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A B S T R A C T

With the objective of increasing light scattering and obtaining a higher light absorption in thin-film solar cells,
we have textured aluminum-doped zinc oxide (ZnO:Al) films deposited by RF magnetron sputtering on glass
substrates using a nanosecond pulsed laser working at 355 nm. The textures have been achieved by simply
patterning the ZnO:Al surfaces through direct scribing, using either a linear pattern consisting of equally se-
parated parallel grooves, or a crisscross pattern obtained by performing a second array of laser scribes per-
pendicular to the former. The relationship between the light scattering properties of the textured films and its
morphology are discussed considering two different scattering sources: the pattern formed by the grooves that
works as a diffraction grating, and a random roughness of low amplitude created during the laser process. To
further characterize the textured samples, amorphous silicon solar cells were deposited onto ZnO:Al films with
different textures and their spectral response and short-circuit current (Jsc) measured. An increment of 15% in Jsc
compared to non-textured solar cells is achieved, with ample room for improvement.

1. Introduction

In the photovoltaic industry, laser sources have proven to be a very
useful tool for a wide number of applications, including edge isolation,
fired contacts, selective doping, monolithic interconnection of cells in
modules, material crystallization and surface texturing. Surface tex-
turing is a crucial step in solar cell manufacturing since it can suc-
cessfully reduce surface reflectance and enhance light scattering in
materials to promote light absorption in the device absorber.
Depending on the material or the texture sought, the process is usually
carried out via chemical etching [1,2], plasma etching [3], e-beam li-
thography [4], aluminum-induced texturing [5], laser interference [6]
or simply through the natural texture obtained in some materials during
the deposition process [7].

In addition to the established methods, an increasing interest in the
use of lasers for surface texturing has emerged recently as a cleaner and
cheaper alternative, and because it can produce textures otherwise not
possible with the standard methods. Examples where laser texturing has
been successfully used include work on crystalline [6,8,9] or amor-
phous silicon [10], different wide band-gap semiconductors [11], glass
substrates [7] and examples where it is used together with a posterior
wet etching [8] or a plasma etching step [10].

In the particular case of laser texturing transparent conductive

oxides (TCOs), some works can be found in direct-laser interference
patterning [12,13], but many of the examples available require more
complex processes. As an example, Johnson et al. [14] used an excimer
laser to anneal aluminum-doped zinc oxide (ZnO:Al) films followed by a
chemical etching in a dilute HCl solution to enhance the films optical
properties, and Li et al. [15] obtained textured Ni/FTO bilayers by
magnetic-field assisted laser irradiation.

Taking into account the extensive use of TCO’s in the photovoltaic
and electronics industry, the study of new techniques to enhance their
properties and applications is clearly interesting. In this work, we
present results on laser texturing ZnO:Al films. By creating simple
patterns using laser direct scribing over the TCO surface, we manage to
increase the light scattering and improve the short-circuit current in
solar cells deposited onto the textured substrates by up to 15% com-
pared with the non-textured material. This kind of laser texturing
procedure offers several advantages with respect to plasma or chemical
etchings. First, it is a considerably cleaner and more environmentally
friendly process since neither toxic chemicals are used nor con-
taminated wastes are produced. In addition, the process is highly se-
lective so one can easily limit the area to be affected without resorting
to expensive and contaminating photolithographic processes. And fi-
nally, it can be easily translated to a wide range of materials, regardless
of the crystallographic structure.
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2. Experimental

2.1. Sample preparation

ZnO:Al films were deposited at a substrate temperature of 350 °C
onto 15×15 cm2 Corning 7059 glass substrates by a commercial
confocal UNIVEX 450B RF magnetron sputtering system from Oerlikon
Leybold Vacuum. The as-deposited ZnO:Al films presented an average
transmittance of 81% in the range between 300 and 900 nm, and a
sheet resistivity Rsheet of 3Ω/□. The films exhibited very smooth sur-
faces, with a root mean square height (Sq) about 7 nm and the thickness
was kept constant at about 400 nm.

The ZnO:Al films were textured using a diode-pumped solid-state
laser (Nd:YVO4) from Spectra Physics working at the third harmonic
wavelength (355 nm). The duration of the laser pulses is about 10 ns
and the beam radius on focus is about 17 µm measured at 1/e2 of the
pulse peak fluence. For simplicity, only two different texture patterns
were investigated: a simple pattern obtained by scribing parallel
grooves with a constant separation between them (see Fig. 1), and a
crisscross pattern obtained performing a second array of parallel laser
scribes perpendicular to the former ones.

Process speed, laser pulse energy, and distance between lines, were
varied to obtain a variety of morphologies, with scribes ranging from
widely spaced to overlapping grooves, and from almost undamaged
surfaces to scribes that reached the glass substrate (see Fig. 2).

The Rsheet of the ZnO:Al films increased after the texturing process,
more so in the textures produced with deeper scribes where the Rsheet
could reach values as high as several hundred MΩ/□. To ensure the low
Rsheet needed for solar cell operation, an additional 400 nm thick
ZnO:Al layer was deposited onto the laser-textured films. With this
additional layer, the Rsheet of all the samples is kept at∼3Ω/□ while at
the same time we ensure that all the samples exhibit a similar surface
state, thus making the comparison between the different morphologies
easier. As expected [16], the deposition of this second ZnO:Al layer
produces a slight smoothening of the surface morphology, leading to a
drop of about 4% in the haze factor of the films, regardless of the
previous morphology.

Hydrogenated amorphous silicon (a-Si:H) PIN solar cells were de-
posited onto a selection of textured films. The a-Si:H P-I-N structures
were deposited at 250 °C by a MVSystem plasma enhanced chemical-
vapor-deposition reactor operating at 13.56MHz and, after that, 1 cm2

200 nm thick aluminum back contacts were deposited by thermal
evaporation. Details on the cells deposition can be found in [17].

2.2. Characterization techniques

To characterize the textured ZnO:Al samples, we focused on the
morphologic, optical and electrical properties. The distance between
grooves, their depths, and Sq, were characterized using a confocal mi-
croscope (Leica SensoScan DCM 3D). The optical properties (coherent
transmittance (Tc) and total transmittance (Tt)) of the films were
measured with a PerkinElmer Lambda 1050 spectrophotometer
equipped with a 60mm integrating sphere. From these spectra, we
calculated the haze factor i.e. the percentage of light scattered in the
film surface as: Haze factor= 100·(Tt− Tc)/Tt. Finally, the electrical
sheet resistance of the films was determined using the four-point-probe
method.

In addition to the physical characterization, numerical simulations
were performed to understand the mechanisms responsible for the light
scattering in the textured surfaces. By using a COMSOL simulation
software version 4.4 with a radio frequency module, a model based on
the experimental system used to measure the total and diffuse trans-
mittances of the film was constructed. Then, the electromagnetic scat-
tering problem was solved by using the finite element method (FEM) to
discretize the Helmholtz equation in space and solve it numerically as a
boundary value problem. In order to keep computation time and sim-
plicity in check, a 2D model was used with the experimental profiles of
the ZnO:Al samples textured with a linear pattern. The model consisted
in a semi-circular domain with the ZnO:Al film in its base. The light
enters the system through the ZnO:Al film and scatters in its surface,
traveling towards the semi-circular edge where the far-field intensity is
calculated as a function of the scattering angle. By integrating far-field
intensity it is possible to calculate the specular and diffuse transmit-
tance and the haze factor. Details on the model and the methodology
used have been published previously [18].

To study the changes introduced by the textured films in the optical
behavior of the solar cells, we measured the spectral response of the a-
Si:H solar cells under short-circuit conditions. With these measure-
ments, it is possible to analyze and compare the improvements achieved
in the photon collection within the device at different wavelengths.
Finally, the short circuit current Jsc was derived from the spectral re-
sponse measurements.

3. Results and discussion

3.1. Light scattering in ZnO:Al laser-textured samples

The capability of the textured ZnO:Al films to scatter incident light
was evaluated through the haze factor. The as-deposited ZnO:Al films
showed very little surface roughness, with a Sq ∼7 nm and a haze factor
of roughly 0%. Likewise, the samples least affected by the laser pro-
cesses, with Sq values similar to as-deposited samples, showed also little
scattering. But as laser scribes went deeper and the distance between
scribes shortened, the Sq roughness went up to more than 150 nm and
the haze factor rose to significant values.

For all the different textures investigated, the haze factor reached its
maximum at short wavelengths, decreasing almost linearly as the wa-
velength further increases. In the case of the linear pattern, the haze
factor averaged up to 24% from 350 nm to 600 nm, and up to 13% from
600 nm to 900 nm. In the case of crisscross patterns, those values could
ramp up to 34% and 19% respectively.

Table 1 includes the process parameters of four selected samples
textured with a crisscross morphology, as well as the Sq roughness and
the haze factor measured at 600 nm.

In Fig. 2 confocal microscopy images of those samples can be seen.
To study the effect of the different observed morphologies, the selected
samples went from deep scribes that reached the glass substrate (tex-
ture T1), to an almost unaffected film, with a cracked surface and little
material ablation (texture T4). The measured Sq values for the four
different samples were 138 nm, 85 nm, 71 nm and 30 nm for T1, T2, T3

Fig. 1. Diagram of the laser texturing process of ZnO:Al thin-films used in this
work. Various linear patterns are obtained by direct scribing parallel grooves
using different pulse energies, process velocities, and distance between grooves.
To obtain a crisscross pattern, a second array of laser processes is scribed
perpendicular to the former.
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and T4 respectively. The haze factor for those samples can be seen in
Fig. 3. The same four samples are used in subsection 3.3 as front con-
tacts in a-Si:H-based solar cells, so data for Asahi U-type substrates, a
commercial TCO (SnO2:F) specifically designed for a-Si:H thin film
solar cells operation, is also shown in Fig. 3 to highlight the obtained
results.

Fig. 2. Confocal microscope images and profiles of four laser-textured ZnO:Al substrates using different process parameters.

Table 1
Process parameters, Sq roughness and haze factor at 600 nm of the laser-tex-
tured AZO selected samples.

Sample Pulse energy Pulse
overlap

Pitch Sq roughness Haze factor at
600 nm

J % µm nm %

T1 1.9·10−6 95.0 17 138 28.3
T2 2.3·10−6 85.3 13 85 20.0
T3 2.1·10−6 70.6 13 71 18.9
T4 1.9·10−6 70.6 13 30 7.5

Fig. 3. Haze factor vs wavelength measured for the textured ZnO:Al films
shown in Fig. 2 and used for the fabrication of a-Si:H solar cells in subsection
3.3.
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3.2. Scattering sources and FEM modeling

The surface morphology of the textured ZnO:Al samples mostly re-
sembles an ordered structured superimposed with a random texture.
This is easily observed in parallel patterns, but it can also be appre-
ciated in texture T2 in Fig. 2. Both structures can contribute to the light
scattering and need to be evaluated.

In the case of fully random textured surfaces, light scattering is
usually studied using the scalar scattering theory, which relates the
surface roughness to the haze factor through a simple relationship
[2,19,20]. This theory, however, is based on two assumptions not ful-
filled in the studied samples, namely a totally random roughness and a
roughness correlation length much greater than the wavelength of the
incident light [19]. Thus, if we apply this theory to a wide set of tex-
tured ZnO:Al samples, we can see that the predicted relationship ra-
pidly deviates from the experimental results (see Fig. 4). Although a
general tendency of higher haze factor for higher Sq values is present,
there is not a clear relationship between both parameters. Therefore,
while the surface random roughness may be a source for light scat-
tering, it does not seem to be the main one.

The second scattering source considered is the structured pattern of
laser scribes. When the textured ZnO:Al films are illuminated with a
coherent light beam, they behave as a diffraction grating and a pattern
of intensity maxima and minima appears due to the interferences as the
light travels through the laser grooves. As an example, Fig. 5 shows the
light intensity obtained when a ZnO:Al surface patterned with parallel
scribes is illuminated with a green laser. The position of the different
maxima is well duplicated by the equation for the intensity given by a
diffraction grating [18] (green line below) but not the relative intensity
(red line). In the studied patterns, the predicted envelop curve (blue
line) is not observed and the larger maxima is not always at the center.
This is attributed to a parabolic shape of the bottom of the grooves
instead the square one assumed in the model.

To study the light scattering produced by these ordered structures
we resorted to numerical simulations as described in subsection 2.3 and
in more detail in [18]. In Fig. 6A the experimental haze factor at
600 nm is compared with the values obtained from numerical simula-
tion using the experimental profiles. As shown, the numerical simula-
tion yields a good approximation to the experimental data, giving
weight to the validity of the constructed model. To see how much in-
fluence the ordered structure has in the haze factor versus the random
surface we deconvoluted the experimental profiles using the Fourier
Transform. By choosing the correct frequency and amplitude values we

could discern between the lower frequency/higher amplitude shape of
the laser grooves, and the higher frequencies/lower amplitude corre-
sponding to the random roughness. Doing a numerical simulation of the
haze factors using the filtered profile for the laser grooves and com-
paring it to the numerical simulations when using the experimental

Fig. 4. Haze factor values measured at 600 nm vs Sq for obtained laser-textured
ZnO:Al films. Hollow diamonds correspond to the samples shown in Fig. 2.
Dashed line is the best fit according to the scalar scattering theory for random
surfaces (see text).

Fig. 5. (Top) Intensity maxima found when illuminating a ZnO:Al film textured
with a linear pattern. (Bottom) The position of the maxima are well reproduced
by the equation for a diffraction grating (green line) but the relative intensity
(red line) differs due to deviations from the theoretical profiles (see text). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. (A) Haze factor at 600 nm obtained from transmittance spectra versus
the haze factor obtained from FEM calculations using the experimental profiles.
(B) For the same samples, relationship between the haze factor values calcu-
lated using an experimental profile and a filtered profile (See text)). The dashed
lines represent the Y=X situation and are just a guide to the eye.
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profiles (see Fig. 6B) also yields a good correlation, suggesting that most
of the light scattering occurs due to the laser scribes rather than the
random surface.

3.3. Amorphous silicon solar cells

Besides the measurements of the haze factor, a more meaningful test
to prove whether the selected substrates can improve the optical be-
havior of a solar cell under operation is to measure the increase of
photon collection within the solar cell. Hence, equivalent solar cells
were deposited onto substrates T1-T4 as well as onto a reference, as-
deposited ZnO:Al substrate. The measured spectral response of the five
different structures is plotted in Fig. 7A. The maxima and minima
visible in the reference curve are related to constructive and destructive
interferences of the light components perpendicular to the layers in-
terfaces. The light scattering produced by the textured samples soften
those maxima and minima, especially up to 600 nm. Texture T1 and, to
some extent, texture T2 show an enhancement in the spectral response
from 400 nm onwards with respect to the as deposited ZnO:Al substrate.

The improvement observed in the spectral response of the solar cells
leads to an increase in Jsc as can be seen in Fig. 7B, where the con-
tribution to Jsc coming from different wavelength ranges is plotted.
While the effect in the 300–450 nm range is somewhat limited, both the
450–600 nm and the 600–800 nm ranges present a larger increase in the
contribution to Jsc, especially with texture T1.

This increment is also visible in Table 2, where Jsc values for the
different textures are collected. While substrates T3 and T4 hardly
improve the generated Jsc when compare to the as-deposited ZnO:Al,
textures T2 and, especially, T1 produced a boost of 4% (0.5mA/cm2)
and 15% (1.9 mA/cm2), respectively.

The obtained increment in Jsc of 15% for cells deposited onto T1 is
remarkable. As an example, the increase in Jsc seen in a-Si:H solar cells
deposited onto Asahi U/AZO TCO textured layers is of 18% when
compared to cells where the TCO has been previously polished [21].
Furthermore, this is also a very promising result since the texturing of
the films is not optimized and because ZnO:Al has a lower absorption
edge than SnO2:F due to a smaller band gap, thus partially limiting the
effect of the surface morphology. It is also worth noting that in a-Si:H
solar cells, light absorption mostly occurs between 300 nm and 800 nm.
As the textured samples shown considerable haze factor values at
longer wavelengths, some of the effects of the surface morphology are
not exploited like it would if other kind of devices, i.e. a tandem a-Si:H/
µc-Si solar cell, were used instead.

4. Conclusions

We have textured RF sputtered ZnO:Al films by direct irradiation
with 355 nm nanosecond laser pulses. For simplicity, we have studied
only two simple patterns: a linear pattern consisting of parallel grooves
equally separated and a crisscross pattern obtained by performing a
second array of parallel laser scribes perpendicular to the existing ones.
For sufficiently compact patterns with deep scribes, the obtained haze
factors reached average values of up to 24% and 34% from 350 nm to
600 nm, and up to 13% and 19% from 600 nm to 900 nm for linear and
crisscross patterns respectively.

Two different sources for the light scattering are considered. On the
one hand, the surfaces feature a random, low amplitude roughness that
accidentally occurs during the scribing process. On the other hand, the
scribes that scatter the incident light in a manner similar to a diffraction
grating. From numerical simulations using a finite element method and
a Fourier transform deconvolution of the surface, we concluded that the
laser patterning plays the main role in the scattering of light, opening a
field to the use of different geometries to tune the surfaces haze factor

Finally, amorphous silicon solar cells were deposited onto four
different textured samples and their spectral response and short-circuit
current obtained. The light scattering effect is visible in the reduction of
the maxima and minima seen in the spectral response, and lead to an
increment in the short-circuit current, especially in the 450–800 nm
wavelength range. The substrate with the higher haze factor displayed
an increase in short-circuit current of 15% compared to cells deposited
onto flat substrates, demonstrating the viability of the proposed ap-
proach even though the patterns and the materials chosen were not
fully optimized.
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