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In thin film photovoltaic modules, the different solar cells are interconnected monolithically during the
production process, which gives a greater control over the size and output characteristics of the finished
module. The interconnection is typically achieved through different laser scribing processes made at dif-
ferent production steps. In thin film modules built in the superstrate configuration, the first laser process
is the patterning of the transparent front electrode. This paper presents results on the investigation of this
first laser scribing process on fluorine-doped tin oxide deposited onto a glass substrate using nanosec-
ond diode-pumped solid-state laser sources. Processes made with two different wavelengths (1064 nm
and 355 nm) and executed from the film-side and from the substrate side are compared and evaluated.
The quality of the scribes is assessed with confocal and scanning electron microscopy images. In addi-
tion, Raman microscopy is used to study the extension of the heat affected zones. While good quality
scribes were obtained using both wavelengths and either film-side or substrate-side irradiation, only
using 355 nm and substrate-side scribing yielded grooves with no observable heat affected zones. It also
needed the lowest values of energy per ablated volume and allowed for the highest processing speeds.
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As such, substrate side ablation with 355 nm is proposed as the best ablation strategy.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Fluorine-doped tin oxide (SnO,:F) is an excellent transparent
conductive oxide (TCO) widely used in optoelectronic devices. It
is especially suitable for the fabrication of thin film photovoltaic
devices since it possess some remarkable properties such as a high
transmittance in the visible range of the electromagnetic spectra,
a low sheet resistance and a high chemical stability at moderately
elevated temperatures [1-3].

In thin film photovoltaic modules, the different solar cells are
connected in series monolithically during the fabrication process.
To achieve this, different grooves, commonly called P1, P2 and P3
are introduced to obtain an electrical connection between the front
contact of a cell and the back contact of the adjacent cell. Since
laser processes can be used to obtain clean and narrow grooves,
laser scribing has established as the industry standard method to
perform the scribes [4-7].

In devices constructed in the superstrate configuration, the dif-
ferent layers are deposited onto a transparent substrate which
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serves as the supporting structure and as a window for the device
illumination. After the deposition of a TCO onto the glass substrate,
P1 scribes are made to divide the TCO into electrically isolated
stripes. The number and width of these stripes define the number
and width of the module’ solar cells. This laser process is usually
executed from the film side using an infrared (IR) or an ultraviolet
(UV) nanosecond (ns) laser source.

Material ablation with ns laser sources, especially when using
IR radiation, is fundamentally a thermal ablation process. In semi-
conductors, such as tin oxide, IR laser light excites electrons in the
material conduction band and the energy of these excited electrons
is almost instantly transferred to the material net. On the other
hand, in the ablation of materials with UV laser sources intra-band
transitions and excitation of defect states or even direct bond break-
ing can occur if the material has an energy gap similar to the energy
of the laser source. If the relaxation time of these excited species is
comparable to the characteristic desorption time of excited atoms
or electrons, mechanism like material desorption or spallation can
contribute to the ablation [8].

The ablation of thin films deposited onto transparent substrates
can be carried out directly from the film side or irradiating through
the substrate side by an induced process. The ablation mechanism
in both cases can be different. Film-side laser ablation is usually
driven by absorption, heating, and heat transport with subsequent
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melting and evaporation of the illuminated material. But when the
film is removed irradiating from the substrate side, the process is
not necessarily purely governed by thermally affecting (heating,
melting, and evaporating) the complete layer. Instead, it is possible
that only a fraction of the film close to the film/substrate inter-
face is ablated through the absorption of the incident radiation.
For high enough energies, the subsequent developed stress at the
film/substrate interface can be sufficient to lift up the whole film
[4,9].

In this work, we employed two different wavelengths in the UV
and IR part of the spectrum (1064 nm and 355 nm) to study the
removal of SnO,:F deposited onto glass substrates. Additionally,
two different irradiation geometries were studied, i.e. irradiating
from the film side and from the substrate side. Craters and complete
P1 scribes susceptible of being used in the fabrication of thin film
PV modules were achieved with both wavelengths and both irradi-
ation configurations. Based on the morphology of craters created
with single pulses and of complete scribes, we proposed differ-
ent removal processes depending on the wavelength used and on
the irradiation geometry. Additionally, using Raman spectroscopy,
we evaluated the heat affected zone generated during the pro-
cess. Finally, according to the results gathered we comment on the
preferable wavelength and irradiation geometry for the fabrication
of P1 scribes.

2. Materials and methods
2.1. Laser sources

The laser sources used in this work were ns Gaussian diode-
pumped solid-state lasers (Nd:YVO,4) from Spectra Physics. For
ablation at IR, the laser operated at the fundamental frequency of
1064 nm. The laser repetition frequency could be varied between
1kHz and 100 kHz. The maximum average power was about 4.8 W
and the beam had a quality factor M2 <1.15. The laser source was
positioned directly over the sample which was placed on a stage
driven by three electro-mechanical axis that allowed sample move-
ment at speeds up to 5m/s.

For the UV ablation, the 1064 nm laser frequency was tripled
to 355 nm. The laser repetition frequency could be varied between
15 kHz and 300 kHz. The maximum average power was about 3.5 W
and the beam had a quality factor M%< 1.3. In this case, the laser
beam was led and focused on the sample surface by an optical
system that included two mirrors, a beam expander, a digital scan-
ner that allowed scanning speeds up to 10 m/s (HurryScan II 14,
Scanlab,) and a lens with a 250 mm focal length.

The beam waist of both lasers was calculated following the
method described by Liu [10]. Because of the optical differences
in the laser systems for each wavelength, the lasers beam’ waist
and depth of field were different. The obtained beam waists were
approximately 20 wm for the IR laser and about 35 pm for the UV
laser. Moreover, the IR laser had a very small depth of field (less
than 1 mm) which made the laser processes very sensible to the
sample position. To compare the pulses emitted by both lasers the
pulses’ peak fluence was used.

All the experiments were carried out with the sample pos-
itioned approximately in focus. The focus position was estimated
by examining marks created in the samples at different distances
from the lens by single, low-energy laser pulses. This was done
for both wavelengths and for film- and substrate-side irradia-
tion. The focus position would be located approximately where
the mark was smallest. With this approach, the change in the
focus position due to the refraction suffered by the laser beam
when going through the glass in substrate side irradiation was
adjusted.

2.2. Samples and material characterization

For this study we used samples of a commercial TCO based on
Sn0,:F (Asahi® U-type) [2,3]. The films had a thickness of 850 nm
and had its surfaces texturized (rms roughness ~30-50 nm as mea-
sured from confocal images) to improve light trapping. Optical
transmittance and reflectance of the SnO,:F films were obtained
with a PerkinElmer Lambda 1050 UV/Visible/NIR. The morpho-
logical characterization of the laser pulses and grooves was done
with a confocal microscope (Leica DCM 3D) and scanning electron
microscopy (SEM) (HITACHI S-3500 N). To study possible material
modifications caused during the laser process, we measured EDX
and Raman spectra using the 514.5 nm line of an Ar laser (InVia Ren-
ishaw) in the vicinity of the ablated zone. The electrical isolation of
the P1 scribes was checked using a common multimeter (range up
to 550 M€2).

3. Results and discussion
3.1. Single pulse removal

To study the removal of the SnO,:F films when using IR and UV
wavelengths and for film- and substrate-side irradiation, exper-
iments using single laser pulses were performed first. Since the
two lasers have different wavelengths and beam radius, some dif-
ferences appeared when ablating the TCO. For example, using the
method described by Liu [10] we calculated the damage thresh-
old of the material and the obtained values for film side irradiation
were 1.7]/cm? at 355nm and 1.1]/cm? at 1064 nm. In Fig. 1 SEM
images of the craters obtained with the different wavelengths and
different irradiation geometries are shown.

When the film was irradiated with 1064 nm from the film side
(Fig. 1a), fluence values around 1.6]/cm? were enough to remove
the whole film. The obtained craters presented very smooth edges
and walls evidencing the melting and posterior solidification of
material. On the other hand, when using 355 nm irradiating from
the film side, the morphology of the craters obtained showed a
very irregular surface, evidencing an inhomogeneous ablation (See
Fig. 1b). Yet, it was still possible to distinguish traces of molten and
re-solidified material in the surface of the craters. At pulse fluence
values of about 1.8]/cm? the craters reached an average depth of
approximately 650 nm and the use of higher fluence values (up to
11]/cm?) did not produce deeper craters.

The strong differences in the crater morphology indicated differ-
ent ablation mechanisms. With 1064 nm, the morphology obtained
was typical of a thermal mechanism where the material is melted
and evaporated as a consequence of the energy transferred to
the material by the electrons excited with the IR light. On the
other hand, the morphology of the craters obtained with 355 nm
suggested that the ablation mechanism probably involved bond
breaking processes and material ejection in addition to the ther-
mal processes involved in ns laser-matter interactions. The fact that
the whole film could not be ablated at the highest fluence values
(11]/cm?) suggested that the UV light was highly absorbed as it
penetrated the material.

When irradiating from the substrate side, a fluence value of
2.1]J/cm? was needed to remove completely the TCO film with
IR light whereas 1.5]/cm? was enough when using UV light. The
obtained crater morphology was very different in each case. The
craters obtained with 1064 nm from the substrate side (Fig. 1c)
were very similar to those executed from the film side (Fig. 1a) sug-
gesting that the same removal mechanism applied to both cases.
Since IR light is absorbed more homogeneously throughout the
whole film'’s thickness than UV light, the irradiation geometry did
not play a determining role. On the other hand, the craters obtained
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Fig. 1. Detailed SEM images of single laser pulses with: (a) 1064 nm laser from the film side; (b) 355 nm laser from the film side; (c¢) 1064 nm laser from the substrate side;

(d) 355 nm laser from the substrate side.

with 355 nm light from the substrate side had a very sharp edge
without signs of thermal fusion (Fig. 1d). This is typical of the
mechanical rupture of the film seen in an induced removal mech-
anism [9]. Hence, it was reasonable to conclude that UV light was
mainly absorbed near the material/substrate interface and that the
build up pressure due to the evaporation of the first nm of material
was sufficient to break and eject the whole film thickness.

3.2. P1 grooves

The final objective of this work was to compare the effects of
both wavelengths and both irradiation geometries on the quality
of P1 grooves. In particular, we were looking to achieve P1 scribes
with good electrical and morphological properties while using the
minimum energy necessary and the fastest speed possible.

As described in the previous section, the TCO film can be
removed completely with a single pulse using UV light from the
substrate side or IR light from either the film or substrate side.
Therefore, using a fluence value high enough to ablate the TCO film
and an overlap high enough to connect the craters obtained with
each pulse should have yielded continuous grooves. The overlap
in the different scribes was defined from the size of a single pulse
crater, D, using the following expression:

v
Df

In this expression, v is the process speed and f the repetition
frequency.

When irradiating with UV light from the film side several pulses
were needed to remove the TCO film. Therefore, the overlap value
cannot be defined in terms of the diameter of a single pulse crater.
Accordingly, we have replaced D in the previous expression by the
groove’s width.

Following the approach of minimum fluence and overlap val-
ues, it was possible to create scribes with a morphology suited for
its application to thin film photovoltaic modules i.e. flat bottoms,
smooth walls and no shoulders or spikes in the grooves’ edges (as

Overlap (%) =1 —

observed from confocal and SEM images) with UV light irradiat-
ing from the substrate side (Fig. 2d) and with IR light irradiating
from the film- (Fig. 2a) and substrate-side (Fig. 2c). shows as an
example four representative working grooves made using the dif-
ferent wavelengths and irradiation approaches tested. It is worth
noting that both laser systems had different focusing optics and dif-
ferent scanning speeds. The differences in the grooves’ width are
most likely influenced by this. We could not discern any damage
to the substrate in the confocal and SEM images either. However, it
was found that with the procedure of using minimum fluence and
overlap values, only the scribes done with 355 nm and irradiating
from the substrate side (Fig. 2d) fulfilled the requirement of high
electrical isolation. In the other two cases, higher fluences or higher
overlap values were needed to obtain high electrical resistances. For
example, when using IR light irradiating from the film (Fig. 2a) or
from the substrate side (Fig. 2c), fluence values as high as 10]/cm?
were needed to electrically isolate the scribes at low pulse over-
laps (~25%). If we increased the pulse overlap, lower fluence values
(3.3]/cm? at 70% overlap for example) could be used in detriment
of a lower process speed. These results could be explained in terms
of the different mechanisms proposed for single pulse removal. The
processes achieved with IR light clearly showed signs of melted and
re-solidified material (Fig. 2a and c). Although from the images the
bottom of the grooves seemed completely clean, certainly some
materials remnants coming from the molten mixture must have
been present. Hence, higher fluence values or higher pulse over-
lap than expected were needed to completely remove the film and
achieve electrical isolation. Finally, in the case of UV light irradi-
ating from the film side we have shown that it was not possible
to remove the entire film with single laser pulses. Therefore, very
high overlaps (>90%) were needed to achieve electrical isolation
with the scribe even at fluence values of 10]/cm2. This resulted
in wider grooves, with wider and less vertical walls, and a slight
elevation of the grooves edges (Fig. 2b).

Table 1 shows the fabrication parameters for the grooves
obtained with the lowest energy/ablated volume (most efficient
processes). The ablated volume of a groove can be calculated from
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Fig. 2. Confocal images and profiles of P1 functional grooves made at different conditions: (a) 1064 nm, film side (20 kHz 102 mW 90 mm/s); (b) 355 nm, film side (20 kHz
274mW 61 mm/s); (c) 1064 nm, substrate side (20 kHz 132 mW 180 mm/s); (d) 355 nm, substrate side (20 kHz 132 mW 246 mm/s).

confocal images or from a simple relation between the average
power, the speed used and the width and depth of the grooves [4].
Since the grooves studied were very clean, both methods yielded
similar results. Accordingly with the single pulse results, a lower
energy was needed to ablate the material when scribing from the
substrate side with a 355 nm laser, making this approach the most
favourable from an energetic point of view.

3.3. Material modifications
In order to study possible changes produced in the material
structure due to the laser interaction, EDX and Raman spectra were

measured at different points: the glass substrate, the TCO surface
and at several points at different distances from the groove edge.

Table 1

Fig. 3 shows an example of the Raman spectra measured. The
spectra obtained in point 1 and point 2, which were points located
inside the groove, are characterized by having a broad band ran-
ging from 530cm~! to 670cm~"! that can be assigned to the glass
substrate. None of the active Raman modes typically observed in
SnO, samples were present in those two spectra. On the other
hand, the spectra measured in points 3-5 and surface, revealed
the typical features found in Raman spectra of SnO; samples. The
peaks located in 638cm~! and 776cm~! can be assigned to the
Alg and B2, vibration modes of SnO; while the broad band located
around 465 cm~! can be attributed to the E1; mode [1,2]. The spec-
tra in points 3-5 and surface also presented two more peaks in
240cm~! and 280cm™! that are not generally found in spectra
taken in SnO, samples. These peaks have not been identified, but

Example of parameters and groove characteristics of process performed with 355 nm and 1064 nm laser light from both the film side and substrate side.

Repetition Pulse energy Fluence Process speed Overlap Groove width Energy/Ablated
frequency (Hz) m (J/em?) (mmy/s) (%) (pm) volume (J/mm?)
355 nm film-scribing 60,000 3.98x10°¢ 0.9 102 92.8 23.7 143
355 nm substrate-scribing 100,000 490 %1076 1.1 1020 27.1 14.0 41
1064 nm film-scribing 50,000 6.80 x 1076 43 350 27.0 9.6 206
1064 nm substrate-scribing 20,000 142 x10°5 9.0 180 371 143 164
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Fig. 3. Raman spectra (a) in different points (b) over a P1 scribe performed from the
substrate side with a 1064 nm laser. A peak at 211 cm~' could be observed, showing
an affected area near the groove edge.

appear in spectra taken in other fluorine doped tin oxide samples
[2] and, therefore, could be originated by the fluorine impuri-
ties.

In addition, in the spectra taken in points 2-5, i.e. in the vicin-
ity of the grooves edge, there is another peak located in 211 cm~!.
This peak can be ascribed to the Alg mode of tin monoxide (SnO)
[11]. If the spectra was taken farther away from the scribe edge
(as in the surface spectra in Fig. 3.) the peak disappeared. Likewise,
that peak was not detected in the spectra taken in any location in
scribes executed with 355 nm irradiating from the substrate side.
Hence, the presence of SnO could be related to a thermal effect pro-
duced by the laser that extends about five microns away from the
groove and thatis absent in the scribes obtained through aninduced
removal mechanism. That peak was also observed in point 2 in
some grooves. Since no other peaks were detected in those spec-
tra, its presence was related to the re-deposition of the removed
material.

Finally, EDX spectra were measured at similar points as the
Raman spectra, but no differences were observed between the
affected area and the TCO surface far from the grooves. Further-
more, stoichiometry calculations were made from the spectra
revealing no significance differences in the amount of tin measured.

As the main objective of the P1 grooves is to electrically iso-
late the different solar cells, the material modification observed
did not affect the groove function. Nevertheless, the extension of
the affected area was too small to possibly influence module per-
formance.

4. Conclusions

IR and UV laser ablation from the film side and from the sub-
strate side of fluorine-doped tin oxide films deposited onto a glass
substrate were studied. When irradiating with IR light from the film
and from the substrate side, the observed craters’ morphology was
typical of a thermal ablation mechanism, i.e. very smooth features
due to melted and re-solidified material. In fact, from the study of
P1 scribes, it was concluded that melted material was re-deposited
in the grooves bottom and, in order to make isolating scribes, high
pulses overlap were needed.

On the other hand, the craters obtained with UV light irradiating
from the film side had very irregular features. The UV light was also
highly absorbed by the film, and even when using fluence values
as high as 11]/cm? several laser pulses were needed to remove the
entire film. Therefore, in order to make isolating P1 grooves, very
high overlaps were necessary. Finally, if the film was irradiated with
UV light from the substrate side, it was removed through aninduced
mechanism leaving very clean craters, with very sharp edges. With
this approach, it was possible to obtain P1 grooves with the lowest
pulse overlap and pulse energy.

From Raman spectra, we identified an affected area extending
several pm at the sides of the laser grooves. This material modifica-
tion was not observed in processes performed by induced ablation
(355nm from the substrate side) and hence was attributed to a
thermal modification of the material.

P1 grooves made with UV light irradiating from the substrate
side is proposed as the preferred method since it allowed for the
fastest processing speeds while using the lowest energy/ablated
volume and showed no evidence of thermal damage in the sur-
roundings of the grooves.
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