Materials Science Forum Vol 594 (2008} pp 306-311
onling ai hitp./funew. scientific. net
© 2008 Trans Tech Publications, Switzerland

e, grain density
. An implicit fini
propetties are fuy
4 to handle the e
iy is considered a
Jse is employed [
fure.

Macro-Micro Modeling Analysis of Melting and Re-solidification of ¢
Fifms by Excimer Laser Annealing
Long-Sun Chao™ ® and Chien-Hung Ghang'* "

"Department of Engineering Science, National Cheng Kung University; 1 Ta-Hsueh Road: 1
Taiwan, 701, R.O.C.

*Department of Mechanical Engineering Air Force Institute of Technology GangShan 820, T
R.O.C. i

“Ischao@ mail.ncku.edu.tw, bbag@ hflow.es.ncku.edu.tw

teal Analysis ax
ing equation. D
peratiures inthe a-

The incident I
on the reflectivity
n heat transfers £
ficon film and glas:
Im or substrate.

Keywords: Macro-Micro Modeling, Nucleation, Poly-Si Thin Film, Laser Arnealing Technotogs}

Abstract. In this work, an macro-micro mode! has been developed for the melfing and resolidifi;
of thin Si films induced by excimer-laser amnealing. The macro-micro modef, coné}derin-g
formation of microstructures: nucleation and growth, can obtain the better resulis than macro-mg
Except temperature distributions, the macro-micro models can offer more information -3
solidification process, such as undercooling, grain size, grain density ete. These data could hel
predict the physical properties of materials. In this study, the finite difference method js utitize
solve the heat transfer problem. The specific heat/enthalpy methed and the source term scheme
employed to handle the shsorbed and released latent heat. The algorithm that allows for nucleati}
based on classical nucleation theory. Accordingly, the modet enables the prediction of grain siz
well as the caiculation of other critical responses of the a-Si film, such as undercooling, Froth
computational results, it can be found that when the laser fluence is higher, the cooling rate after]

laser of 248 nm
d profile of laser

irradiation is Jower, the maximum undercooling is smaller and the grain size is larger or the gt ar 8 .. or

density is lower. The average grain sizes, obtained from the simulation results of the proposed my e ”a*;{ Ee

agree fairly well with those from the experimental data reported in the literature. it can also be

that the reflectivity of the surface gives 2 good way to observe the phase changes and the mel ¢ pis density and k

duration. ' : rdiation energy of
e fraction of solid.
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Introduction

Recently, the excimer taser annealing (ELA) method is appiied to the fabrication of the:h
performance thin film transistors (TFTs) of poly-crystalline silicon for active-matrix liquid cry:
- display [1]. The laser-crystallized poly-Si is also used in producing thin-film solar cells)
Accordingly, making poly-Si thin films on glass substrate has become an important fabric
process. From the researches of the laser processing of poly-Si thin films, it reveals that the Wyt
growth of poly-Si films strongly depends on the absorbed energy from the incident laser pulse, ]
indicates that the solidification process of poly-Si films is influenced by the transient tempera
distributions in the 8i film [3]. The contro{ of surface temperature during the processing of a pu
laser is of critical importance [4]. However, the temperature distributions of Si thin films are diffi
to measure directly. Many labs have been trying to develop more accurate methods to find ouf:
temperature distributions. Consequently, it is helpful and significant to make theoretical analyses
the temperature fields of the Si films irradiated by pulsed laser techniques. :

Due to its technological importance, 1t is attractive to simulate the laser crystallization pro¢
in order to understand the effects of various process variables and optimize the conditions leading!
desirable microstructure. Many researches use macro~-models to deal with the phase change
cxcimer-laser annealing that is determined by temperature only{5-7]. However, macro-mod
exclude phenomena, such as nucleation and undercooling, which are characteristically seen in B -z

In this paper, we have developed a macro-micro model that takes into account the sale
phenomena. The macro-micro model, considering the formation of microstructures: nucleation ﬂl_l‘_i
growth, can obtain the better results than macro-models. Except temperature éistributions,'_-t_ﬁ'
macro-micro models can offer more information about sotidification process, stch as undercooling
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ize, grain density etc. These data can help to predict the mechanical properties of materials
- An implicit finite differonce method is set up to solve the heat conduction equation whose

roperties are function of temperature and the specific heat/enthalpy and source term methods
J to handle the release and absorption of latent heat. The spatial distribution of laser power
fy is considered as a trapezoidal shape while a time-dependent profile resembling the actual
se is employed [8]. The computing results are compared with the experimental ones reported

ture.
tical Analysis and Numerical Method

.rning equation. During the annealing process of excimer laser, it is quite difficult to measure
sinperatures in the a-5i thin film. However, it is feasible to use a mathematical model to study the
m. The incident laser energy to the silicon surface is partly absorbed and parily reflected,
1 on the reflectivity of the surface. Some of the absorbed energy is lost due to the convection and
tion heat transfers from the surface into the surrounding, while the rest is conducted throughout
Jicon film and glass substrate. The ahsorbed radiation energy can be regarded as the heat source
+ film or substrate, Heating and cooling pericds can be resclved by solving numerically the heat
fion, using the appropriate optical and thermal parameters. The mathematical models and
erical method are described as follows.

and resolidif;
el, considering..
than macro-meg,
information
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wethod is utilizeg

ce term schem “an 2-Si film of 500A in thickness on glass substrate is melted by the irradiation of a Ki¥
ws for nucleatis aer laser of 248 nm in wavelength and {s cooled down te form a poly-Si film after frradiation. A
ion of grain si soid profile of laser intensity 8] is used in the numerical computation and the pulse duration is
rrcooling, From' s, defined by the full width at half’ maximum (FWHM). The two-dimensional nonlinear heat
sling rate after Iy sion equation with temperature-dependent thermal properties is given by:
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s and the melij e p is density and k is thermal conductivity. £ is the heat source term, which is used to deal with

adiation energy of lager. Cp“ﬁ is the effective specific heat. L is latent heat and {5 is the focal
e fraction of solid,
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£ 7 is the normal direction of boundary, # is the coefficient of convection heat transfer, T, is the
onment temperature, € is emissivity and kg is the Stefan-Boltzmann constant. In this study, T is
be 300K and g is 0.22 [9].

he boundary condition of the bottom surface can be heat-insulated or a fixed temperature, which

. phase change’ s the same as the initial temperature.
er, macro-mode sourge term. Based on the Beer's law, the source term Q in Eq. 1 can be written as [10]
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where [, is the temporal distribution of the laser power per unit area, o is absorption coefficigs,
reflectivity, The magnitude of reflectivity would directly affect the absorptive energy of Work
from laser. Hatano et al. [9, 11] use an optical method to measure the reflectivity of the .8j this
The reflectivity is obviously affected by surface temperature of sificon film, especially when t;
film is in the liquid state. g
Latent heat and formation of microstructures. Macro-micro models differ from macrg Ohes
way of handling the latent heat. Before solidification, there is no difference between they,
enthaipy/specific heat method [12] is utitized to handle the latent heat during the melting proce;
the combined scheme of the enthalpy and the specific heat methods and has the advantages g¢
two methods, accuracy and fast convergence. The relationship among temperature, effective Si’
heat and enthalpy can be written a3

cp,g :(em’—] “‘Q”)/(T"ﬂ “““T")7
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where e is enthalpy and Cp¥ is effective specific heat. Once the temperature is lower than the i
point, the source term [13} is used instead to deal with the latent heat and the caloulation gp
volume fraction of solid, £, is needed.

For the macro-micro models, since grains are assumed to be spherical, the local volume &
of solid, f;, can be given by ) ;

LO=NO[(E3) 2R @]

where NV(t} is grain number per unit volume and R(¥) is grain radius.

In the nucleation step, according to classical nucleation theory (CNT), the model accoun
nucleation that occurs in the bulk liquid (homogeneous) as well as on a accelerative surface s
the Si/glass interface (heterogenecus). From CNT, the homogeneous and heterogeneous ra
nucleation are given by Eqs.(7} and (8), respectively.

IAT) :‘[w exp{-167c" /[ 3K,7, AG, (7;},)2:5} ¢
1,(5,) = 1, exp{-1670° . £ (0)/[3,7,06,(7, 7'} ¢

where kg is Boltzmann’s constant, I, and Jo, are kinetic prefactors, ¢ is surface energy, and AGI;(
is the difference in Gibbs free energy between liquid and sclid phases. The heterogencous.
includes the correction factor #8)=/2-3cos(@i+cos’(B)}/4. When 87/5t > 0 {i.e., the recalesce
oceurs), ¢V = §. This is the end point of nucleation step. o

In the growth step, the interface response function is used. The growth rate ¥ is assumed tob

Vo= u-AT {

where u is a proportionality constant, whereas previous studies have placed the value of this cans'ta_n_\

in the range of 6.7-7.2 cm s "K' [14]. AT is the undercooling which is equal to the difference o

and T. Ty is the melting temperature. The expression of R can be obtained by integrating Eq. (9). Fig. | Var
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where 7y is the critical radius.
The two-step Close-Pack model {15] is applied for the impingement step. The f; expression ¢
be written as
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¢ Numerical method. The governing equaticn was solved by using the finite difference method.
o the finite difference equations are nonlinear equations, the iterative method is used o solve
e equations. Compared with glass substrate, the a-8i film is very thin as well as the primary
ation zone of temperature. Accordingly, the unequal-spacing grid is used along the depth
~ction. Because the time between two laser shoots is much targer than the duration time of 3 laser
s, the an-uniform time step is utilized, The thermal properties used in this calculation are derived

mRef. 9, 16 and 17, in which the temperature dependence of the thermal conductivity and specific
itis consiclered.
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In order to measure the transient temperature and front reflectivity evolution when irradiated bya
the caleulation of j;

mer laser, Hatano et al. [9, 11} used i sity nanosecond time-resolved optical diagnostics to
hieve the estimations. The same experimental laser parameters are used in the calculation of
sient temperature distribution and front reflectivity during the jrradiation of the excimer laser. The
ufation provides detailed information about the solidification process. Fig. 1 shows the
;ﬁ'perature history on the Si surface at the beam center, which is seen {o rise to about 1550 K as the
i melts. At about 27 ns, the undercooling reaches to maximum value (i.e., the recalescence oceurs)
i it is the end point of nucleation with subsequent rise in temperature due to the released latent heat,
is is in contrast to the macro-model (shown by the dashed line), which does not take undercooling
d:nucleation into account. Fig. 2 shows a comparison between the measured [9] and calculated
rations of the average grain sizes versus laser fluences. In the figure, the computed average grain
es are very close {0 the measured ones.
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integrating Eq. (%). Fig. 1 Variation of computed surface temperature of the silicon film versus time

( Ancther observational quantity is the temporal variation of front reflectivity. Fig. 3 shows that the
ation of front reflectivities are consistent with the front temperatures. The reflectivity of the
ot surface give a good way to observe the phase change and the melting duration. The reflectivity
olid silicon is small, however, that of liquid silicon ig large. In Fig. 3, in the first several
lioseconds, the reflectivity goes up to a value, which is the reflectivity of liquid silicon. The
ctivity stays at this value for a while, which is the duration time of liquid silicon. After the
lescence occurs, the reflectivity increases from a local minimum, which means it turns into the
growth stage from the nucleation one.

Ingenerat, it is thought that the higher cooling rate (d7/dt) vields the larger grain density since the
gher cooling rate leads to the greater undercooling, which causes the larger number of nuclei f18].

The f; expression
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This is consistent with the computed results, as shown in Fig. 4, which iflustrates the distribyg;
the maximum undercooling and grain sizes. From the figure, it can be found the grain Stz
strongly related to the undercooling. When the laser fluence is higher, the cocling rate after
irradiation is lower, the maximum undercooling is smaller and the grain size is larger op the:

density is lower.

Fig. 3. Transient computed distributions of front reflectivity and temperature

200 e
150 L 55 experiment n
- L B simulation
g — w
& ) 5 -
8 ¢ d -
.E i [l =
i = "
& - ]
56
4] . - coad PN BRSNS ] [ el I I
190 2608 e 220 230 240 250 260 270
Laser fluedce (ml/em 7}
Fig. 2 Grain size versus laser fluence
2080 e T e |
i 4 TemperatureE J 8] ReﬂectivityE ]
] 409
L 1800 a
¥ L aarddAiis 103
o r 2 sasid ba A ]
§ L s
d 1000 - % S 07
a3 - [¢) ;R@

g %3 % 59@‘6’(&5 T, 1 06
8 e iz Ooooo 1 0.
500 Do
A B
é’? + 3.5
Oi,.‘\..:_,Mj»;‘,.:‘.#.,_.l..g.’0‘4

0 26 40 60 80 100 120 140

time {ns)

at the iaser fluence of 262 mifom’.

[ =& Maximu Undercooling a l --=~g==== (Grain size i
O ik ‘
e
L ~ 4
4. — .
?15” 345 3 \\A\ Fs y
T ~ ,
5 za0 [ ~ -
4 j N
ﬁ - r—' ~
L VY i
E 315 & AN 4
£ b &
g s \
=230 “\ 3
L3 AP
~
325 PR BRI | L Lt N LG L. 5 "
80 200 210 220 230 240 250 280 270

Fig. 4 Maximum undercooling and grain sizes versus laser fluences

Laser fluence tmlfom )

120

11¢

ey
[
=]

@
<

80

70

Reflectivity

Grain size (am)

Jusions
% obtain good qua
., it needs to {ind «
s parameters of la
o and helpful to bt
aper, a0 efficient tv
oly-Si film, an imp
s thermal propertie;
scheme are used to
apared with the exper
that when the las
inum undercooling
rige grain sizes, obtai
« from the experimer
rface gives a good
oned above, the an:
imental results can

b 5

_R.B. Bergmamn, J. Ki
98), p. 587.

K, Shimizy, S. Imai,

8 Chen and C. P. Gri

R Wood and G. Geis

[ Viatella, S. Lee, an

Micheel F. Modest:
LC. P. Grigoropoulos,

A. Dangzig: Intern
9

V. R Voller, and C. ]

H. Kisdarjono, A. T.
4381,

H Kurivama, s. Kiy:
: i, 8. Tsuda, S. Naka
W. Kurz, and D.
Ermarmsdorf, Switzer




we—— |

Materials Science Forum Vol. 594 311

rates the distribumn
wnd the grain gy,
s cooling rate afye
ze is larger op the 4

usiﬂl’lS

obtain good qualities of poly-Si films fabricated by using the excimer laser crystallization
w0, it needs to find out the optimum working conditions. This needs to analyze the influences of
s parameters of laser. The experimental approaches are very time-consuming and costly, It is
ible and helpful to build an appropriate mathematical model, which can be solved numerically. In
paper, At efficient two-dimensional macro-micro model is developed for the fabricating process
'poiy-Si film, an implicit finite difference method is set up to solve the heat conduction equation
s thermnal prapetties are function of temperature. The specific heat/enthalpy method and source
scheme are used to handie the release or absorption of latent heat. The computing results are
ared with the experimental ones reported in literature. From the computational results, it can be
d that when the laser fluence is higher, the cooling rate after laser irradiation is lower, the

jmum underceoling is smaller and the grain size is larger or the grain density is lower, The

age grain sizes, obtained from the simulation results of the propoesed model, agree fairly well with

¢ from the experimental data reported in the literature. It can also be found that the reflectivity of
urface gives a good way to cbserve the phase changes and the melting deration. From the results

tioned above, the analysis of the proposed macro-micre model combined with the corresponding

_.perimf:nta§ results can deeply study the problem of poly-Si film fabrication,
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