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ABSTRACT

The third (P3) laser patterning step of thin film photovoltaic devices is studied experimentally using a
diode pumped solid state laser with 532 nm wavelength and a delay generator. The effect on the electrical
characteristics of the devices due to the patterning process is investigated by performing scribes on single,
thin-film solar cells. As it is shown, in this type of experiments the inertia in the motion systems or in the
scanner controlling the direction of the laser beam plays a critical role in the results. By controlling
externally the output of the laser beam it is possible to overcome the inertia and investigate the real effect
of the P3 laser scribing on the device electrical characteristics. When the laser scribing conditions are
optimized and the inertia in the system is taken care of, the P3 process has very little effect on the device
electrical characteristics. Translated to modules this means that by optimizing the P3 process, the
decrease in the efficiency found when up-scaling from single cells to modules can be minimized (as far as

the P3 process is concerned) to that coming from the removed area.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Photovoltaic devices based on thin film technology play an
important role in green energy generation. The forecasts are that by
2010, thin film modules will reach a capacity of four gigawatt and a
market share of 20% [1]. Thin-film modules are still not as efficient
per unit area as crystalline silicon modules, however, they possess
various advantages that make them an interesting alternative. At
the front of these advantages is the fact that thin-film solar is much
less expensive to produce and it still has the potential to sig-
nificantly reduce manufacturing costs. The raw materials required
to produce these solar modules are cheaper than the high-grade
silicon needed to manufacture crystalline silicon panels. In addi-
tion, production costs are also lower thanks to cooler processing
temperatures or greater fabrication throughput. This is achieved
thanks to faster processing techniques and the possibility of larger
area material deposition.

Laser scribing is one of the most important processing steps in
the industrial development of thin-film photovoltaic modules. It
allows cell isolation and monolithic electrical interconnection over
large areas at high speeds. The advantages of laser scribing over
other scribing methods is that it can be a highly selective process,
with very limited thermal affection of the processed material and
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with very little debris produced during the process. As it is a
relatively new technology, however, the different laser processes
involved in the production of solar modules are far from optimized.

In thin-film solar modules based on the superstrate configuration,
the different laser scribing processes are as follows [2]. First, the cell’s
width is initially defined by scribing the transparent conductive
oxide that acts as the front electrode so that electrically isolated
parallel stripes of TCO are obtained. This process is commonly known
as P1 scribe. These scribes are performed either using IR light
(1064 nm) by direct writing or by backscribing (sample illuminated
through the glass/substrate side) or using UV light (355 nm) by direct
scribing [3]. Typically, the width of the P1 scribe ranges from 10 to
30 um. Following the completion of the P1 scribes, the different thin
films that shape the solar cell are deposited. In the case of amorphous
silicon (a-Si:H) solar cells, like in the present work, these are
deposited typically by Plasma Enhanced Chemical Vapor Deposition
(PECVD) in the p-i-n structure (p-doped layer, i-intrinsic layer,
n-doped layer). The subsequent laser scribe process consists of the
removal of the thin film layers with scribes adjacent to the previously
performed P1 scribe and it is known as the P2 scribe. This P2 scribe is
performed by backscribing using green light (532 nm) and it allows
the serial electrical interconnection of the different cells with the
ensuing back contact deposition. Finally, after back contact deposi-
tion, a third laser scribe, adjacent to the P2 scribes, is performed by
backscribing through the substrate side also using a 532 nm laser.
This third scribe, known as P3, completely defines the solar cells and
ensures the serial connection of the cells. An example of the three
different scribes is shown in Fig. 1.
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Fig. 1. Microscopic image of P1, P2 and P3 scribes in an a-Si:H thin film photovoltaic
device.

This work focuses on the P3 laser scribing process with the
peculiarity that it has been done in single solar cells. By evaluating
it in single solar cells rather than in finished modules it is possible
to isolate its effect on the device characteristics since the P1 and P2
scribes are omitted. Furthermore, it is a much faster way for
evaluating different process parameters and the overall quality of
the P3 scribe. Optimum laser power and overlapping area are easier
to evaluate with this method. To study the effect of the P3 scribe
length, several scribes can be done in the same cell. However, as
will be shown in this work, the high speed motion systems needed
for precision laser scribing plays an important role in this experi-
ment. They can be responsible for the electrical losses observed
after scribing the solar cells. If this is dealt with properly, it can be
seen that the P3 scribes have very little effect on the electrical
characteristics of the processed solar cells.

2. Experimental
2.1. Sample preparation

a-Si:H thin film solar cells with a p-i-n structure were deposited
onto SnO,:F (Asahi-U type)/glass substrate in a dual chamber
PECVD reactor at 13.56 MHz from the decomposition of silane
(SiHy). Tri-methyl boron (B(CHs)3) and phosphine (PHs) were used
as the doping gases for the p and n layers, respectively. The cell total
thickness was estimated to be around (400 nm). An aluminum back
contact was thermally evaporated, limiting the area of the cells to
1 cm?. Typical total area efficiency of these cells was ~8%.

2.2. Laser scribing

Laser scribing has been performed using a diode pumped solid
state laser (Nd:YVO,) from Spectra Physics. The system includes an
electro-mechanical shutter and it can operate with a repetition rate
within the range 15-100 kHz with pulse widths of 15 ns in TEM 00
operation mode. The fundamental frequency of the laser is
1064 nm (IR). However, the system also includes a second harmo-
nic module, which effectively doubles the frequency to 532 nm
(green light).

The laser beam is focused on the sample surface by an optical
system constituted of three mirrors, two telescope expanders that
can reduce/increase the size of the spots and a digital scanner
(HurryScan II, SCANLAB) for 532 nm light with a focal of 250 mm
and working distance of 383 mm. This produces a typical usable
square image field of 155 x 155 mm? with a scanning velocity of
3 mmy/s to 10 m/s. Part positioning is assured by X, Y stages, which

Fig. 2. Sketch of the sample structure and laser patterning used to investigate the
influence of the P3 scribing process in the devices electrical characteristics.

are servomotor driven with linear position encoder (resolution of
0.1 pum in each axis). Overall precision in the XY working area is
about 1 um. An additional linear axis (Z-axis) is used to bring the
part to the laser focus. Finally, the laser beam can be controlled by
means of a DG645 digital delay generator that can output arbitrary
delays from 0 to 2000 s with 5 ps resolution and typical RMS jitter
of 12 ps.

To study the effect of the P3 scribes on the electrical character-
istics of solar cells, the scribes need to end (or to start) within the
back contact electrode, otherwise what are obtained are two
different cells completely isolated (see Fig. 2). But in doing so,
the accuracy of the interconnection system is very important. The
inertia in the braking and acceleration of the motion systems (XY
stages or digital scanner), when making scribes at typical speeds of
1 m/s, can be quite significant even if very accurate precision, low-
inertia systems plus the perfect synchronies and control of the laser
beam as the ones used here are employed. In fact, stopping the XY
stages in a controllable way within an electrode of 1 cm? as the one
used here has proved to be very difficult because of the higher
mechanical and kinetic loads. Therefore, the length of the scribes
has been controlled using only the scanners. To avoid the possible
influence of the inertia in the scanner, a delay generator can be used
so that it is possible to program a stop to the laser emission before
the end of the programmed scribe.

After each backscribing process, the samples were subjected to
an ultrasonic bath in ethanol and were nitrogen-dried, to avoid the
presence of loose flakes or debris of the back contact that could lead
to errors in the measurements.

2.3. Measurements and characterization techniques

The quality of the laser scribes and the ablation profiles were
studied using optical microscopy (Olympus PMG3, Olympus
SZ-CTV) and confocal laser scanning microscopy (Leica DCM 3D).
In confocal microscopy techniques, 3D images are obtained by
moving the focus plane and acquiring single images that can be put
together building up a three-dimensional stack of images to be
digitally processed. Using a 150 x magnification objective, vertical
resolutions of 2 nm can be achieved. In addition, SEM and EDX
micrographs are included for a better description of the morphol-
ogy and to obtain qualitative information about the selective-
ablation processes.

To study the effect of the laser scribes in the performance of the
solar cells, the current-voltage characteristics (J-V) have been
measured in dark and under calibrated 100 mW/cm? AM1.5G
irradiance. The main photovoltaic parameters i.e. short-circuit
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current density (Js.), open-circuit voltage (V,.), fill factor (FF) and
efficiency (1) have been obtained in the usual way. The dark J-V
characteristics have been numerically fitted to the general diode
equation (see Fig. 3 for equivalent circuit)

Jo :]S(e(V*A]Rs/"VT)_‘l)_F

V—AJR,
e 8
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In Eq. (1), Jo is the measured dark current, Js is the saturation
current, V is the applied voltage, A is the cell area, Ry is the series
resistance, n is the diode ideality factor, Vr=q/KT and Ry is the
shunt resistance. As will be shown, any effect in the solar cell dark
J-Vcurves after P3 scribing is primarily assimilated by the Ry, value.
Hence, this value will be used to assess the effect of P3 laser scribing
on the electrical characteristics.
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Fig. 3. Equivalent circuit of the pin solar cell measured in dark conditions from
which Eq. (1) is derived.
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3. Results and discussion
3.1. Optical characterization of back contact patterning

Two of the most important parameters that need to be
optimized for a successful P3 scribe are laser power density and
pulse overlap [4]. When the cell is irradiated, the laser pulse energy
is absorbed at the TCO/p-i-n interface. If the increase in tempera-
ture due to the energy absorption reaches local thermal strain,
melting and vaporization (ablation) of the thin films can occur
“sweeping away” the metallic back reflector as well. The extra
energy above the ablation threshold goes into the material as heat,
causing thermal damage to the surrounding area. This explosive
removal of the thin films results in a scribe quality that depends on
the mechanical properties of the back contact, on the laser beam
power density and on the pulse overlap.

The laser beam profile of the laser system used in this work is
Gaussian. Therefore the spatial distribution of the energy fluence is
given by

E)= [ dtio = Eoexp(—1*/p?) @

Since the energy distribution or the energy fluence is given by the
spatial (r) and temporal (p) radius, the power density used for the
line groove can affect the quality of the scribes in different ways.

If the power density is very low it can lead to an incomplete
removal of the thin films resulting in poor levels of isolation on all
the scribes processes [5]. If instead, a very high power density is
used, the TCO can be heavily damaged by the ablation process
increasing the sheet resistance and deteriorating the device overall
electrical characteristics. An example of the damaged induced to
the TCO by using very high power density is shown in Fig. 4A. In
addition, a higher thermal damage to the thin films is expected,
which in turn can create regions with a higher defect density and
induce crystallization [6] of the silicon thin films Furthermore,
owing to the Gaussian nature of the power distribution, energy
excess can produce thermal effects like inducing a bulging of the
back contact (Fig. 4B) due to the Gaussians queues.

cLUPM

Fig. 4. SEM micrograph of a P3 scribe showing damage done to the TCO (A), bulging of the back contact (B) and metal flake formation (C) due to non-optimized conditions.

(D) Shows an EDX micrograph of an optimized P3 scribe.
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Pulse overlap is determined by the scribing speed, once the laser
repetition rate is fixed according to the power of the laser. If pulse
overlap is not optimized flakes or tongues of un-removed back
contact reflector are created, which can give rise to potential short
circuits paths in the finished device [4]. This is shown in Fig. 4C
where the unwanted flakes are clearly seen along the edges of the
scribe.

Once the power density and pulse overlap are optimized, the
thin films are perfectly removed as confirmed from EDX images
(Fig.4D) with no damage to the TCO or metal flakes along the edges.
It is possible to correct the profile of a Gaussian distribution
through the homogenization of the laser beam and therefore
facilitate the laser patterning of P3 interconnection.

In the present work, the scribes need to be stopped within the
back electrode reflector as explained in the experimental section. If
the scribe is stopped being used by the scanner or by the motion
systems, what is typically obtained is something like the scribe
shown in Fig. 5A. As can be observed, the system is very accurate
and it can be brought to a stop in distances of only 50 pm. However,
since the laser continues emitting pulses at the same frequency, the
overlap of the last pulses (those within the breaking distance)
increases. As a result, flakes and therefore potential short-circuits
are created.

If, on the other hand, the output of the laser is controlled in
conjunction with a delay generator, the scribes are controlled to a
greater accuracy. An example of these scribes can be seen in Fig. 5B.
A close-up of the end of these scribes (Fig. 6) reveals that with this
method the overlap is maintained until the last stop and hence, the
scribe comes out perfectly clean of flakes. It is clear then, that to
study the effect of P3 scribes in single solar cells without taking any
extra precaution can lead to some erroneous results. In the
following section, the electrical characteristics of cells treated with
P3 scribes performed with and without a delay generator are
presented.

3.2. Electrical characterization of the patterned solar cells

The electrical characteristics (dark J-V curves) after back contact
patterning are shown in Fig. 7 for both methods of stopping the
scribe, within the back electrode. The characteristics of a cell, where
the scribe was finished, using only the scanner are those of Fig. 7A
(cell PF8), whereas Fig. 7B (cell PH1) corresponds to a cell where the
delay generator was used.

It is clear that the electrical characteristics of the cell where the
scribe had stopped using the scanner worsen drastically with each
scribe, whereas using the delay generator leaves them practically
unchanged. By fitting the J-V curves to Eq. (1) it can be seen that the
only real change in the diode characteristics after each scribe occurs

A

in Rs,. The series resistance, the saturation current or the diode
ideality factor remain practically constant after each of the scribing
processes. In the present example, cell PF8 suffers a decrease in Ry,
from 2.4 x 10 to 5.3 x 10> Q cm? after the cell has been modified
with 12 P3 scribes.

The same behavior of cell PF8 has been observed by others
authors [4]. In their work, the observed worsening of the electrical
characteristics was attributed to an accumulative effect of the total
length of the P3 scribes. They concluded that as the total length
increases, so does the heat affected zone in the vicinity close to the
patterned area. As it has already been shown [6] that a recrystalli-
zation of the material occurs, which could lead to an increase in the
defect density (dislocation density, structural defects, diffusion of
the dopands in that area, etc.) causing an increase in the dark
current. However, in the examples presented here these observa-
tions do not explain the results. In the case of the cell PF8, the total
length of the P3 scribes amounts to only 2.759 cm after 12 P3
scribes whereas in the case of the cell PH1 the total length of the P3
scribes reaches 13.1 cm after 24 P3 scribes. Nevertheless, the
deterioration of cell PF8 is remarkable and practically non-existent
in cell PH1.

To further investigate the relationship between the total
accumulated length of the P3 scribes and the observed deteriora-
tion of the J-V curves when the scribes had finished using the
scanner, different cells were treated with the same number of P3
scribes but having different length. Cell PF8 was treated with P3
scribes that were substantially shorter than those done in cell PF3.
After each P3 scribe, the cells’ JV characteristics were measured and
Rsn, was calculated. In Fig. 8A it is shown how the calculated Ry, for

Fig. 6. 3D Confocal profile of a P3 scribe done employing the delay generator
(see Fig. 5B).

100 pm

Fig. 5. (A) Confocal microscopy image of a P3 scribe finished within the back contact by controlling the beam with the scanner and (B) optical microscopy image of several P3
scribes finished within the back contact by controlling the output of the beam with a delay generator.
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Fig.7. DarkJ-V characteristics of cells treated with P3 scribes. (A) Corresponds to cell PF8, where the P3 scribes were controlled using only the scanner. Cell PH1 is shownin (B),
and the scribes were controlled using the delay generator. The lines show the fits to Eq. (1).
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Fig. 8. (A) Shunt resistance Ry, vs the total accumulated length in the P3 scribe and (B) R, vs the number of P3 scribes. The scribes in cells PF3 and PF8 were controlled using

only the scanner, whereas in cells PE8, PH4 and PH1 the delay generator was used.

both cells changes when plotted against the total accumulated
length of the P3 scribe. If there was a direct relationship between
the decrease in Ry, and the total accumulated length of the P3 scribe
one would expect the same or similar Ry, value for a similar
total accumulated length for both cells. However, Ry, changes
differently in both cells with the P3 total length and hence it is not
possible to directly relate the total length with the deterioration in
the Ry, value.

On the other hand, if the same data is plotted not against the total
length but against the number of P3 scribes (Fig. 8B) both cells
behave similarly and the decrease in Ry, after each scribe is
practically the same. These results suggest that the total length of
the P3 scribe is not responsible for the deterioration in the J-V
characteristics of the cells. If the same experiment is performed but
using the delay generator to stop the scribes instead (cells PES, PH4
and PH1 in Fig. 8A and B) the value of Ry, remains practically
unchanged even for a total length of the P3 scribes above 16 cm and
32 different P3 processes. Hence, the observed changes in cells PF3
and PF8 has to be related with the different way of stopping the
scribe and not the scribe itself, i.e., the deterioration in the J-V curves
is due to the formation of flaws or metal flakes within the last 3-4
laser spots. The defects formed in the heat affected zones caused by
the P3 scribes are not significantly changing the device’s electrical
characteristics; otherwise its effect would also be observed when the
delay generator is used.

This study has been performed and validated in 22 different cells
coming from 5 different depositions and hence, the results cannot
be ascribed to peculiarities of the cells formerly shown. Fig. 9 shows,
as an overview, the ratio of the original calculated Ry, value to the

22 differents cells
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Fig. 9. Ratio of the original calculated Ry, value to the value after the different P3
process vs the number of P3 processes. Open circles correspond to cells with P3
scribes performed using only the scanner; filled triangles correspond to cells with P3
scribes performed using the delay generator.

value after the different P3 process plotted against the number of
processes. When the delay generator is used and the scribes are free
of flakes, the change in Ry, is always less than one order of
magnitude. On the other hand, if the scribe is finished by stopping
the motion systems, the Ry, value rapidly increases with the number
of P3 processes.

The changes observed in the electrical characteristics under
illumination also depend on how the P3 process is performed.
However, the effect is relatively soft if compared to the effect in the
dark J-V characteristics. When the P3 scribe is done using the delay
generator, the characteristics under illumination remain completely
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Fig. 10. J-V characteristics measured under illumination of cell PF3 before and after
1 and 12 P3 scribes. The scribes were performed using only the scanner to stop the
scribes within the back electrode. If the delay generator is also used no deterioration
in the J-V characteristics of the cells is observed.

unchanged. If the P3 scribes are done using only the scanner, the
characteristics do suffer from a slight worsening as can be seen in
Fig. 10 for a cell measured after 1 and 12 P3 scribes. As shown, J;.and
FF suffer a slight decrease, going from 14.7 to 13.7 mA/cm? and from
0.64 to 0.61 after 12 P3, respectively.

This worsening in the electrical characteristics of the cells
cannot be translated to complete modules since the scribes connect
different cells, without stopping in the middle of the back contact.
Hence, there is no influence of the inertia carried by the scanner and
motion systems on beginning and ending the scribes, since its effect
occurs outside the module. Therefore, if the scribing parameters are
optimized, the modules should only be affected by the removal of
active area, and not by possible effects induced by the P3 laser
process itself. However, the vibrations and mechanical, kinetic and
inertial loads of the encoders, servo motors, etc. could have similar
harmful consequences in the electrical parameters.

4. Conclusions

The effect of the third laser patterning step used in the fabrication
of thin film solar modules has been investigated. To isolate the effect
of this step from the P1 and P2 steps, this study has been performed
in single solar cells, in which the P3 scribes are accomplished so that
the end of the scribes lie within the back contact. Since the laser
beam covers the cell at speeds typically of m/s, the inertia when
stopping the scribe can be considerable. As shown through different
imaging techniques the end of the scribes suffer from the formation
of metal flakes due to the variation in the overlap of consecutive
spots within the stopping distance. The devices see a continuous
worsening of the dark electrical characteristics after each scribe,

mainly manifested by a decrease in the shunt resistance. Both the
effects: the formation of metal flakes and the decrease in Ry, appear
to be intimately related. A direct relationship between the decrease
in R, and the total accumulated length of the P3 scribes cannot be
established; however, it is shown that the worsening in Ry, is related
with the number of scribing processes. If, on the other hand, the
output of the laser beam is controlled externally with a delay
generator (a time delay is introduced between the end of the
programmed scribe and the laser output), the scribes can be done
with the same spot overlap maintained until the end (start) of the
scribe. In this case, the devices electrical characteristics remain
practically unchanged even after 32 scribes (total accumulated
length of 17 cm). Hence, the observed decrease in Ry, is a conse-
quence of the metal flakes formation and not the scribing process
itself. This is important because it shows how it is possible to
perform P3 scribes in modules without altering the electrical
characteristics. The decrease in efficiency usually found when going
from single cells to complete modules coming from the P3 laser
scribes can be reduced to the effect of the active area removed if all
other parameters are optimized.
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