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Abstract —A thermal and optical one-dimensional numerical analysis of semi-transparent single and multilayer thin films on a
transparent thermically semi-infinite glass substrate, irradiated by a laser source, is presented, in classical conductive Fourier
hypothesis. The absorption is evaluated by means of the classical optical matrix method. Both in thermal and optical models the
effects of temperature on the properties are taken into account. A pulsed laser source impinges on the glass side of the structure.
Four different typical pulse shapes are compared at the same energy amount: a rectangular on-off shape, a symmetric triangular
shape, a Gaussian shape, an asymmetric triangular Weibull profile. Numerical calculations are performed, with reference to a Nd-YAG
pulsed laser and to the three structures by means of which an amorphous silicon photovoltaic cell is progressively manufactured: a
single transparent conductive oxide SnO, (TCO) layer, a double layer of amorphous silicon (a-Si) and TCO, an Al/a-Si/TCO multilayer
thin film. In each case the single or composite thin films are on a glass substrate. Results are reported in terms of depth and time

profiles of radiative coefficients and temperature. 0 2001 Editions scientifiques et médicales Elsevier SAS
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1. INTRODUCTION

The growing technological importance of thin films
has spurred the deepening of conventional and new man-
ufacturing and treatment processes. In particular, when
either pulsed or continuous laser sources are used for
annealing, damage of optical coatings, optical recording
and scribing of photovoltaic cells, athorough knowledge
of the interaction between the source and the material is
necessary for the best design of the process.

Thermal treatment of thin film manufacturing proces-
ses with pulsed lasers is a common procedure [1]. In
these processes the heat source impinges on avery small
area and a high heat flux is obtained, which induces
a localised overheating. Since optical properties of thin
film materials generally depend on the wavelength of the
laser source and on the temperature, a thermally optical
nonlinearity occurs. Therefore, the analysis of thermal
conductive and optical distributionsisimportant, in order
to broaden the field of application and to improve the
control of the process.

Optical and thermal fields induced by a pulsed laser
source in multilayer thin films on a transparent sub-
strate were studied by severa authors. Results of this
analysis can be usefully employed in manufacturing
of amorphous-silicon photovoltaic cells. A three-dimen-
sional thermal numerical model, for amultilayer thin film
structure irradiated by a circular Gaussian laser beam,
was proposed by Nakano et al. [2]. They developed a
fabrication technique by which the layers of the &S so-
lar cells were selectively scribed by a high-power laser
beam. A similar analysis was carried out by Kiyama et
a. [3], who adopted a non-linear thermal model. A new
method, called laser welding and scribing (LWS), was
proposed by Kishi et a. [4], who employed a laser pat-
tern technique to manufacture high-yeld integrated-type
a-Si solar cells, that did not require a precise control of
the laser power. A one-dimensional numerical study for
the thermal design of photovoltaic cells manufacturing
was presented by Avagliano et al. [5]. Experimental re-
sults and predictions from a numerical model were com-
pared in terms of the cut energy flux values. In the nu-
merical study reference was made to the cut energy flux
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which determines the melting of the material. Predic-
tions by the one-dimensional model differ from those by
multi-dimensional models, as it was reported by Bianco
and Manca[6]. However, the one-dimensional model was
shown to predict quite well thethermal field in the central
area of the laser spot and, it can, therefore, be of interest
in the applications.

Grigoropouloset al. [7], in their measurements of the
thin polysilicon film reflectivity during continuous wave
laser annealing, showed that interference effects signifi-
cantly enhance the variation of the thin film reflectivity
with temperature. Park et a. [8, 9] modelled numerically
aprobe laser response during a pulselaser heating of a-Si
thin films. However, the films were opaque to the pump
pulse, so that the interference effects on the temperature
distributions could be neglected. The effect of the laser
pul se shape was al so discussed. Grigoropouloset al. [10]
solved the combined optical-thermal problem: the energy
absorption was evaluated by the thin film optical model.
The authors took into account the effects of a complex
index of refraction continuously varying with the temper-
ature. For asingle silicon layer on a substrate, they found
that the absorption distribution in the thin film exhib-
ited a periodic variation with depth. Chen and Tien [11]
analysed the temperature distribution and the optical re-
sponse of weakly absorbing thin films with thermally in-
duced optical nonlinearity, subjected to short-pulse |aser
heating. A transient one-dimensional model was set up to
examine the effects of the temperature-dependent optical
properties and the non-uniform absorption in athin film.
Xu et al. [12] developed and verified the optical reflection
technique for the in-situ monitoring of the transient tem-
perature field during the pulsed excimer laser heating of
thin polysilicon films. Data on the thin film complex re-
fractive index at high temperatures was employed in the
calculation of the sample transient reflectivity response
and in the experimental signal analysis. A numerical con-
ductive heat transfer model for the transient temperature
field in the thin film structure was applied. Angelucci et
al. [13] studied the conjugate optical-thermal nonlinear
problem in multilayer thin films. They took into account
the dependence of thermophysical and optical properties
on temperature. Bianco et a. [14, 15] compared the back
treatment and the front treatment processes in terms of
the optical characteristics and temperature distributions
of a single TCO (transparent conductive oxide, SnOy)
layer, aSi/TCO and Al/aSi/TCO multilayer thin films.
Results were obtained by means of an optical and thermal
one-dimensional model and were related to a Nd-YAG
laser source with a wavelength of 1064 nm. The analysis
clearly showed that the back treatment is more efficient
in manufacturing of photovoltaic cells.
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In this paper a smple one-dimensional model is em-
ployed to compare the values of process parameters de-
termined by different time shapes of the laser pulse.
The objective is to set up a useful tool for those inter-
ested in choosing the best shape of the laser pulse for
applications. The thermal and optical analysis of semi-
transparent single and multilayer thin films on a trans-
parent thermically semi-infinite glass substrate, irradiated
by a laser source, is presented, in classical conductive
Fourier hypothesis. The absorptionis evaluated by means
of the optical matrix method. Both in thermal and opti-
cal models the effects of temperature on the properties
are taken into account. With reference to the manufac-
turing process of photovoltaic cells, a Nd-YAG pulsed
laser source with a 1064 nm wavelength is considered in
this paper. A comparison is carried out, at the same en-
ergy amount, among four commonly used pulse shapes: a
rectangular on-off shape, a symmetric triangular shape, a
Gaussian shape, an asymmetric triangular Weibull pro-
file. The laser source impinges uniformly on the glass
side of the multilayer structure. Numerical calculations
are performed for a single transparent conductive oxide
SnO, (TCO) layer, a double layer of amorphous silicon
(aSi) and TCO and an Al/a-Si/TCO multilayer thin film.
In each case the single or composite thin films are on a
glass substrate. Results are reported in terms of depth and
time profiles of radiative coefficients and temperature.
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2. THERMAL AND OPTICAL ANALYSIS

The basic sketch of theinvestigated structure is shown
in figure 1(a). It consists of a thin multilayer film
deposited on a glass substrate. The thickness of the film
is far smaller than that of the glass and the substrate
can be assumed to be thermally semi-infinite. The solid
structure is irradiated by a Q-switched Nd-YAG laser
beam. The order of magnitude of the thermal diffusivity
of the materials which constitute the multilayer thin film
is10~°m?.s~1 for the TCO and the Al and 10—’ m?.s~1
for the glass and the aSi. The overal thickness of the
multilayer film is 1.3 um, which is practically negligible
compared to the laser beam diameter (100 um), and,
therefore, one can assume that the thermal field at
the center of the beam is one-dimensional, as it was
suggested by Grigoropoulos [1] and shown by Bianco
and Manca [6]. At the ns time scales considered in this
work, non-equilibrium and non-Fourier thermal wave
effectsare negligible[1, 11].

With reference to figure 1(a), the one-dimensional
heat conduction equation is
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Figure 1. Sketch of the multilayer structure (a), and of the discretization for the optical model (b).
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In this work, the dependence of thermophysical prop-
erties on the temperature is taken into account. The en-
ergy losses due to radiation and convection to the ambi-
ent are negligible with respect to the energy absorbed in
the considered films [11]. Thisway, the thin film surface
can be assumed to be adiabatic.

Theinitial and the boundary conditions are

fori=12,...,.N+1and0<z <s; (29)
aTi(0,t

1O o torr>0 (2b)

az|

0T;_1(si—1,t oT; (0, ¢t
ki—l(Ti—l)M zki(Ti)L)
0zi-1 0z

fori=1,2,..., N+1andt >0 (20)
Ti—1(si-1,t) =T; (0, 1)

fori=1,2,...,N+1andr >0 (2d)
Tn+1(zn+1— 00,t) =Tin fort >0 (2¢)

The energy absorptionterm "' (T;, z;, t) is related to the
Poynting vector and depends on the optical properties of
the materials. It can be evaluated, together with the re-
flectance and the transmittance of the structure, accord-
ing to Chen and Tien [11]. All interfaces are assumed to
be optically smooth. The temperature dependence on op-
tical properties determines a non uniform distribution of
the refractive index in the film; each layer of the thin film
structureistreated asamultilayer composed of N, layers
of varying complex refractive index n. A plane, mono-
chromatic and linearly polarized wave with amplitude of
the electric field EY is ortogonally incident on the struc-
ture, figure 1(b). The corresponding energy flow along
the x-directionis

ns 2

s ES 3

- 2uc’

where ns isthereal part of the glass refractive index.

The complex refractiveindex of the kth layer of thick-
Ness dy, k, in the mth material isn, x =nm.ix — ikestm k-
The relation between the transmitted and reflected elec-
tricfields, E}, , and E;, , at the kth interfaceis

Ey 1 E) .
< rrn, = Mm,k :n, (4)
E, k-1 E i
where M,  is the transmission matrix of the kth control

volume in the mth material defined as:
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In the previous expression 7, x—1 and 7,, x—1 are the
Fresnel’s coefficients defined as:

2ﬁm,k—l

Tmk—1= = (6a)

N k—1+ ﬁm,k

_ ﬁm,k—l - ﬁm,k

Tmk-1=———"— (6b)
N k—1+ N k

The multilayer transmission matrix M is

N Np

M= 1_[ l_[ Mm,k (7)

m=1k=1

It is possible to evaluate EY and EL by means of the

relation
Eq Ej
<@>:M(0) ©

The determination of £}, , and E}, , can be obtained by
inverting equation (4).

The power density in the kth control volumeis given
by the Poynting vector

1

— * t
Sk = %Re[(”m,k) (Epi + En i)
X (Ep = Eni)'] 9
and the absorbed power per unit volumeis
dSm k
= f(t : 10
Uy = f(1) 4z (10)

where f(¢) isafunction of the time, which characterises
the time shape of the pulse.

The radiative coefficients of the overall multilayer
film, R, t, and A, can be evaluated by the following
equations:

|E{)?
- 11
|EL2 (D
Et 2
r = ekl (12)
ns|E£|2
A=1—-R—1 (13)

The numerical procedure was tested in [13].
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TABLE |
Optical and thermophysical properties of the materials.
Material Properties
k [W-m-K—1] c[Ikg~1-K1] p [kg-m~2] T=n —ikeg
Glass 1.4[10] 1200[10] 2200[10] 1.0—i0.0 [Assumed]
TCO  39.6—2.09 x 10~%(T — 273.15) 371.0+0.217(T — 273.15) [3] 6640 [3] 1.95—-1i0.002 [3]
+4.62 x 107%(T — 273.15)2 [3]
aS 1.3x 1079(T —900)3 + 1.3 x 10~7(T —900)2  952.0+ (171.0-T7)/685[3] 2330[3] 3.8 —i[0.0443 + 6.297 x 107°
+10~%(T — 900) + 1.0[16] x (T — 273.15)] [17]
Al 275 —0.213(T — 273.15) 753+ 0.49 x 10737 [3] 2660 [3] 20-i12.0[3]
+1.55 x 10~4(T — 273.15)2 [3]
3e+10 3e+10 3e+10
(a) ®) (c)
rectangular (rect) triangular (tr_25) triangular (tr_50)
= 2e+10 = 2e+10 20+10
< =600 ns % =600 ns € =600 ns
z z t,=0.25 t; S £,=0.50 ¢,
T 1e+10 T te+10 T 1e+10
0 0 0
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
tins] t[ns} t[ns)
t/tp forOStStp t/tp forOStStp
f(t)—{l for0< 1 < ¢ 70 (t, -1) fort <1<t 0 (t;-1) cor <1<t
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Figure 2. Irradiance vs time, for different shapes of the pulse laser: (a) rectangular; (b) triangular 25; (c) triangular 50; (d) Gaussian 2;

(e) Gaussian 4; (f) Weibull.
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3. RESULTS

In this paper calculations are carried out for a single
layer of a Transparent Conductive Oxide (TCO) SnOo,
an aSi/TCO doublelayer and an Al/a-Si/TCO multilayer
thin film. The thickness of the Al, the TCO and the &Si
layer are 0.20 um, 0.60 um and 0.50 um, respectively.
In each case the film is deposited on a glass substrate.
The optical and thermal properties of the materials are
reported in table I. The laser irradiation wavelength is
1.064 um. The duration of the ON period is 600 ns. For
all the chosen laser shapes (a rectangular on—off shape,
a symmetric triangular shape, a Gaussian shape and an
asymmetric triangular Weibull profile) an amount of the
energy flux irradiated on the material (fluence) equal
to 6.0 kJ-m~2 is assumed, which is typically employed
in photovoltaic cells manufacturing process [5]. The
irradiance profiles as a function of time are presented in
figure 2.

The calculated values of the radiative coefficients as
a function of time, for the a-Si/TCO/glass structure and
different pulse shapes, are presented in figure 3. All the
coefficients are time dependent, because of the depen-
dence of thermophysical properties on the temperature.
Apart from the case of the rectangular laser pulse, where
the irradiance is uniform, in all other cases, where the
laser irradiation increases with the time, the radiative co-
efficients exhibit increasing slopes, which are determined
by the gradual increase in the temperature. Figure 3(a)
points out that the maximum increase in the absorptance
is about 70% of its initial value. The rectangular laser
shape induces a nearly linear pattern of the absorptance;
the dight decrease in the slope is determined by the uni-
formity of the irradiance. With different laser shapes the
maximum value of A is always attained within the ON
time period, at atime which depends on the pulse shape.
The difference between the maximum values of the ab-
sorptanceis nearly 5%. Figure 3 (b) and (c) show similar
profiles of the reflectance and of the transmissivity, which
attain their minimum values at the time when the maxi-
mum absorptanceis attained.

The calculated values of the radiative coefficients as
a function of the time, for the Al/a-Si/TCO/glass struc-
ture and different laser shapes, are presented in figure 4.
The absorptance profiles are similar to those of the pre-
vious case, apart from the slope at the end of the ON
period of the heat source, which is less than for the
previous structure. The absorptance values are larger
than those for aSi/TCO, since the aluminium makes
the structure opague, thus enhancing the amount of ab-
sorbed energy and, consequently, raising the tempera-
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Figure 3. Radiative coefficients vs time, for the a-Si/TCO/glass
structure: (a) absorptance; (b) reflectance; (c) transmittance.

ture and, on turn, the absorptance. For the same rea-
son, the reflectance values are lower than in the previous
case.

The temperature profiles at the TCO surface asafunc-
tion of time, for the TCO/glass structure and for different
laser shapes, are presented in figure 5. The surface tem-
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Figure 4. Radiative coefficients vs time, for the Al/a-Si/TCO/glass structure: (a) absorptance; (b) reflectance.
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Figure 5. Temperature profiles vs time at the TCO surface, for
the TCO/glass structure.

perature of the TCO layer, whichis practically isothermal
due to its high thermal conductivity, exhibits its maxi-
mum value at atime that depends on the laser shape. The
maximum is attained at the end of the ON period when
the pulse shape is rectangular whereas in the other cases
it occurs within the ON period, somewhat later than the
time when the laser source has released the maximum ir-
radiation. The maximum temperature values are nearly
independent of the laser shape. As far as the slope of
the temperature profilesis concerned, we can remark that
the rectangular pulse shape releases at the beginning of
the process a larger amount of energy than other pulse
shapes, apart from the Weibull shape, thus yielding the
steepest slope. The time response of the temperature pro-
file is the shortest for the Weibull laser shape, which re-
leases a large fraction of the total energy amount at the
beginning of the pulse period.

The temperature profiles as a function of the depth,
for the TCO/glass structure and for different laser shapes,
are presented in figure 6. The figure shows that TCO is
practicaly isothermal at any time; the fair temperature
gradient is determined by the heat diffusion to the
glass. The sharp variation in the dope of temperature
profiles at the TCO/glass interface is due to the very
different thermal conductivity values of the materials.
The temperature level in the TCO is strongly affected by
the laser shape and it is worth noticing that, obviously,
the higher the temperature in the TCO the greater the
discontinuity in the slope at the TCO/glass interface.
In these cases, care has to be taken in manufacturing
processes, in order to avoid thermal stress damaging
the glass. Figure 6(b) points out that at the end of the
ON period, when the same amount of energy has been
released to the structure by each laser source, differences
in temperature profiles are small.

The temperature profiles as a function of the time,
for the aSi/TCO/glass structure and for different laser
shapes, are presented in figure 7. The temperature profile
at the surface of the aSi layer is similar to the previous
ones but the temperature values are larger, because the
absorbed energy is greater in this case. The difference
between the maximum temperature in the Weibull and
the Gaussian 2 profiles, in figure 7(b), is 122 K. As a
matter of fact, the Weibull laser shape rel eases the major
part of the energy to the material when its temperatureis
till relatively low. Figure 7(b) showsthat at thea-Si/TCO
interface (z = 0.6 um) differencesin the temperaturesfor
various laser shapes are smaller than at the surface and
the maximum temperature is always attained at the end
of the ON period.
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Figure 7. Temperature profiles vs time, for the a-Si/TCO/glass structure and for different laser shapes: (a) z = 0.0 um; (b) z = 0.6 um.

The temperature profiles as a function of the depth,
for the a-Si/TCO/glass structure and for different laser
shapes, are presented in figure 8. In figure 8(a) one can
noticethat interference phenomenain the material induce
some oscillations aong the depth in the temperature
profiles, which are more marked for the Weibull and the
triangular 25 shapes, since in these cases the maximum
amount of energy is released at ¢+ = 150 ns. As already
pointed out for the TCO/glass structure in figure 6, one
can observe a sharp discontinuity in the temperature
profiles at the &Si/TCO and TCO/glass interfaces.

The temperature profiles as a function of the time, for
the Al/a-Si/TCO/glass structure and for different laser
shapes, are presented in figure 9. The aluminium layer
determines temperature values much larger than those in
the previous cases, at both depths, as already noticed with
reference to the absorptance. It is worth remarking that
in al cases aluminium melting occurs, at different times,
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which depend on the pulse shape. It isplain that after that
time the prediction of this thermal model is not reliable
and, therefore, the model must be modified to take the
effects of melting into account. Figure 9(b) shows that
the temperature at the a-SI/TCO interface still increases
after the end of the ON period, for the reason that will be
realized observing the next figure.

The temperature profiles as a function of the depth,
for the Al/a-Si/TCO/glass structure and for different laser
shapes, are presented in figure 10. Figure 10(a) shows
that at + = 150 ns the maximum temperature is aways
attained in the inner part of the aSi, because of the
heat diffusion from the a-Si both to the aluminium and
to the TCO. Also in this case some interference in
the temperature profiles can be noticed. At the end of
the ON period differences in the temperature profiles
are less marked and temperature gradients in the a-Si
are dampened. As already pointed out in comments on
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figure 9, during the heat treatment aluminium has melted
and also the temperature attained in the aSi layer is
greater than its melting temperature, according to the
present model. However, whether it really occurs or not
could be correctly predicted only by the af ore-mentioned
modified model.

4. CONCLUSIONS

Thenonlinearity of the conjugate radiative—conductive
thermal field causes the radiative coefficients (absorp-
tance, reflectance, transmittance) to be dependent also
on the time pattern of the laser source. Absorptance val-
ues 1.7 and 1.5 larger than the initial values have been
predicted, respectively for the a-Si/TCO/glass and the
Al/a-Si/TCO/glass.

In all the examined structures, the higher maximum
temperature values are attained for the Weibull shape of
the laser source and, moreover, they are achieved ear-
lier than for other laser profiles. On the contrary, the
rectangular shape induces the most gradual temperature
increase. Therefore, in the laser scribing of aSi photo-
voltaic cellsaWeibull shape could be preferred, provided
the thermal stresses do not damage the material. Among
the other laser shapes examined the largest temperatures
with smoother slopes in the temperature profiles can be
attained using the gauss_4 laser shape.

At the TCO/glass interface in the TCO/glass structure
and both at the aSi/TCO and at TCO/glass interfaces
in the Al/a-SI/TCO/glass structure large discontinuities
in the slope of temperature profiles are predicted, which
could induce dangerous thermal stresses in the TCO and
in the glass.
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