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Abstract

The numerical and experimental analysis of laser back-scribing fabrication of a-Si photovoltaic cells, made out of a
multilayer thin film on a glass substrate, is carried out. The numerical study is performed by means of a rather simple
combined optical and thermal model. Experiments are carried out throughout the three phases of the manufacturing
process. The successive targets of the selective cut are a transparent conductive oxide thin film (TCO), a TCO/a-Si
double layer and a TCO/a-Si/Al multilayer. Experimental results and predictions from the numerical model are compared
in terms of the cut energy flux values. In the numerical study the cut energy flux is assumed to be the one which
determines the melting of the material. The predicted cut energy fluxes are in good agreement with experimental results.
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Nomenclature

A absorptance

¢ specific heat [J kg=' K]
¢ speed of light [m s/

E electric field [N C]

F energy flux [J m~2]

f time function

i imaginary unit

k thermal conductivity [W m ' K]
k. extinction coefficient

N number of layers

real part of refractive index
7i complex refractive index

R reflectance

S Poynting vector [W m

s

T

t

i

N

material thickness [m]
temperature [K]
time [s]

absorption function [W m~]
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x spatial variable [m].
Greek symbols

A wavelength [m]

u magnetic permeability [N s* C?
¢ pinhole diameter [mm]
p density [kg m~7]

T transmittance.
Subscripts

a air

i material

in initial

I length

p peak

s substrate.

Superscripts

+ transmitted part

— reflected part.

1. Introduction

High energy densities are widely used in material
manufacturing and processing. The great deal of laser
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and electron beam applications includes cutting, drilling,
machining, heat treating, synthesis of compound and
superconductor films and recrystallization of semi-
conductor materials. Lately, pulsed laser heating of thin
films has gained importance for its applications such as
annealing, damage of optical coatings and optical record-
ing. The importance of laser in the fabrication of thin
films has been continuously growing in recent years [1].
In these cases, the temperature distribution in the film
must be determined, with the small thickness of the film
making the study rather difficult.

Multilayered films were analysed by Mansuripur et al.
[2] with a simulation study which assumed that the laser
beam was fully absorbed in the recording layer. By means
of a finite-difference method the authors evaluated the
absorbed optical energy and the transient temperature
distribution due to a Gaussian laser beam; the properties
were assumed to be independent of the temperature.
Calder and Sue [3] studied the steady-state heat con-
duction in multilayer structures. The absorption in the
film was treated as an exponentially decaying source.
They proposed an integral expression for the temperature
distribution in two and three layers. Abraham and Halley
[4] determined the temperature distribution in an absorb-
ing film on a transparent substrate, with a uniform volu-
metric absorption in the film. Kant [5] used the Laplace
transform to determine the temperature profiles in a mul-
tilayer structure due to a single laser pulse. The laser
absorption was considered at one location in the multi-
layer. Koyanagi et al. [6] carried out a numerical simu-
lation, based on the optical characteristic matrix method,
and a thermal analysis based on the finite-element
method for multilayers phase-change optical recording
disk. The source term in the heat conduction equation
was calculated as a summation of the product of the
energy absorptance times the light intensity at each mesh.
Madison and McDaniel [7] derived the solution to a
scanned and pulsed Gaussian laser beam for an N-layer
film structure with arbitrary absorption across one layer.
Their solution was obtained by means of Green’s func-
tions combined with Laplace transform methods. Shi-
mizu et al. [8] studied the transient temperature profiles
in thin Si film on various substrates, heated by a single
laser pulse. They proposed simple equations whose pre-
dictions were in good agreement with numerical predic-
tions. Both thermal and optical models were developed,
assuming constant physical properties in the materials.
The temperature distribution in an isotropic multilayer
material was evaluated by McGahan and Cole [9] by
means of a local Green’s function theory that involved
exact optical absorption for axisymmetric chopped-beam
laser heating. Park et al. [10, 11] modelled a probe laser
response during a ns pulse laser heating of amorphous
silicon thin films. The films, however, were opaque to
the pump pulse so that the interference effects on the
temperature distributions could be neglected. A numeri-

cal conductive heat transfer model for the transient tem-
perature field in the thin film structure and the substrate
was employed. The predicted and measured trans-
missivities were in excellent agreement. Grigoropoulos et
al. [12] solved the combined optical-thermal problem; the
energy absorption was evaluated by the thin film optic
model. The authors took into account the effects of a
complex index of refraction continuously varying with
the temperature. For a single silicon layer on a substrate
they found that the absorption distribution in the thin
film exhibited a periodic variation with depth. Machlab
et al. [13] developed an experimental technique and used
the Green’s function theory in the analysis of the photo-
thermal method for thermal diffusivity measurements of
thin films. Cole and McGahan [14] extended the theory
presented by McGahan and Cole [9] to include the effect
of anisotropic thermal properties and of contact resist-
ance between the layers. Chen and Tien [15] analysed
the temperature distribution and the optical response
of weakly absorbing thin films with thermally induced
optical nonlinearity, subjected to short-pulse laser heat-
ing. A transient one-dimensional model was built to
examine the effects of the temperature-dependent optical
properties and the non-uniform absorption in a thin film.
They used the matrix method in the optical multilayer
theory to obtain the absorption in each layer and per-
formed sample calculations for cadmium sulfide (CdS)
thin films and a zinc selenide (ZnSe) interference filter.
Xu et al. [16] 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
refractive index at high temperatures were employed in
the calculation of the sample transient reflectivity
response and in the experimental signal analysis. A
numerical conductive heat transfer model for the tran-
sient temperature field in the thin film structure was
applied. The transient reflectivity was calculated and
compared with the experimentally measured values.
Laser beam is also used in the manufacturing of
amorphous-silicon (a-Si) solar cells [17]. The short fabri-
cation time hampers an easy control of the process. The
thermal analysis of the problem can allow the optimal
choice of process parameters, thus avoiding a procedure
by trial and error, which often is very expensive. Thermal
models can be of paramount importance in the fab-
rication of photovoltaic modules, which is a typical multi-
layer thin film process. A three-dimensional thermal
numerical model, for a multilayer thin film structure
irradiated by a circular Gaussian laser beam, was pro-
posed by Nakano et al. [17]. They developed a fabrication
technique by which the layers of the a-Si solar cells were
selectively scribed by a high-power laser beam. A similar
analysis was then carried out by Kiyama et al. [18], who
adopted a non-linear thermal model. A new method,
called laser welding and scribing (LWS), was proposed
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by Kishi et al. [19]. A laser pattern technique was
employed to manufacture high-yield integrated-type a-Si
solar cells, that did not require a precise control of the
laser power.

The accuracy in the prediction of the thermal field due
to the interaction between the thin film material and the
laser beam is strongly affected by the optical properties
of the material, which at some wavelengths can markedly
depend on the temperature [15]. Therefore, those con-
cerned with thin films manufacturing are very interested
in knowing the influence of radiative coefficients on the
process. A fabrication method for integrated amorphous
silicon solar modules, called laser back-scribing method,
was investigated by Avagliano et al. [20]. The three laser
scribing steps were made through the glass side of the
substrate, thus yielding very clean and uniform scribes.
The selective laser scribing conditions of the different
layers were presented.

The lack of design criteria for the back-scribing of thin
films is the reason for the present investigation, which
aims to compare the predictions from the combined
optical-conductive models to the experimental results.
The photovoltaic cell is a composite multilayer thin film
made out of transparent conductive oxide, amorphous
silicon and aluminum, on a glass substrate. The con-
ductive thermal analysis of the back-scribing fabrication
process of amorphous-silicon solar cells by a laser source
is first presented. The dependence of thermo-physical
properties on the temperature is taken into account,
whereas melting and relative motion between the laser
source and the workpiece are neglected. The cut energy
flux has been assumed to be that which determines the
melting of the material. Cut tests of the layers have also
been carried out. Numerical predictions are compared
to experimental data, with particular reference to the
attainment of the melting temperature of the material.
The predicted cut energy fluxes are in good agreement
with experimental results.

2. Thermal and optical analysis

The basic sketch of the investigated structure is shown
in Fig. 1. It consists of a thin film multilayer deposited
on a glass substrate. The thickness of the film is much
smaller than that of the glass and the substrate can be
considered thermally semi-infinite. The solid structure is
irradiated by a Q-switched Nd-YAG laser. The order of
magnitude of the thermal diffusivity of the materials
which constitute the multilayer thin film is 107> m? s~
For the considered pulse, the characteristic thermal
diffusion length is of the order of 10> m. The comparison
of this penetration depth with the laser beam diameter
(100 um) allows to assume the heat transfer at the center
of the laser beam to be one dimensional, as suggested by
Grigoropoulos [1]. At the ns time scales considered in this
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Fig. 1. Sketch of the multilayer structure.

work, non-equilibrium and non-Fourier thermal wave
effects are negligible [1, 15].

With reference to Fig. 1, the one-dimensional heat
conduction equation is

o ( oT,
‘ (k,-q '>+u’”(x,~, 9
0X;

0x; ;

i=1,2,...,N+1
oT;
=p,-c,5 for0 < x; <s; . (D
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In this work, thermophysical properties are assumed to
vary with temperature. The energy losses due to radiation
and convection to the ambient are negligible with respect
to the energy absorbed in the considered films [15]. In this
way, the thin film surface can be considered adiabatic.

The initial and boundary conditions are

T[(X,-, 0) =T 0< X; <8 (23)
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The energy absorption term " (x;, ¢) is related to the
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Poynting vector and it is a function of the optical proper-
ties of the materials. It can be evaluated, together with
the reflectance and the transmittance of the structure,
according to Chen and Tien [15]. Now, let a plane, mono-
chromatic and linearly polarized wave, whose amplitude
is E;, be orthogonally incident on the structure. Fur-
thermore, all interfaces are assumed to be optically
smooth. The corresponding energy flow along the x-
direction is

na
S = EIEJIZ (3)

and the absorbed power per unit volume is [12]:

ds(x)

W) = —f(0—4

“4)

where f(7) is a function of the time, which characterizes
the time shape of the pulse. In this work a triangular time
profile is considered:

t
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The reflectance, R, the transmittance, t, and the
absorptance, 4, can be evaluated by the following equa-
tions:
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The numerical procedure has been already tested in Ang-
elucci et al. [21].

3. Experimental apparatus

The amorphous silicon module was fabricated with a
monolithic series-connected structure. It was divided into
a certain number of unit cells and the metal electrode of
a unit cell was connected to the transparent electrode of
the next unit cell in such a way to make series connections.
They were made by means of the laser back-scribing
technique [20], an innovative technique by which the
materials are cut by the laser beam impinging on the glass
side of the module. This way, problems caused by metal
back electrode cutting are removed.

The glass substrate covered with transparent con-
ductive oxide (TCO) was supplied by Nippon Sheet Glass

Co. The TCO was a commercial fluorine-doped SnO,
whose thickness was 600 nm and whose sheet resistance
was 6-10 Q. The haze value was about 6% to keep the
pin-hole density at low levels. After the TCO laser scri-
bing was performed, the substrates were submitted to a
fine cleaning step in order to remove impurities and laser
patterning debris. Hydrogenated amorphous silicon
based alloys were then deposited on the SnO, : F layer by
an RF glow-discharge (GD) of SiH,, to form the p-i-
n multilayer thin film structure. The Plasma Enhanced
Chemical Vapor Deposition (PECVD) was carried out
in an ultra-high vacuum multi-chamber reactor. It was
made of three deposition chambers, connected by a
vacuum locks with a load-lock chamber to avoid air and
cross contamination.

The samples, covered with the scribed TCO, were put
in the load-lock chamber and then passed in the p-
chamber, where the glow-discharge of an SiH,+ B,H,+
CH, formed a p (a-SiC: B) thin film layer, 10 nm thick.
The sample was then passed in the load-lock again before
being placed in the i-chamber, where the GD of SiH,
produced the about 500 nm thick i (a-Si:H) layer.
Finally, the n (a-Si: P) layer, 30 nm thick, was formed in
the n-chamber, by a GD of SiH,+ PH;.

After the deposition of the p-i-n structure, a laser
scribing process for the a-Si layer followed.

Aluminum back contacts, whose thickness was 300
nm, were fabricated by evaporation. The Al back-elec-
trode laser scribing and an electrical pre-test ended the
fabrication process. The accuracy on the thickness of the
deposed layers is of +3%.

Figure 2 shows a schematic picture of the laser back-
scribing process. A CW pumped, AO Q-switched Nd-
YAG laser with a 1.064 um wavelength and a nearly 392
ns FWHM pulse width in the operative condition of 5
kHz repetition rate and 0.4 W average power, was used.
A closed circuit TV viewing system allowed an accurate
visual alignment; the focalisation of the beam was carried
out by means of a micro positioning of the condenser
lens. The movement of samples up to 60 x 40 cm? with a
positioning accuracy of +5 um was carried out by means
of a computer-controlled table.

In order to obtain a near-guassian spatial beam profile,
the laser cavity was forced to operate in low-order modes
using a pinhole (¢ = 1.4 mm) located inside the plane
parallel resonator. Outside the cavity, and behind the
beam-expander (6X), a spatial filter removed the ghosts
caused by the dust particles scattering. The laser beam
intensity was reduced by means of neutral density filters,
thus avoiding losses of stability caused by output power
decreases. The 90° beam deflection was obtained by
means of a dichroic mirror mounted on an adjustable
assembly, which permitted the directing of the beam onto
the axis of the objective lens, with an optimal focusing
apparatus. A multi-element lens system in the focusing
apparatus reduces the longitudinal and transverse spheri-
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Fig. 2. Back-scribing technique applied to the fabrication of a-Si integrated modules.

cal aberrations. The focal length and the F-number of
the objective’s lens were 46.4 mm and 1.36, respectively.
Three micrometers controlled the laser focus position (Z-
axis) and the laser beam centering in the focusing lens
(X—Y-axis).

Figure 3 shows the dependence of the average power
output at the laser head exit on the pumping lamp
current.

The time pulse shape was monitored by means of a
silicon photodiode with a rise time shorter than 1 ns. The
photodiode output was analyzed by an oscilloscope with
a bandwidth of 500 MHz; results are reported in Fig. 4.

The spatial distribution of the irradiance of the beam
was obtained by scanning a 1 mm diameter pinhole across
the beam and measuring the impinging power by means
of a calibrated, 1 W full scale, power meter, whose accu-
racy was + 1%; results are presented in Fig. 5.

4. Numerical results

Numerical calculations have been performed for a
single layer of a Transparent Conductive Oxide (TCO)
SnO,, a double layer of a-Si and TCO, and a TCO/
a-Si/Al multilayer thin film. In each case the single or
composite thin films are deposited on a glass substrate.
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Fig. 3. Average laser output vs lamp current excitation for para-
metric values of the repetition rate.
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Fig. 5. Laser beam intensity profile.

The optical and thermal properties of materials are
reported in Table 1. As it was already observed in the
previous section, a triangular pulse has been considered.
The duration of the ON phase was # = 960 ns and the
peak time 7, was equal to 400 ns. The laser irradiation
wavelength was 1.064 um.

The reflectance, absorptance and transmittance values
for the TCO/glass structure, as a function of the TCO
layer thickness, are presented in Fig. 6. The glass sub-
strate is quite transparent at the wavelength of the laser
source. The oscillations in the quantities are determined
by the interference between the transmitted and the
reflected electromagnetic field and by the optical model
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Table 1
Optical and thermophysical properties

= n—ike,
k[Wm~'K™ ¢ [ kg™ ' K™ p [kgm~] (A = 1064 nm)
Glass  1.4[12] 1200 [12] 2200 [12] 1.0-1 0.0 [12]
TCO  39.6—2.09x 10~%(7T—273.15)  371.0+0.217(T—273.15)[18] 6640 [18] 1.95-7 0.002 [18]
+4.62x 10-%(T—273.15)*[18]
a-Si 1.3 x 10~°(T—900)° 952.0+(171.0- T)/685 [18] 2330 [18] 3.8-1 [0.044346.297 x 10~3(T—273.15)]
+1.3 % 1077(T—900)> [24]
+10~4T—900)+ 1.0 [23]
Al 275—0.213(T—273.15) 753+40.49- 10T [18] 660 [18] 2.0-1 12.0[18]

+1.55% 10T —273.15)* [18]

Fig. 6. Radiative coefficients for the TCO/glass structure.

which has been considered [22]. Figure 6 exhibits a sig-
nificant 0.15 amplitude of the transmittance and reflec-
tance oscillations for the thinner layers, which then
diminishes at 0.10 as far as the transmittance is
concerned, whereas the oscillations in the reflectance are
nearly uniform. Obviously, the larger the thickness the
greater the absorptance and its oscillations; notice that
the consequent decrease in the transmittance is larger
than that in the reflectance. The absorptance oscillations
are to be taken into account when one wants to optimize
the fabrication; to this aim the process should be carried
out with the thickness leading to the relative maximum
value of the absorptance in the considered neighborhood.
This is possible thanks to the fact that significant absorp-
tance oscillations for the single TCO layer start from
thickness values of about 4 x 10° nm. Therefore, a slight
deviation of the thickness from the given value deter-
mines a negligible variation of it.

The reflectance, absorptance and transmittance values

of the a-Si/TCO/glass structure, with a 600 nm thick
TCO layer, as a function of the TCO layer thickness, are
presented in Fig. 7. The oscillations of the three quantities
in Fig. 7 are smaller than those in Fig. 6. Furthermore,
the thicker the a-Si layer the smaller the oscillations
amplitude. It is worth noting that the relative minimum
values of the reflectance decrease up to their absolute
minimum (=0) and then they increase.

The reflectance and absorptance values for the multi-
layer Al/a-Si/TCO/glass structure, with a 600 nm thick
TCO layer and a 200 nm thick Al layer, as a function
of the a-Si layer thickness, are reported in Fig. 8. The
aluminum layer determines negligible values of the trans-
mittance, even when its thickness is small. Comparing
Figs 7 and 8, we can notice that the three layer structure
absorptance is far greater than that of the two layer
structure. Furthermore, Figs 6, 7 and 8 show that the
widest oscillations are exhibited in the three layer struc-
ture. It should be remarked that the knowledge of the
layers thickness is of paramount importance, with a par-
ticular reference to that of the a-Si, since deviations of
about half a period of the oscillations cause strong vari-
ations in the absorptance.

The absorbed energy and the temperature profiles as a
function of the axial coordinate, for an 800 ns time inter-
val, are presented in Fig. 9a and b, respectively, and the
surface temperature profile as a function of the time, is
reported in Fig. 9c. These results have been obtained for
a single 600 nm TCO layer on a glass substrate and three
values of the energy flux (1.9 x 10%, 2.9 x 10% and 3.6 x 10?
kJ m~?). Since the TCO material is a weak absorber
and the optical model is linear, the interference between
incident and reflected waves determines a distribution of
the absorbed energy in the film which is an almost per-
iodic function. We can also remark that the period of the
absorbed energy is equal to half the inside film wave-
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Fig. 7. Radiative coefficients for the a-Si/TCO/glass structure.

length. The temperature distribution within the TCO
layer is practically uniform, whereas the temperature
decays to the initial value within few micrometers in the
sublayer. Figure 9c allows the determination of the time
and the energy flux values at which TCO melting is
attained. It is plain that after that time the prediction of
the thermal model is not reliable, that is the temperature
profile at the 3.6 x 10> kJ m 2 energy flux is merely quali-
tative after nearly 600 ns.

The absorbed energy and the surface temperature pro-
files as a function of the axial coordinate, for an 800 ns
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Fig. 8. Radiative coeflicients for the Al/a-Si/TCO/glass structure.

time interval, are presented in Fig. 10a and b, respec-
tively, and the temperature profile as a function of the
time, is reported in Fig. 10c. These results have been
obtained for a structure with two thin films (0.50 um
a-Si, 0.60 um TCO on a glass sublayer) and three values
of the energy flux (14.4, 19.2 and 24.0 kJ m~?). Figure
10a shows that more energy is absorbed in the a-Si layer
than in the TCO layer. Furthermore, one can remark
that the oscillation periods are shorter in the a-Si, due to
the larger refraction index. The melting of a-Si occurs at
the 24.0 kJ m~? energy flux value, which is obviously
smaller than that at which melting of the single TCO
layer occurred, since its melting temperature is lower and
its absorptance is greater. Notice that the melting starts
at the surface (x = 0.0 nm) after 500 ns.

The absorbed energy and the surface temperature pro-
files as a function of the axial coordinate, for an 800 ns
time interval, are presented in Fig. 11a and b, respec-
tively, and the temperature profile as a function of the
time, is reported in Fig. 1lc. These results have been
obtained for a structure with three thin films (0.20 um
Al 0.50 pum a-Si, 0.60 um TCO on a glass sublayer) and
three values of the energy flux (2.4, 3.4, 4.3 kJ m~?). Far
lower energy fluxes than in the previous cases have been
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Fig. 9. Absorption (a) and temperature (b) profiles in a TCO/
glass structure, irradiated with an Nd-YAG laser, at 1 = 800 ns,
and surface temperature (x = 0) vs time (c). The laser pulse
length is 7, = 960 ns.

employed, since the aluminum layer reflects and absorbs
all the radiation, which cannot be transmitted outside,
and this determines a stronger absorption of the laser
radiation. Figure 11a shows that in the aluminum layer
the maximum energy absorption occurs in the proximity
of the surface with the a-Si layer, that is within the first
50 nm. Furthermore, no interference fringe can be
noticed in the aluminum. Finally, the aluminum melting
occurred at the 4.3 kJ m~? energy flux, after nearly 680
ns.
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Fig. 10. Absorption (a) and temperature (b) profiles in an

a-Si/TCO/glass structure, irradiated with an Nd-YAG laser, at

t = 750 ns, and surface temperature (x = 0) vs time (c). The laser

pulse length is #; = 960 ns.

5. Experimental results

For the sake of comparison to the prediction of the
numerical model, experiments were carried out on the
three structures. As a matter of fact, predictions for the
theory of a single pulse of about 1 us in duration can be
compared to experimental results of a 5 kHz pulse rate
since the dwell time between successive pulse is on the
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4

order of 199 us, sufficient for the sample to attain nearly
ambient temperature.

Tests were run on the TCO/glass structure. Predictions
from the numerical model are compared to experimental
data, for three different energy flux values, in Table 2.
Notice that the model predicts the scribing for energy
flux values greater than 3.6 x 10> kJ] m~2 and that at the

Table 2
Comparison of numerical and experimental results for the TCO
back-scribing

F[kIm3 Numerical Experimental
1.9 10? Not scribed Not scribed
2.9 x10? Not scribed Scribed

3.6 x10? Scribed Scribed

intermediate energy flux data disagree. For the sake of
exemplification the picture of the scribed region on a
TCO specimen, for an energy flux value of 3.0 x 10> kJ
m 2, is presented in Fig. 12. This picture, as well as those
presented in Figs 13 and 14, is taken from the film side.
The light area in the picture indicates that the extent
(nearly 10 um) of the heat affected zone, is much smaller
than the groove width. The TCO layer has been removed
uniformly along the boundaries of the groove, whose
profile is very regular. The picture of tests run at different
energy flux values (from 5.1 x 10% to 2.5 x 10> kJ m~?) is
reported in Fig. 13. It points out that increasing the
energy flux determines the damaging of the glass sub-
strate and a less wide cut. In fact, the dark spots in the
middle of the grooves exhibited in Fig. 13a, which refers
to the highest energy flux, denote some damage of the
glass substrate. Figure 13b indicates that the lower the
energy flux the lower the damage, which does not occur
at the lower energy flux (Fig. 13c—f).

For the a-Si/TCO/glass structure predictions from the

25 pm

-«

Fig. 12. Film side microscope image of the scribed region on a
TCO/glass specimen for an energy flux value of 3.0 x 10*kJ m 2
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200 pm

@ ® © @ @@ O
Fig. 13. Film side microscope images of the scribed region on a
TCO/glass specimen for different energy flux values: (a) 5.1 x 10
kIm™2(b)4.2x 10> kI m™? () 3.5x 10° kI m~2 (d) 3.0 x 10> kJ
m2(e)2.8x10°kI m~2(f) 2.5x 10° k] m~%

numerical model are compared to experimental data, for
three different energy flux values, in Table 3. The agree-
ment is better than in the afore presented case; scribing
occurs at the 24 kJ m~2 energy flux value. The picture of
four cuts with energy flux values from 41.0 to 30.0 kJ

Table 3
Comparison of numerical and experimental results for the a-Si
back-scribing

F[kIm3 Numerical Experimental
14.4 Not scribed Not scribed
19.2 Not scribed Not scribed
24.0 Scribed Scribed

m~? is presented in Fig. 14. There is some damage of the
TCO layer below the a-Si layer when the energy flux is
greater than 41.0 kJ m~? (Fig. 14a). The extent of the
damaged area is far lower at the energy flux of 36.0 kJ
m~? (Fig. 14b). Figure 14c and d exhibits no damaged
zones at lower energy fluxes. Finally, it is worth remark-
ing that the rather regular edges of the grooves indicate
the good quality of the selective cut.

As far as the scribing of the aluminum is concerned,
one must take into account that at the aluminum melting
temperature the a-Si characteristics have changed. In par-
ticular, a partial crystallization of the a-Si can occur,
which would determine the short-circuit between the
lower and the upper electrode. Therefore, according to
Nakano’s et al. [17] suggestion for the front scribing, we
decided to cut simultaneously the a-Si and the Al layers.
Since the aluminum melting temperature is lower than

100 pm

e

(2) (b)

(©) (d)

Fig. 14. Film side microscope images of the scribed region on an a-Si/TCO/glass specimen for different energy flux values: (a) 41 kJ

m~2(b)36kIm?(c)34 kI m~2(d)30 kI m~2
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that of the a-Si, the scribing was carried out with laser
power values equal to those adopted for the structure
without the aluminum. No comparison between exper-
iments and predictions is reported, since this case is the
same as that with two layers. However, it is worth noting
that, as already exhibited by Fig. 11, the numerical model
predicted the possibility of obtaining a selective scribing
even for the aluminum layer with laser powers lower than
those employed for the scribing of a-Si.

6. Conclusions

The back-scribing fabrication process of Al/a-Si/TCO
photovoltaic cells has been investigated numerically and
experimentally. The numerical model solves the unsteady
one-dimensional combined optical and thermal problem.
The dependence of thermophysical properties on the tem-
perature has been taken into account; phase change
effects are not considered by the model. Experimental
results and predictions from the numerical model are
compared in terms of the cut energy flux values. The
predicted cut energy fluxes are in good agreement with
experimental results. Experiments show that energy flux
values necessary to have the structure scribed are different
in the successive process phases. In fact, a cut of TCO
and a-Si occurs at 3.0 x 10 and 24 kJ m~2, respectively.
In the third cut both a-Si and Al are scribed at a 24 kJ
m 2 energy flux value. Though the numerical model is
very simple, experimental data agree well with numerical
predictions. The present study shows that the laser back-
scribing technique is very attractive for the investigated
process, particularly when the third cut is concerned.
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