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Abstract Ultra-short pulsed laser radiation applied on silicon decreases the reflectivity by
modifying the surface topology by ablation to achieve a so called “black silicon” texture. A
multitude of laser processing parameters are investigated in order to classify the reflectivity
reduction. Exemplarily, 5-inch mc-silicon solar wafers are machined in a first step with high
throughput using a linear 7-foci diffractive optical element (DOE). In a second step, solar
cells are built up to determine the efficiency gain by the laser surface modification. A
preliminary absolute efficiency gain of Ay >0.2% is achieved at an absolute reflectivity
reduction of globally 11.2 % in comparison to a conventional isotexture.
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1 Introduction

In photovoltaic applications, low spectrally independent reflectivity is desired, in
order to achieve high absorption in the relevant solar spectral range, and result in
high cell efficiency. However, silicon has a high spectral dependent reflectivity.
Reflectivity can be reduced by surface structuring and applying antireflective
coatings (ARC) [1]. A major disadvantage of an ARC is the small spectral range for
reflectivity reduction in the order of a few tens of nm. The reflectivity of crystalline
silicon can alternatively be reduced by laser surface modification of the topology.
Surface features can be generated with a high symmetry or surface feature
distributions at short and ultra-short laser radiation [2][3][4], as well as with non-
radiative techniques [5]. A spectrally weighted reflectivity of approx. 8 % for
textured silicon produced by etching can be achieved. Laser-induced groove
structures on silicon reduce the reflectivity from 34 % to 28 % with an additional
post processing by etching [3].

A cone-like texture is generated using SFg gas in combination with multiple
nearinfrared (NIR) femtosecond laser radiation pulses [2][6][7], or ultraviolet (UV)
radiation with a pulse duration of a few ns [4]. The absorption of a photon in silicon
with an energy lower than the bandgap energy is improved using femtosecond
laser processing with the additive gas SFs. During laser processing, SFg is
decomposed to fluorine and sulphur radicals [8][9]. Sulphur is a dopant for silicon,
locally reducing the bandgap energy by having additional energetic levels between
the valence and conduction band.
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This absorption improvement at photon energies lower than the bandgap is not
desirable for photovoltaic applications, because the electrons cannot transit from
the valence into the conduction band, and therefore the increased absorption at
larger wavelengths yield additional losses due to decay of phonons, resulting in
increased heat input at smaller photon energies, and thereby lowering the
efficiency of solar cells. Further, the decreased bandgap yields, even for ideal
conversion, lower maximum solar cells efficiency according to the Queisser-
Shockley limit [10].

While the fundamental formation of the cone-like structure is independent of any
additive gases, some gases can change the structuring process [2][6][7]. Laser
sources with a pulse duration in the femtosecond range with low repetition rates in
the 1 kHz range, and therefore low area velocities (square meters per second) are
used for the laser texturing process to generate cone-like structures. The formation
mechanism of these cone-like structures is not yet understood in great detail, but
some first empirical calculations on the growth process of these structures have
been carried out [5], and basics of the formation of these cone-like structures and
their dependencies on processing gases and laser process parameters have been
investigated [2][6][7].

In our work, a laser based surface modification technique for mc-Si solar cells with
a high processing velocity is presented. Our technique does not require additional
chemical additives, and is carried out in ambient atmosphere. As SF; is not used,
there is no need for complex gas recycling or safety engineering for dangerous
materials, and setup, and the experimental results are compared to normal
ambient atmosphere. In order to determine the proper laser and ambient
parameters for reflection reduction, two laser wavelengths and different repetition
rates are investigated for a distinct number of laser pulses per point at a constant
pulse duration of 7, = 7 ps.

Processed cells are generated, and the reflectivity as well as photovoltaic
parameters are determined to evaluate the efficiency increase of the processed
multicrystalline silicon (mc-Si) solar cells in comparison to non-laser processed
samples.

In chapter 2, the experimental setup is described as well as the diagnostics used
for evaluation of the process data.

The experimental results are presented and discussed in chapter 3. In detail, the
ablation rate as a function of laser fluence is determined. With respect to ablation,
different achievable surface topologies are presented. At distinct laser fluences,
structuring results are presented for the laser wavelengths 1=515nm and
4 =1030 nm at different repetition rates and for ambient gases. The structures are
evaluated in terms of the structuring depth, topology and the normalized gray scale
value (NGSV) of the surface darkness, which is a qualitative measure of the
reflectivity. In order to determine the laser-induced surface damage, the minority
carrier lifetime has been measured using p-PCD on silicon float zone wafers.
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Furthermore, the spectrally dependent reflectivity has been determined for a
sample of completely processed 5-inch solar wafers, as well as the electrical
properties of the finished solar cell.

2 Experimental Setup and Diagnostics

The laser structuring setup consists of an ultra-fast laser source with an optional
second harmonic generator (f,~7 ps, A=1030/515 nm, f., <400kHz, M*~12), a
three times beam expander, and a scanner system, Figure 1. The scanner is
equipped with a dichroitic f-theta objective with a focal length of 255 mm for
A=1030nm or A=515nm. Laser spot diameters at the sample surface at 1/e? of
dioc5150m =20 pm - and  doc 1030mm = 40 pm have been measured using a Primes
MicroSpotMonitor. Full 5-inch solar wafers have been processed using an
additional diffractive optical element (DOE) for process parallelization [11].

Mirror DOE

Scanner

f-theta objective

Beam Expanderl

Mirror

Figure 1: Experimental laser setup with optional DOE for process parallelization; measured intensity
distribution

The NGSV (normalized gray scale value) given as a measure of the reflectivity has
been determined for constant orthogonal sample illumination. The data is collected
using a color CCD-camera and converted to an 8-bit grayscale image with values
from NGSV =1 equalling white to NGSV' =0 equalling black. The distribution of the
grayscale values in the laser treated area is averaged and the standard deviation
of the NGSV describes the deviation of the data due to e.g. different grain
orientations. No physical or chemical post-processing of the laser treated area has
been done.

Crystallographic defects induced by laser processing are studied for
monocrystalline float zone silicon wafers with an initial minority carrier lifetime
Tef > 900 us of the bulk. This investigation is carried out in order to evaluate the
necessity of post processing to remove defects. After laser structuring, the samples
are cleaned using standard RCA (NH;OH:H,0,:H,O and HCI:H,0,:H,0), and then
passivated with a SiN-layer. The minority carrier lifetime is measured using
microwave photoconductive decay (u-PCD) method with a spatial resolution of
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500 um. The irradiated areas on the silicon are characterised with regard to their
minority carrier lifetime by quantifying the average areal minority carrier lifetime.
Full 5-inch solar wafers have been processed applying a seven spot DOE for
process parallelization [11]. In analogy to conventional solar cell processing in the
photovoltaic industry, the wafers are etched, primarily to remove the saw damage
and produce an isotexture. In this study, an additional laser texturing followed, and
a damage removal step was added to the texturing process. Subsequent
processing steps are not changed, see Figure 2.

conventional process chain

damage conv. pn-junction AR- metal contact
etching texturing doping - coating -

enhanced process chain

conv. texturing
+laser texturing
damage etching

damage
elching

pn-junction AR-
doping - coating

— metal contact

laser fluence H, =0.82)/cm?

repetition rate frep = 400klz
scanning velocity v, =326mm/s
pulse duration r, =7Tps

Figure 2: Modified processing chain for laser structuring to achieve a black silicon topology
3 Results and Discussion
3.1  Ablation studies and crystallographic results

The ablation of silicon using ultra-short laser radiation can be described by the two
temperature model (TTM) [12][13]. Two ablation behaviors can be distinguished.
For the optical penetration depth ., >> dnemn, ablation is given by shallow ablation
grooves with “negligible” thermal damage of the material. Further, the penetration
depth is given by optical absorption with large extinction coefficient of the laser
radiation. However, multiple irradiations of the same area form a cone-like
structure on the surface of silicon [2][6][7], and is expressed by the irradiation
cycles during scanning with pulsed laser radiation with the geometry parameter

939



Investigations on repetition rate and laser wavelength for efficient generation of black silicon solar cells
Viktor Schiitz, Jiirgen Koch, Oliver Suttmann, Ludger Overmeyer

dfoc .f;e
Nppp = Tp (1)

with dg,. representing the focal spot diameter, f., the repetition rate, and v the
scanning velocity. For the thermal penetration depth /, ablation is given by deep
ablation grooves with definite thermal damage of the material. Further, in this case,
the penetration depth [ is determined by the thermal conductivity of the free
electrons /.. of the laser treated material. Processing with large irradiation cycles
N,pp Yield, in thermal ablation, deeper grooves, and in the optical ablation a cone-
like structure, Figure 3.

thermal ablation

922 an

Figure 3: Exemplary topologies of laser ablated grooves; left: dense cone-like structures within the
groove at H, = 0.56 J/cm? right: typical v-shaped ablated groove at H, = 11.5 J/lcm? [14]; ambient
atmosphere at room temperature, no additive gases, A = 515 nm, f, = 400 kHz, t, = 7 ps

The ablation threshold and the transition fluence is given in Figure 4a. A change in
reflectivity has been visually detected for ablated structures at laser fluences above
the ablation threshold, as well as the detected minority carrier lifetime z.g, which is
a measure of crystal damage for silicon, which decreases significantly by two
orders of magnitude without any dependence of repetition rate f.,, compared to its
initial value, Figure 4b.
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Figure 4: a) Ablation depth per pulse a, versus laser fluence H, for monocrystalline silicon <111> at a
pulse duration of t, =7 ps; blue arrows show the ablation threshold and the transition fluence; b)
Minority carrier lifetime 1c.# as a function of laser fluence H, and repetition rate f., on monocrystalline
silicon wafers obtained with u-PCD, A = 515 nm at Nyp, = 13.3
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3.2 Laser structured surfaces

A parameter study has been carried out in order to determine suitable laser
parameters for achieving a cone-like structure, different laser wavelengths /, laser
fluences H,, repetition rates f.,, number of pulses per point N, and ambient
gases, see Table 1.

Table 1: Parameter regimes tested to achieve laser structuring of mc-Si

Ainnm 515 1030
H, in Jlcm? 0.1-10.0
Jrep IN kKHZ 1-400
Nppp 1-1000
SFg; Oy; ambient ambient
atmosphere
atmosphere atmosphere

The parametric field consisting of quadratic fields of 3x3 mm? has been processed
at a laser fluence H,=0.36 J/em?, Figure 5. Each feature is laser treated with a
SPECIfiC fre, aNd Nppp.

H,=0.36 J/om?

fre=1— 400 kHz
|
|
]
[ ]
]
i
[ ]

Npp=1-85

Figure 5: Parameter fields for A = 1030 nm on a mc-Si wafer, detected by a CCD-camera; resolution:
1pixel = 45.5 um x 45.5 ym

The laser structuring yields different degrees of darkened surface at different N,
and f.,. The measure NGSV is set one for white and zero for black for constant
orthogonal sample illumination. A light gray surface is obtainable for low repetition
rates and number of pulses per point, with e.g. NGSV = 0.55. At large f.., and N,
dark black areas are distinguished, with e.g. NGSV' = 0.25. The lower the repetition
rate, the more yellowish the coloration of the surface gets. The lowest NGSV is
determined for f;, = 400 kHz at N,,, = 90. Furthermore, NGSV decreases with larger
Jep @nd N, at H,=0.36 J/em?, Figure 6a. Additionally, higher laser fluences are
investigated with respect to the evolution of NGS7 and N, up to 1000 at a constant
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repetition rate f., = 400 kHz, Figure 6b. At f;,, = 400 kHz and A = 1030 nm, similar low
NGSV is achieved for all investigated laser fluences. The higher the laser fluence,
the less pulses are required to achieve the minimum of NGSV. The v-shaped
grooves are observed at larger laser fluences in the thermal ablation regime,
similar to Figure 3 right. At low fluences, e.g. H,=0.56 J/cm? cone-like structures
are observed, similar to Figure 3 left.

The parameter fields are evaluated for A=515nm in analogy to the wavelength
4=1030nm. The repetition rate f.,=400kHz is first investigated with different
fluences, Figure 6d. The distribution exhibits at all investigated fluences a local
minimum around N, =30-100. For H,<1.41J/cm*> cone-like structures, for
H,=534]/cm* v-shaped grooves have been observed. The minimal NGSV is
measured for H, =0.82 J/cm? at N,,, = 50-60. A similar low NGSV at the minimum is
also reached at H,=5.34 J/cm? but with a different topology. For the two other
fluences, higher NGSVs are measured at the minimum, Figure 6d. Further, the
repetition rate is altered at H,=0.82 J/cm?, Figure 6¢c. Laser processing with N,
above 100 has not been investigated, due to oxidization of the surface. In contrast
to 2=1030nm, no repetition rate dependent decrease of NGSV has been
distinguished.
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Figure 6: NGSV as a function of Ny, of a mc — silicon wafer; a) H, = 0.36 J/cm? b) f,, =400 kHz; c)

H, = 0.82 J/cm? d) frp = 400 kHz
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3.3  Comparison of different ambient gases

The normal ambient gas atmosphere (78% N2, 21% O,, 1% rest), nearly pure
oxygen (O,) and sulphur hexafluoride gas atmosphere (SFg) are investigated, since
they can decrease NGSV at the laser wavelength A=515nm. In agreement with
other publications, the lowest reflectivity can be achieved with the gas SF; at large
Nppp [7], Figure 7a and Figure 7b.
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Figure 7: NGSV as a function of process gas; a) mc-Si wafer, A =515 nm, f., = 400 kHz, at different
laser fluences, H, = 0.26 J/cm? bottom and H, = 5.34 J/cm? top curve; b) mc-Si wafer, A =515 nm,
frep = 400 kHz, H, = 0.82 J/cm? ¢) NGSV as a function of atomic oxygen fraction in the laser processing
width and N, mc-Si wafer, A = 515 nm, f., = 400 kHz, H, = 0.82 J/cm? projection of the curve to each
dimensional plane to demonstrate the single interdependencies

For the nearly pure oxygen atmosphere as well as for the ambient atmosphere,
minimal NGSV is achieved at N,,, ~40-80. A further decrease to NGSV'=0.15 is
achieved in an SFg atmosphere and N,,, ~200-300. Different minimal NGSVs are
achievable, due to the different gaseous conditions and the remaining oxygen
concentration in the processing atmosphere. No significant difference is obtainable
for the different atmospheres up to N,,, ~50 at the fluence H,=0.82 J/cm?. For
larger oxygen concentrations in the process atmosphere, lower NGSV are
achievable, up to N,,, = 50 than using SFs gas. For larger N,,, the gas SF¢ with a
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lower oxygen concentration in the processing atmosphere yields smaller values
because of lower oxidization, Figure 7b. The atomic oxygen fraction in the laser
processing area increases with N,,, at fixed laser parameters. At the laser
parameters mentioned in Figure 7c the minimum of NGSV is reached at an atomic
oxygen fraction of 15 % which is close to normal ambient atmosphere with 21 %
oxygen. Further, oxidization yields an increase of NGSV, Figure 7c.

3.4 Large area processing of solar cells

The lowest reflectivity has been determined after laser processing with the gas
SFs, Figure 7a and Figure 7b. However, yellowish fine filaments have been
observed irradiating at 4 =515 nm with a repetition rate of f.., = 400 kHz during laser
processing in SFg gas, Figure 8a. The filaments can be removed easily if they stick
to the surface after laser processing, by applying compressed air. Ambient
atmosphere is chosen for processing full wafers, Figure 8b. In an ambient
atmosphere, the silicon surface is even more oxidized during laser processing,
compared to SFg atmosphere. However, large-scale working with SFg needs a
more complex experimental setup, due to gas scrubbing of SFs. Further, the
process is unstable, due to an excessive generation of fine filaments, which deflect
laser radiation. Laser texturing is performed with the process parameters N,,, = 29,
H,=0.82 J/cm?, with a seven spot diffractive element for process parallelization and
normal ambient atmosphere, to minimize the processing time and to assure low
NGSV. As a result, an area velocity of v, = 18.6 mm?s was achieved. After laser
processing, no isotexture features of the original surface could be detected. The
surface is completely transformed to a cone-featured surface topology. The
decrease of the spectral dependent reflectivity in comparison to a single isotexture
is presented for the same parameter set as in Figure 8c.

The mean reflectivity reduction in the range 300 nm <1 < 1121 nm with an additional
laser texturing in comparison to the standard isotexture is approx. 11 %, Figure 8c.
Adding an anti-reflective coating (SiNy) to the isotexture and the lasertexture, the
average reflectivity reduction equals AR =(4.02+0.02) %. As a result, the total
efficiency gain determined for an average of five wafers is Ay = 0.21 %, respectively
the relative gain is Ane=1.34% compared to processed solar cells without
additional laser texturing, with the above mentioned laser parameters. The
efficiency gain is primarily due to the larger short circuit current J,. because of the
lower reflectivity R. The scattering of the reflectivity data yield a small variance in
the short circuit current as well as the efficiency of the solar cells, Table 2.

With the currently available laser systems (average laser powers of ultra-short
pulse laser radiation P,,=50-400 W) cost-effective industrial production is not
possible, due to high processing times. Processing times can be reduced with
higher average laser powers in the kW range, and high-throughput process
parallelization with diffractive optical elements (DOEs) [11].
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Figure 8: Structured surface on a bare mc-Si wafer a) process atmosphere SFe, A=515nm,
frep = 400 kHz, Ny, = 34 and H, = 0.36 J/cm? filaments of sulphur can be seen on top of the black
surface; b) Left: part of a full 5-inch mc-Si wafer textured with a seven spot diffractive element
(Hp = 0.82 J/lcm?, frep = 400 kHz, Nypp =29, v, = 18.6 mm?%s); right: comparison between iso textured
(top) surface and additional laser textured surface (bottom); c) Wavelength dependent reflectivity R of
an isotextured and additional laser textured mc-Si wafer; H, = 0.82 J/lcm? fp =400 kHz, Npyp = 29;

* [15]; # data from Schott Solar AG

400 600 1200

Table 2: Mean values of a set of five solar cells due to an additional laser texturing, V., open-circuit
voltage, Js: short-circuit current density, FF fill factor, n absolute efficiency, J., reverse current density;
measured by Schott Solar AG

description Vr‘;:\lln mﬁ/;;z FFin% | nin% m‘lz;cl:;z
isotexture 608.0 34.10 75.78 15.71 7.99
+1.1 +0.12 +0.32 +0.09 +2.10
';‘:(ﬁ’::;:':;z 6046 | 3476 | 7578 | 1592 | 857
. +1.1 +0.13 + 0.50 +0.09 +0.88
ge etching
difference -34 0.66 0 0.21 0.57
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4  Conclusion

Laser-induced ablation of silicon yields different topologies with respect to the laser
parameters used. Applying laser radiation close to Hy in the optical ablation
regime, and multiple irradiation cycles yields a cone-shaped topology. Using
fluences above >> H,, yields typical v-shaped laser grooves. Both topologies
reduce reflectivity if structure height is larger than wavelength, due to multiple
reflections at the interfaces of the cones or grooves. In general, the reflectivity for
structured surfaces is a function of the structure height ®, and the periodicity 4. For
a structure height 0, a simple boundary consideration can be distinguished, due to
the light wavelength used, see Table 3.

Table 3: Boundary consideration for the interaction of light with structured surfaces

Mechanism Relation
Diffraction A>>0
Diffraction and Reflection A= 0O
Reflection A<< @

For optical penetration depth and laser fluences up to several J/cm? and multiple
irradiation cycles, cone-like structures are achievable. The overall reflectivity can
be described as a function of structure height and periodicity, if the structure height
is much larger than the wavelength of the incident light. Simple ray tracing is
applicable, and the overall reflectivity is a function of multiple reflections [1][16]. In
the other cases, diffraction has to be considered. The shape of the cone feature as
well as their size depends strictly on the laser parameters. Linear scaling of
process parameters yields similar but not identical topologies. Thus, the cone
topology as a result of laser processing is a function of the laser fluence, laser
wavelength, number of pulses per point and repetition rate.

Significant crystallographic damage has been detected for all laser parameter sets
at multiple irradiation cycles. The silicon crystal is immediately damaged for laser
fluences above Hy. In fact, in all cases, the laser induced damage has to be
removed in order to avoid recombination at the silicon surface for efficient solar
cells.

Two different laser wavelengths have been studied, in order to produce a cone-
structured topology. The local heating due to laser radiation varies for 1 =1030 nm
and /=515nm, with respect to their different optical penetration depths. Laser
radiation at a wavelength of A=1030 nm is absorbed by the silicon over a large
volume, and for A=515nm close to the surface at approx. 1 ym at an ambient
temperature of 300 K. The optical penetration length is also a function of
temperature, with larger optical penetration depths at lower temperatures, and
smaller optical penetration depths for higher temperatures. In conclusion, the
absorbance behavior of silicon changes in the near infrared wavelength spectrum,
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from a volume to a surface characteristic [17]. The minimal temperature of the
material surrounding the laser processing area rises with multiple irradiation cycles
for short pulse time delays, respectively high repetition rates and laser fluence. In
conclusion, the ablation rate increases with higher repetition rates and therefore
lower NGSV are achievable at f.., = 400 kHz, compared to 10 kHz. For /=515 nm,
no repetition rate dependence of NGSV has been observed, but lower NGSV in
comparison to A=1030 nm have been found. The optical penetration depth of
A=515nm decreases from approx. 1 um to several tens of nm at higher surface
temperatures, which corresponds to the optical penetration depth determined with
the two-temperature model. This percentile decrease is much smaller than for near
infrared laser radiation. Therefore, this repetition rate dependence is not observed,
respectively not observed for the laser parameters used. The increase of NGSV at
Jrep =400 kHz in comparison to e.g. fr, = 133 kHz can be explained by a higher heat
load, due to laser processing. In conclusion an optimized repetition rate for
processing can be determined for each laser wavelength and laser fluence.

For laser radiation at 2 = 515 nm, different gaseous media are investigated, namely
normal ambient atmosphere (78% N2, 21% O,, 1% rest), nearly pure oxygen
atmosphere (O,) and sulphur hexafluoride gas (SF¢). The decrease of NGSV as a
function of Ny, is similar for all gaseous media up to N,,, =~ 50. For larger Npp,
processing with SF¢ yields the lowest NGSV. At larger N,,,, porous SiO, is formed
on the surface and superposes the cone featured texture. Higher laser fluences
and oxygen concentration in the atmosphere used intensifies oxidization on the
surface. However, the normal ambient atmosphere is a good compromise between
processing with SFg, which achieves lower NGSV at larger N, and oxygen
atmosphere, in which silicon is highly oxidized at lower N,

Processing of a large area at a high repetition rate in normal ambient atmosphere,
and atmosphere containing SF¢ differs greatly. For the SFz atmosphere, loose
sulphur particles arranged in fine filaments are generated, while for the ambient
atmosphere, small bounded oxidized particles or layers are formed on the surface
of silicon. The loose sulphur particles arranged in fine filaments can release of the
surface and hinder the laser surface processing. Stable processing is not possible.
A robust processing in normal ambient atmosphere with additional beam sampling
for process parallelization on a large scale surface contrary to SFg gas has been
achieved.

A preprocessing to achieve an isotexture surface topology is not required anymore,
because the surface is completely geometrically reorganized with a cone topology.
The cone feature sizes can be adjusted to a multiple of ratios of height and width.
Under certain conditions of height and width, less surface reflectivity can be
achieved with laser texturing. An 11 % lower reflectivity has been achieved in
comparison to isotexture with and without an additional anti-reflective coating
(SiNy). Therefore, additional charge carriers (short-circuit current density
AJ,,=+0.66 mA/cm?) are generated, due to more absorbed light. As a
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consequence, a higher solar cell efficiency with an absolute efficiency gain of
An=0.21 % is measured. The efficiency gain is primarily due to an increased short-
circuit current density at a slightly smaller open-circuit voltage and the same fill
factor.

5 Summary and Outlook

Laser processing of silicon to produce a cone-featured surface topology, also
called “Black Silicon” is established. An efficiency gain for silicon solar cells has
been achieved. The investigated laser wavelengths can be used for processing,
but at different repetition rates, due to different applied heat loads as a reason of
the optical penetration depth. Further, normal ambient atmosphere is suitable, as
oxidization of the surface does not hinder the texturing process up to the number of
pulses per point N, ~60. A significant reflectivity reduction, and therefore an
efficiency gain of a silicon solar cell based on laser processing in ambient
atmosphere can be achieved at 20 < N,,,, < 60. There is no benefit of using the gas
SFe for laser texturing up tp N,,, = 60-70. Texturing with larger N, requires a higher
processing time. A further reflectivity reduction is only achievable at lower oxygen
concentrations in the processing atmosphere and larger N,,,. A very low reflectivity
can be achieved with SFg gas at N, > 80.

Furthermore, larger area velocities can be achieved using commercially available
picosecond lasers. With a laser output power of 400 W, a maximum area velocity
of v, =920 mm?/s could be achieved [11]. An efficiency gain of Ay =0.21% at an
area velocity of v, = 18.6 mm?s has been presented. In future, mechanisms will be
investigated to avoid excessive oxidization of the silicon surface during laser
processing, but still using ambient atmosphere. Further, studies must be done on
whether the raw, sawed wafers can also be used for laser surface processing with
only one damage removal etch to reduce processing steps for silicon solar cell
production.
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