure 2b: Position of the pc-Si/l-Si
interface for A = 230 nm. interface for A = 230 nm.

In Fig. 1b we present the history of substrate surface temperatures. At
E = 0.20 Jem~? the substrate achieves the temperature of a-Si to pc-Si
phase transition T,., and therefore the full 230 nm a-Si layer is crystallized
in solid state during the pulse. This is illustrated in Fig. 2a. The quartz
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substrate begins to melt at £ = 0.70 Jem=2 as shown in Fig. 2b.
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Figure 4a: Time histories of the Figure 4b: Time histories of the sub-
surface temperatures for E = 0.45 strate temperatures for £ = 0.45
J/cm?, J/cm?,

The computational analogs to the time-resolved reflectivity measure-
ments (TRR), which belong to standard experimental techniques (see [3])
and consist in monitoring the reflectivity of probe cw laser (e.g. the HeNe
laser) as a function of time, are presented in Fig. 3a and, in detail, in Fig.
3b. Apparently, the initial oscillations are a consequence of the pc-Si layer
appearance and growth that result in significant changes of optical proper-
ties of the system. The system is strongly optically nonhomogeneous since
the complex refraction index depends on temperature and also undergoes
jump changes at the interfaces between the particular layers.
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In the final set of computational experiments we investigated the influ-
ence of the initial thickness of the a-Si layer A € [50 nm, 8000 nm] for E
= 0.45 Jem™2. Figs. 4a,b show that the surface and substrate temperature
maxima decrease with increasing the a-Si layer thickness A. This is a con-
sequence of the fact that for A < 150 nm, the quartz substrate melts. The
latent heat of melting of quartz is approximately 6-7 times lower compared
to that of pc-Si, and therefore the melt front propagates faster and deeper
into the quartz layer. This is documented in Fig. 5a.
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Figure 5a: Position of the pc-Si/l-Si
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For A > 2000 nm the substrate temperature is basically unaffected by the
laser pulse and all processes take place in the a-Si layer. Fig. 5b illustrates
the physical reason of this fact. We can see here that for A > 500 nm the
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solid-state crystallization ends before reaching the substrate surface. The
latent heat release deep inside the a-Si layer then stops and deeper layers
are heated only by heat conduction which is, moreover, slower in a-Si and
quartz than in pc-Si.

Figs. 6a,b show the time evolution of reflectivities of the probe HeNe
laser and the incident XeCl laser, which illustrates well the physical phe-
nomena described before. The significant decrease in both HeNe and XeCl
reflectivities for A < 100 nm after the second peak corresponding to the
appearance of the liquid phase is an apparent consequence of the fast tem-
perature increase (see Fig. 4a) after the moment when the melt front moves
into the quartz substrate.

6 Conclusions

The computational simulations show that there are no significant changes in
the behavior of the system for the initial thickness A of the a-Si layer above
a certain limit depending on the energy density of the pulse. However, for
lower values of A, when the melt front enters the substrate, the lower latent
heat of melting of quartz causes a fast increase of the surface temperatures.
The initial oscillations in the HeNe laser reflectivity observed experimentally
by another authors in the time-resolved reflectivity measurements (4], which
are due to the a-Si to pc-Si phase transition, are reproduced by the model
successfully. It can be noticed that the model can be used with advantage to
estimate the values of both thermophysical and optical parameters of pc-Si
depending on the grain size, which have not been determined experimentally
until now.
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