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Abstract: In this paper, we present sequential atmospheric pressure plasma-assisted laser
ablation of photovoltaic cover glass. First, glass samples were plasma pre-treated using a
hydrogenous plasma process gas in order to accomplish a modification of the near-surface
glass network by a chemical reduction and the implantation of hydrogen. As a result, the
transmission at a wavelength of 355 nm was reduced by approximately 2% after plasma
treatment duration of 60 min. Further, the surface polarity was increased by approximately
78%, indicating an increase of the near-surface index of refraction. Subsequently to the
plasma pre-treatment, the samples were laser ablated applying the above-mentioned laser
wavelength of a Nd:YAG nanosecond laser. Compared to untreated samples, a significant
decrease of the form error by 45% without any mentionable change in the ablation rate was
obtained in the case of pre-treated samples. For comparison, the results and findings are
discussed with respect to previous work, where the presented plasma-assisted ablation
procedure was applied to optical glasses.
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1. Introduction

In addition to a mechanical protective function against environmental conditions and influences,
photovoltaic cover glasses make a considerable contribution to the overall efficiency of photovoltaic
cells and assemblies. Against this background, several techniques for improving the illumination of the
semiconductor converter such as the use of antireflective (AR) coatings or the direct patterning of
cover glass surfaces for light trapping by multiple reflections are in hand [1]. In terms of AR layers,
sol-gel coating processes have turned out to be a suitable method for increasing the solar transmittance
of cover glasses. Applying this technique, a decrease in reflection by 2.6% [2,3] to 3% [4] per surface
was already achieved. An increase in transmittance can further be obtained by cover glass surface
patterning. Further, a selective guiding of incoming sunlight onto the active photovoltaic converter
surfaces can be realized by suitable patterns in order to overcome obscuration effects. Here, prismatic
microstructures [5], moth eye surfaces [6] or sub-micrometer diffraction gratings [7,8] were reported to
be qualified for photovoltaic applications. Such surface structures can be realized by several
manufacturing methods, for example by lithography, milling, compression molding or direct laser
structuring. Here, the latter technique represents the most versatile method since no further tools, forms
and masks are required. However, precision laser structuring of glasses is a sophisticated task due to
the high transparency of optical media. Besides the use of ultraviolet (UV) or infrared (IR) laser
irradiation, high-quality laser structuring can be performed by applying ultra-short laser pulses in the
picosecond or femtosecond range. Furthermore, hybrid laser ablation methods based on the utilization
of absorbing surface-adherent layers or media allow the use of cost-efficient nanosecond laser sources.
These methods are known as laser-induced plasma-assisted ablation (LIPAA) [9,10], laser-induced
backside wet etching (LIBWE) [11,12], laser etching at a surface adsorbed layer (LESAL) [13,14] and
laser-induced backside dry etching (LIBDE) [15]. Recently, nanosecond laser ablation of optical
glasses by introducing assisting atmospheric pressure plasmas to the ablation process was investigated.
As discussed in the following section, significant improvements were achieved by the use of such
assisting plasmas. Against this background, sequential atmospheric pressure plasma-assisted laser
ablation of photovoltaic cover glass is reported in the present paper.

2. Basic Considerations

In previous work, the influence of hydrogenous cold atmospheric pressure plasmas, generated by
dielectric barrier discharge (DBD), on optical and chemical properties of fused silica, which
exclusively consists of silicon dioxide (Si0O;), was investigated. Generally, the gaseous hydrogen H,
from the used process gas (90% nitrogen [N,], 10% Hy) is dissociated to atomic hydrogen and, as the
case may be, partially ionized by such a plasma discharge. As a result, high-reactive hydrogen species
are available within the plasma volume and on the fused silica surface, respectively. Two
plasma-induced effects were observed by secondary ion mass spectroscopy (SIMS): First, a
near-surface chemical reduction of silicon dioxide SiO; to silicon suboxide (SiO,, where 1 < x < 2)
with an overall thickness of the reduced glass matrix of approximately 100 nm; and second, an
implantation of hydrogen into deeper regions of the glass network [16,17].
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As a result of such plasma-induced modification of the glass network stoichiometry, the optical
characteristics were significantly modified. In particular, the UV absorption was temporarily increased,
consequently giving rise to an enhanced coupling of incoming UV laser irradiation. This effect was
applied in order to develop a novel hybrid laser ablation technique for fused silica, i.e., a combination
of hydrogenous atmospheric pressure plasma pre-treatment and subsequent laser ablation. It was
shown that in comparison to pure laser ablation, the laser ablation fluence threshold for fused silica
could be reduced by a factor of 4.6. Further, the surface roughness of the ablated area was decreased
by a factor of 2.3 [18,19]. This ablation technique was also successfully adapted to multi-component
optical flint glass where a considerable improvement in contour accuracy (by a factor of 1.9 compared
to pure laser ablation) and a mitigation of debris deposition were achieved [20]. On the basis on these
promising results the above-described sequential ablation method was applied to photovoltaic cover glass.

3. Experimental Setup and Procedure
3.1. Investigated Glass

In this work, experiments were performed on 3-mm thick photovoltaic cover glass f|solarfloat from
flsolar GmbH. This multi-component glass mainly consists of the network former SiO, (72.2 ma%)
and, beyond this, different alkali oxides (M,0O) such as sodium oxide (Na,O) or potassium oxide (K,O)
as well as divalent oxides (MO), for example calcium oxide (CaO) and magnesium oxide
MgO [21]. As shown in Figure 1, this glass was plasma pre-treated in order to initiate the
above-discussed modification of chemical properties (i.e., an implantation of hydrogen into the glass
network and the reduction of SiO, to SiO, and the accompanying increase in UV-absorption) and to
benefit from these modifications during subsequent laser ablation.

3.2. Plasma Pre-Treatment and Evaluation

Plasma pre-treatment of f|solarfloat glass was performed at atmospheric pressure using a conoidal
plasma jet source [22], driven at a peak-to-peak voltage @ of 22 kV. The pulse duration fys 0of each
high voltage pulse was 0.8 ps. As process gas, forming gas 90/10 from Linde (Munich, Germany), i.e.,
90% N, (purity 2.8) and 10% H,, (purity 3.0) at a flow rate of 4 standard litres per minute (slm) was
used. The energy per pulse, given by:

0.8us

15}
e = [u(t)-i(t)-dt = [ P(t)-dt (1)

4 Ous
where u(t) is the voltage and i(¢) the current of a single plasma pulse, was approximately 100 pJ.
Taking the applied plasma pulse repetition rate f, of 400 Hz into account, the averaged plasma power
P, thus amounted to about 40 mW. Since the effective diameter of the plasma jet footprint on the
glass sample surfaces, which were placed at a working distance of 1 mm from the plasma source
outlet, was 9 mm, the plasma surface power density S was approx. 63 mW-cm °. As shown in previous
work, the glass sample surface is not considerably heated by the plasma jet, its maximum temperature
T'max amounts to approximately 40 °C [23].
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In order to determine the impact of such plasma treatment on optical characteristics of the
investigated glass, the transmission in the near ultraviolet (UV) and visible (VIS) wavelength range
was measured as a function of the plasma treatment duration using an UV/VIS-spectrometer Lambda
650 from Perkin Elmer (Waltham, MA, USA). Further, the total surface energy vs, its polar and
disperse fractions, y" and v, and the resulting polarity P = y/y; before and after plasma treatment for
60 s were determined by the Owens-Wendt-Rabel-Kaelble (OWKR) method [24,25]. For this purpose,
a Contact Angle Measurement System G10 from Kriiss (Hamburg, Germany) was used. In addition,
the average area roughness S, and the root mean square area roughness Sy of an untreated reference
sample and after a plasma treatment duration of 60 min were measured using the built-in atomic force
microscope (AFM) of a NeaSNOM microscope from Neaspec GmbH (Munich, Germany).

3.3. Sequential Laser Ablation and Evaluation

After plasma pre-treatment for 30 min, ablation experiments were carried out using a 3rd-harmonic
Nd:YAG laser Powerlite 9010 from Continuum with a wavelength A of 355 nm and a pulse duration t
of 8 ns. As shown in Figure 1, the laser raw beam was focused by a biconvex lens with a focal length
of 100 mm, resulting in a focus diameter on the glass sample surface 2wy, of 5.8 um, where the
Rayleigh-length zg was 0.3 mm. Since the laser source was operated at a fixed output energy £ of
9.9 mJ + 1.2 mJ, the fluence F within the focus was approx. 37.85 kJ-cm >. For each ablation spot,
single pulses up to a total of 5 pulses were applied.

Figure 1. Principle of sequential atmospheric pressure plasma-assisted laser ablation.
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The geometric characteristics of the ablated spots were evaluated using a light microscope
Axioskop 2 MAT from Zeiss (Oberkochen, Germany) and a scanning electron microscope (SEM)
PSEM eXpress from Aspex (Cheshire, UK). In addition to the ablation spot diameter @, and the
ablation depth d,, the absolute form error & was determined according to DIN ISO 1101. This quality
value quantifies the contour accuracy of circular type geometric elements and is given by the
difference & = r, — r; of the radii » of two concentric circles, an outer enveloping circle (7,) and an inner
minimum circle (7;), fitted to the actual irregular spot shape as shown in Figure 2.
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Figure 2. Determination of the absolute form error ¢ according to DIN ISO 1101.

The ablation spot diameter @, was defined as the arithmetic mean (2r, + 2r;)/2 of these radii.
Further, the relative form error 8,1 = 6/0, was calculated.

4. Results and Discussion
4.1. Plasma Pre-Treatment

By the plasma treatment as described in Section 3.2, two main modifications of the investigated
glass were achieved: First, a notable decrease in UV-transmission and second, a significant increase in
surface energy and polarity. As shown in figure 3, the maximum change in transmission AT, of
—2.3% is found at a wavelength of approximately 330 nm. For technically relevant laser wavelengths,
i.e., the third harmonic of Nd:YAG at 355 nm used in the present work and, for comparison, the
xenon-chloride (XeCl) excimer laser wavelength of 308 nm, the decrease in transmission after a
plasma treatment duration fpasma 0f 60 min amounts to approximately 2%. The plasma treatment
duration-dependent continuous decrease in transmission (Figure 3, right) at those wavelengths can be
described by an asymptotic interrelation, theoretically reaching its saturation of 2.14% after
fplasma = 170 min.

Figure 3. Relative change in transmission AT vs. wavelength for three plasma treatment
durations (left) and AT at a wavelength of 308 nm and 355 nm vs. plasma treatment
duration #yjasma (right).
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In previous work, a decrease in transmission of 14.1% was achieved after plasma treatment duration
of 15 min by applying the presented plasma pre-treatment to fused silica, a single-component
glass [18]. It can thus be stated that in the present case merely a comparatively low plasma-induced
effect on the UV-transmission of the investigated photovoltaic cover glass was obtained. Such
behaviour was already observed in the case of another multi-component glass, heavy flint glass SF5
from Schott (Mainz, Germany), where AT amounted to 2.43% after plasma treatment duration of
30 min [20]. This could be explained by the fact that the fused silica network provides a considerable
number of gaps with a theoretical averaged interatomic distance of 0.163 nm within the
network-forming SiOj tetrahedrons [26], where hydrogen from the plasma can accumulate quite easily.
However, in terms of contour accuracy, laser ablation of SF5 was notably improved in spite of the low
plasma-induced decrease in transmission.

The above-mentioned increase in total surface energy of the investigated photovoltaic cover glass is
listed in Table 1. It turns out that the polar fraction of the surface energy ys" is much more affected by
the plasma pre-treatment than the disperse one.

Table 1. Polar (y,*) and disperse (y.") fraction of surface energy, total surface energy v, and
polarity P of untreated and plasma treated (for 60 s) photovoltaic cover glass f|solarfloat
including absolute percentage change A.

Parameter fplasma = 0 S Tplasma = 60 s A'in %
v in mJ-m > 18.76 46.82 +149.62
ydin mJ-m 37.47 31.99 ~14.63
¥sin mJ-m > 56.22 78.81 +40.16
P =yl 0.33 0.59 +78.1

This behavior confirms the plasma-induced modification of the optical properties by a modification
of the glass network composition and a re-orientation of the involved compounds: Generally, v’ is
proportional to the surface polarisability 4, and the molecule polarisability o as suggested by
Carré [27]. Further, a is directly related to the index of refraction n according to the Clausius-Mosotti
equation, given by:

n—-1_ N,-p-o
n+2 3-8-M

2

here, Na is the Avogadro constant, p is the density, g is the vacuum permittivity and M the molar
mass [28]. Both observed effects, the decrease in transmission, which partially corresponds to an
increase in absorption, and the increase in the polar fraction of the surface energy and the index of
refraction, respectively, thus confirm the influence of the applied plasma pre-treatment on the optical
properties of the investigated photovoltaic cover glass.

In addition to a modification of the optical properties, the surface morphology of the investigated
samples was notably affected by the plasma treatment. Such impact of DBD-plasmas on the roughness
of glass surfaces was already reported in previous work. It was shown that, depending on the particular
plasma discharge type and the used process gas, both surface smoothing [29] and surface
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wrinkling [17] can occur. In the present case, the average area roughness S, as well as the root mean
square area roughness Sy were reduced as a result of the plasma treatment as shown in Figure 4.

Figure 4. Atomic force microscope (AFM)-images of untreated (left) and plasma-treated
(right) photovoltaic cover glass surfaces including the particular average area roughness S,
and root mean square area roughness Sg.

| reference | | plasma treated (60 minutes)
Sainnm 34.7 216
Sginnm 40.5 27.6

One has to consider that such surface smoothing contributes to the observed increase in surface
energy since the surface roughness is directly related to the resulting contact angle of test liquids used
for its determination [30]. However, in the case of a pure morphologic surface smoothing, the
transmission should rather increase due to a reduction of scattering losses. The above-presented decrease
in transmission thus indicates a change in index of refraction as also verified in previous work [16].

4.2. Sequential Laser Ablation

The influence of the applied plasma pre-treatment on subsequent laser ablation is summarized by
the particular ratios of the investigated parameters in Figure 5. Here, the appropriate values were

averaged for 1 to 5 laser pulses and the quotients for plasma-laser ablation and laser ablation (p-1/1)
were calculated.

Figure 5. Comparison of laser (1) and sequential plasma-laser (p-1) ablation characteristics
by the particular ratio p-1/1 for the ablation spot diameter ©,, the ablation depth d, and the
absolute and relative form error, d and d., averaged for 1 to 5 laser pulses.
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It can be stated that the most significant plasma-induced enhancement concerns the form error
values & (—45%) and 6. (—34%), respectively. Beyond, the ablation spot diameter was reduced by



Micromachines 2014, 5 415

approximately 22% whereas the ablation depth was not notably affected (+3%) as shown in more
detail in Figure 6.

Figure 6. Ablation spot diameter @, (left) and ablation depth d, (right) after laser and
sequential plasma-laser ablation vs. number of pulses.
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A comparable behavior due to the plasma pre-treatment was already observed in previous work
where the impact of sequential plasma-laser ablation on heavy flint glass was investigated. Here, both
the ablation spot diameter and depth was marginally influenced, but a significant reduction of the form
error by 47% was achieved [20]. Further, a model test was performed on another photovoltaic cover
glass, where the most significant plasma-induced improvement also concerned the form error which
was reduced by 58%. The significant reduction in form error is visualized by the comparison of
single-pulse laser and sequential plasma-laser ablated spots on f|solarfloat glass surfaces in Figure 7.

Figure 7. Qualitative light (top) and scanning electron microscopic (bottom) comparison
of photovoltaic cover glass flsolarfloat surfaces, single-pulse laser ablated (left) and
sequential plasma-laser ablated (right) at an energy of 9.9 mJ £ 1.2 mJ.

laser ablated:

plasma-laser ablated:
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Regarding these microscopic images it turns out that the formation of flaked off glass particles
around the ablation spots could be reduced and even avoided by the plasma pre-treatment, most likely
due to an improved coupling of incoming laser irradiation into the surface. However, for higher
numbers of pulses, such flaking also occurred in the case of sequential plasma-laser ablation. This
effect is also quantified by the appropriate values for d and d, in Figure 8.

Figure 8. Absolute form error 6 (left) and relative form error o, (right) after laser and
sequential plasma-laser ablation vs. number of pulses.
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Here, the best results are found for the first two laser pulses, corresponding to a maximum ablation
depth of approximately 10 um (compare Figure 6). This is explained by the fact that plasma treatment
processes generally provoke near-surface modifications up to a depth of some tens of nanometers as
also confirmed by depth-resolved SIMS in previous work (compare Section 2). Thus, the bigger part of
the plasma-modified layer, i.e., silicon suboxide and implanted hydrogen, is removed after the first
laser pulse. However, it was shown in (previously unreleased) work that the hydrogen implanted by the
plasma treatment can act as precursor for a subsequent laser-induced chemical reduction of deeper
regions within the glass bulk material [31], giving rise to an improved coupling of laser irradiation.
The diffusion depth of hydrogen in glassy materials can amount to several microns. This fact explains
the plasma-induced improvements of the contour accuracy up to ablation depth of approximately
10 um, which is about 100-times higher than the depth of penetration of the plasma. It can further be
assumed that the plasma treatment provokes several secondary effects such as the formation of
non-bridging oxygen (NBO) and a modification of the silicon dioxide tetrahedron’s bond angles and
interatomic distances within a near-surface bulk material layer. Such modifications were already
observed in the case of plasma-treated fused silica. For higher ablation depths, where the glass bulk
material is not sufficiently influenced by the plasma, the ablation behavior is nearly the same as for
untreated glass.

5. Conclusions

In the present work it was shown that crucial optical parameters of the investigated photovoltaic
cover glass were modified by the applied plasma pre-treatment. In particular, the UV-transmission was
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notably reduced, giving rise to an improved coupling of incoming laser irradiation. For a low number
of laser pulses, this effect allows a significant reduction of flaking around the ablation spots and an
accompanying decrease in form error without affecting the ablation depth, i.e., the ablation rate.

However, comparatively long-term plasma pre-treatment is required for achieving the observed
enhancements of the laser ablation process. In order to improve the efficiency and to shorten the
process time of this plasma treatment, further experiments have to be performed. Here, deciding
plasma parameters such as the composition of the used process gas, the plasma power and the plasma
discharge type shall be modified and optimized.

Another approach for providing an industrial-scale atmospheric pressure plasma-assisted laser
ablation method is the application of a simultaneous process instead of a sequential one. The feasibility
of such simultaneous plasma-assisted ablation was already shown in previous work where argon was
used as process gas [32-34]. One has to consider that in this case, the advantage was taken of
plasma-physical mechanisms instead of plasma-chemical effects. The characteristics and performance
of a simultaneous process using chemically reactive hydrogenous process gases will be investigated in
ongoing work. Such simultaneous process should further be applied in order to improve the ablation
quality during multiple-pulse ablation.
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