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Optical Enhancement of Fluorine-Doped Tin Oxide Thin
Films using Infrared Picosecond Direct Laser Interference

Patterning

Herman Heffner, Marcos Soldera, and Andrés Fabidn Lasagni

Surface texturization of Transparent Conductive Oxides (TCOs) is a well-known
strategy to enhance the light-trapping capabilities of thin-film solar cells and thus,
to increase their power conversion efficiency. Herein, the surface modification of
fluorine-doped tin oxide (FTO) using picosecond infrared direct laser interference
patterning (DLIP) is presented. The surface characterization exhibits periodic
microchannels, which act as diffraction gratings yielding an increase in the
average diffuse transmittance up to 870% in the spectral range of 400-1000 nm.
Despite the one dimensionality of the microstructures, the films did not acquire a
significant anisotropic electrical behavior, but a partial deterioration of their
conductivity is observed as a result of the removal of conductive material. This
work proposes the feasibility of trading off a portion of the electrical conductivity
to obtain a substantial improvement in the optical performance.

1. Introduction

Transparent conducting oxides (TCOs) have captured the atten-
tion of the scientific community in the past decades due to their
ability to function both as an optical window as well as a top
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electrode for high-efficiency optoelectronic
devices, such as thin film inorganic (pc-Si:
H, CIGS, CdTe),"”! perovskite-based,**
perovskite tandem based,™ organic,”” and
dye-sensitized solar cells (DSSCs),” as well
as for photodiodes,® and OLEDs.!”
Particularly, fluorine-doped tin oxide
(F-SnOy; FTO) is widely used in thin-film
solar cells due to its low cost, thermal resis-
tance, and electronic compatibility."%!"!
Unfortunately, most of the thin-film solar
cells have state-of-the art efficiendies signif-
icantly lower than the theoretical maximum
since the photon harvesting as well as the
collection of photogenerated carriers is not
yet optimized."">"*! Thus, efforts must be
carried out to increase their power conver-
sion efficiency by: 1) obtaining a higher fill
factor as a result of lowering the series resistance associated with
the solar cell’s materials,!*®! 2) increasing the open-circuit voltage
by optimizing the interfaces between the photoactive material
and the electrodes, reducing the impact of defects in the semi-
conductor, or, in case of DSSCs, designing a proper
electrolyte,'*™® or 3) increasing the short-circuit current by
improving the light-trapping capability." A well-known strategy
for enhancing light harvesting is by surface structuring the top
TCO with the aim to achieve an improvement in total {T,) or
diffuse (Tyg) transmittances,™! at an expense of a tolerable
increase of the sheet resistance (Rg).

Li et al. investigated the surface morphology and photoelectric
properties of FTO irradiated with a pulsed nanosecond laser at
532 nm wavelength.?® Micropillar-like textures were fabricated
with RMS roughness between 90 and 150 nm. At an optimum
fluence and scanning speed of 1.02Jcm * and 10mms
respectively, the resulting morphology increased the average total
optical transmittance (82.7%) compared with the untreated film
(75.4%). For higher values of fluence as well as lower values of
scanning speed (and thus leading to higher cumulated fluences),
alower transmittance was obtained as a result of largely damaged
films. In addition, for the mentioned parameters lower
sheet resistances were achieved (~8.8Qsq ') compared to the
unstructured FTO (10.2Q sq ). Similar outcomes were obtained
by Ren et al. by structuring Pt/FTO thin films also with a 532 nm
nanosecond pulsed laser using a laser fluence of 1.05] cm 22!
Their results showed grating structures with a spatial period of
450 nm, which enhanced the average transmittance (84.1%)
compared to the initial Pt/FTO (68.6%) in the 400-800 nm range
as well as a decrease in Rg (from 6.8 to 7.9Qsq Y.
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A convenient approach to achieve well-defined periodic
structures in the micro- and sub-microscale is by employing
the technique known as DLIP.*?! For instance, Charipar
et al. performed two-beam interference DLIP on a 150 nm thick
indium-doped tin oxide (ITO) by using a 355 nm picosecond
laser source to obtain line-like microstructures with a spatial
period of 650 nm.[?* They reported anisotropic conductive
behavior as a result of the microchannel structures, which gave
as an outcome a Rg that depends on the direction in which the
samples were measured. Furthermore, a decrease in the resis-
tance was measured in the direction parallel to the produced
lines, while a strong increase was obtained in the perpendicular
direction. Furthermore, Berger et al. also implemented two-
beam interference DLIP in the UV range (266 and 355 nm)
using a nanosecond laser to structure grooves in boron-doped
zinc oxide (ZnO:B).** They achieved a slight enhancement on
Tiot and Tyir mainly in the 370-470 nm range for a spatial
period of 1.5pm. Further successful DLIP structuring on
TCOs was reported by different research groups.!*>=%! All these
studies have in common that UV laser sources were employed,
which tend to have long-term stability issues (especially
at 266nm) and higher costs in terms of laser power
(€W 1.3 To the best of our knowledge, no studies were
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published in which stable and cost-effective IR laser sources
were used in combination with DLIP to modify the optoelec-
tronic characteristics of TCOs.

In this work, we studied how periodic line-like structures gen-
erated by DLIP using an infrared (IR) picosecond laser can influ-
ence the transmittance of FTO, in particular in the 400-1000 nm
region. In addition, the film’s sheet resistance is evaluated as a
function of the laser parameters used. The samples were also
characterized electrically and morphologically.

2. Results and Discussion

2.1. Surface Analysis

Using the D method, the fluence threshold of FTO and beam
radius were calculated and values of 1.10+0.15]Jcm % and
21.5 + 1 pm were obtained, respectively.*?

Confocal images and height profiles of treated FTO films with
different fluences are shown in Figure la—f. As observed in
Figure 1a, fluences higher than 2.6Jcm ? produced textures
with low quality, due to an excessive accumulated laser fluence
that destroys the periodic microchannels. In turn, fluences close
to 1.4 ] cm 2 have no significant effect on the surface topography
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Figure 1. a—f) Structured fluorine-doped tin oxide (FTO) confocal images along with their height profiles for fluences: a) 2.8)cm™% b) 2.6 Jcm ™%
c)24)cm 2% d) 2.1)cm % e) 1.7)cm % f) 1.4 ) cm 2. g) Measured average height of the microstructures as a function of the laser fluence, together

with the fit using Equation (1) (blue line).
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(see Figure 1f), which is in accordance with the fluence threshold
of 1.1Jcm % determined by the D? method. For fluences
between 1.7 and 2.6 ] cm 2, the structures are well defined with
microchannels having a spatial period of 4.9 pm and an average
height among the entire treated area that oscillates between 400
and 550 nm.

Figure 1g shows that the average structure height increases
with the laser fluence in the studied range. The continuous line
(blue) in the figure represents a logarithmic fit calculated by
using Equation (1), which relates the height of the structures with
the fluence!®’)

1 F
b= &m(ﬁh) M)

where h is the average height of the structures, a is the absorp-
tion coefficient, F is the fluence and Fy, is the threshold fluence.
Since the surface corresponding to F=2.8]cm 2 was partially
damaged, its height value was considered for the fitting calcula-
tion. The nonlinear fitting curve gave Fy, = 1.08 J cm 2 as an out-
come, being this in good agreement with our previous estimation
of the threshold by the D* method (1.1]cm ?). In addition, the
fit permits obtaining an estimation of 1/a (1.5 pm) which is
comparable to previous studies (1/a= 2.1 pm).>**! A possible
explanation for the lower value obtained in this work, could
be related to the nonlinear response of FTO toward ps IR laser
radiation. Previous research pointed out the importance of con-
sidering non-linear effects on thin films when ultrashort pulsed
lasers (ps—fs) are used on TCOs.%

Scanning electron microscope (SEM) images together with
EDS maps of selected samples treated with different fluences
are shown in Figure 2. A cross-sectional image of the untreated

www.aem-journal.com

FTO can be seen in Figure 2a, from which the thickness of the
conductive coating can be estimated, obtaining a value of
550 nm. A representative image of a line-like pattern produced
at 2.1Jcm ? fluence with a 4.9 um spatial period can be
observed in Figure 2b. As it can be seen, the FTO material
was selectively removed at positions corresponding to the inten-
sity maxima of the interference pattern. However, compared to
TCO treated with UV wavelengths and ns pulses, a different
mechanism seems to be responsible for the structuring process
in this case. This might be caused as a consequence of photo-
chemical spallation in combination with high pressure gener-
ated by the vaporized phase of FTO, a phenomenon that has
been observed when treating brittle thin films with ps laser radi-
ation.?”*®! This effect on FTO films could be reduced by
employing a laser source with a pulse duration in the sub-
picosecond regime to induce cold ablation. In addition, a
substructure aligned with the direction of the channels
(interference lines) was observed for all used conditions, which
can be identified as laser-induced periodic surface structures
(LIPSSs). The measured repetitive distance of the LIPSS was
~420 + 40 nm. Considering that the alignment of the LIPSS
is perpendicular to the laser polarization (E), as indicated in
Figure 2b, and that the ratio between the LIPSS spatial period
and laser wavelength is ~0.4, the LIPSS can be regarded as high
spatial frequency LIPSS (HSFL), as observed by several reports
in transparent materials using femtosecond laser sources emit-
ting in the near infrared spectrum.*>~*! Interestingly, in our
study, such HSFL were produced by irradiating the surface with
longer pulses, i.e., 10 ps pulses.

To illustrate the amount of FTO coating removed by the laser
process, energy dispersive spectroscopy (EDS) maps are shown

Figure 2. Scanning electron microscope (SEM) images of FTO samples. a) cross—sectional view of untreated FTO/glass substrate system; b) structured
FTO with F=2.1)cm 2 together with a magnified view; c—e) structured FTO with a 4.9 pm spatial period along with their chemical composition
(F, O, Si, and Sn) for F=2.8)cm™% F=2.4)cm 2 and F=1.4] cm™?, respectively.
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in Figure 2c—e in which the presence of the elements F, O, Si,
and Sn are displayed by the different colors. It can be seen that at
the lowest fluence (Figure 2e) the distribution of Sn and F
(from the FTO film) is uniform over the surface. As the fluence
increases (Figure 2d), a line-like pattern of the Sn and F signals
arises, where the intensity maxima correspond to the ridges of
the texture FTO film. This trend is more evident for the highest
fluence of 2.8 ] cm 2. Additionally, the Si signal, attributed to the
glass substrate, developed a similar pattern, however with a
phase shift, so that the signal maxima match with the valleys
of the film texture. Thus, higher fluence might not only worsen
the film’s electrical properties, but also it may even isolate elec-
trically adjacent ridges, which ultimately implies immediate fail-
ures in the solar cells.

2.2. Optical Characterization

To characterize the optical properties of structured FTO, total and
diffuse transmittances along with total reflectance Ry, in the
400-1000 nm range were measured. Overall, the total transmit-
tance for patterned FTO is lower than that of the flat reference in
the 400-700 nm range, as shown in Figure 3a. In turn, in the
700-1000 nm range all the patterned films have a higher T, than
the untreated sample, which can boost the photon harvesting in
solar cells in the near-infrared spectrum. In addition, total
reflectance decreased compared to the flat reference in the
475-750nm range, especially for fluences of 1.8 and
1.4]Jcm 2, which can be attributed to a light-trapping effect
due to the increased surface roughness. In contrast, the Ty
improves significantly after the DLIP treatment, as shown in
Figure 3b. Particularly, the film treated with a laser fluence of
2.1Jcm ? exhibited the highest Ty in the 625-1000 nm range,
exceeding 75%.

For comparison reasons, Table 1 shows the average
transmittances, reflectance, and absorbance (A), defined as
A =100%—T,o+— Ry, obtained as a function of the fluence in
the 400-1000 nm range. Although all the patterned films have
a negligible loss of the average total transmittance (up to
~3%), an enormous angular spread of the transmitted light is
obtained as a consequence of the periodic microstructures.
The structured sample at a fluence of 1.4 ] cm 2 presents a simi-
lar optical characteristic compared to the untreated FTO sample
(in both transmittances), meaning that the micropattern was not
deep enough to cause efficient diffraction of light. Nevertheless,
the absorption on this film increased by ~5%, most of which is
associated with the absorption of light in the 400-500 nm range.
Furthermore, Figure 3c shows the calculated haze factor,
i.e., ratio between the diffuse and total transmittance, for the
sample structured with a fluence of 2.1]cm 2, which showed
the highest increase in diffuse transmittance. In addition, the
diffraction efficiencies of the same sample were measured at
wavelengths of 450, 532, and 635 nm using Equation (2)

Doizo i

DE = =7 2)

where I; are the intensities of the first and second diffraction
order (positive and negative) and I is the intensity of the zero
order. The diffraction efficiencies at 532 and 635 nm match
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Figure 3. a) Total transmittance, reflectance, and b) diffuse transmittance
of structured FTO films for selected fluence values (continuous lines). The
dotted line indicates the value for untreated FTO. c) Haze factor (lilac line)
for structured FTO (F=2.1)cm ?). Colored stars represent the average
diffraction efficiency with the standard deviation for each wavelength. The
inserted photograph shows the obtained diffraction pattern when the
mentioned structured FTO sample is illuminated with a blue laser pointer.

remarkably well the measured haze factor suggesting that the
increase in the diffuse transmittance is mainly due to diffraction
into well-defined modes. In turn, for the shortest wavelength of
450 nm, the diffraction efficiency is significantly lower than the
haze factor, implying that diffraction alone cannot explain the
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Table 1. Calculated average optical total transmittance, reflectance,
absorbance, and diffuse transmittance between 400 and 1000 nm for
each value of fluence. Values in brackets indicate the deviation (relative
in percentage) with respect to the untreated FTO film.

Flyem™?] Tiil%] Riot[%] Al%] T [9%)
Ref. 73.7 5.1 21.8 6.1

1.4 74.1 (+0.5) 2.8 (—45) 23.1 (+6) 13.4 (+120)
1.7 72.7 (—1.4) 42 (-18) 23.1(+6) 28.3 (+360)
2.1 72.3 (-2.0) 49 (-4) 22.8 (+5) 59.2 (+870)
2.4 71.5 (=3.1) 5.3 (+4) 23.2 (+6) 52.7 (+760)
2.6 72.4 (—1.8) 42 (-18) 23.4 (+6) 53.9 (+780)
2.8 73.8 (+0) 5.3 (+4) 20.9 (—4) 57.3 (+840)

increase in the diffuse transmittance and therefore random scat-
tering by surface imperfections as well as by the LIPSS may have
a large contribution in the haze.

2.3. Sheet Resistance

Sheet resistance values as a function of laser fluence for struc-
tured FTO films were also determined, as shown in Figure 4.
The increasing trend of Rg with fluence implies that the ablation
of conductive material inevitably leads to a worsening of the elec-
trical conductivity in comparison with flat untreated FTO.
Despite the one-dimensionality of the produced texture, no sig-
nificant anisotropic electrical response was observed for fluences
lower than 2.4 ] cm % However, at a fluence of 2.6 ] cm ? a mac-
roscopic anisotropy was detected with a ratio between the trans-
versal and longitudinal sheet resistances of Rgrrans/Rsrong = 2.4-
This anisotropic behavior was also observed for TCOs patterned
with line-like textures using laser-based methods.**** In the
case of the sample treated with a fluence of 2.8 J cm 2, the trend
on the transversal R, reversed since its value is lower than the
longitudinal one, which can be explained by the fact that the

T T T T T T T T
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Figure 4. Average sheet resistance along with its deviation for structured
FTO as a function of the fluence and for both measuring modes: trans-
versal (red) and longitudinal (blue). The dotted line indicates the value for
untreated FTO.
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texture was partially destroyed at this high fluence level, leaving
redeposited conductive material distributed over random posi-
tions of the surface.

According to several studies, the photoconversion efficiency of
solar cells has a strong dependence on the FTO sheet
resistance.l*>*! For instance, Wang et al. reported an increase
in power conversion efficiency of DSSCs by using patterned
FTO up to 16% (relative), as long as the sheet resistances of tex-
tured FTO do not exceed 27 Qsq ".1**) This finding suggests that
the DLIP—treated substrates at a fluence of 2.1Jcm 2 in this
study have the potential to increase the sunlight harvesting in
DSSCs by an effective light diffraction without compromising
the electrical performance. Moreover, some studies indicate that
using structured FTO promotes a higher contact area between
the front electrode (FTO) and the electron transport layer in
DSSCs (TiO,), which enhances the charge transfer and ulti-
mately the power conversion efficiency.*! In a previous study,*”’
organic solar cells were deposited on FTO-coated substrates with
different TCO thicknesses and, thus, sheet resistances.
Interestingly, the best device efficiencies were obtained for
FTO films with a sheet resistance between 10 and 17 Qsq *,
which in our study was achieved after the DLIP patterning at
1.7]Jcm 2 Therefore, further experimentation should be carried
out to establish the optimum trade—off between the enhance-
ment of Ty and the deterioration of the sheet resistance and
evaluate the final impact of the textures on real devices.

3. Conclusions

In this study, the optical and electrical modifications caused by
DLIP technique on FTO thin films were evaluated for the first
time, using an infrared ps—pulsed laser source. As the laser flu-
ence increased from 1.4 to 2.8 ] cm 2, the FTO film underwent a
slight surface modification to the development of well-defined
microchannels and finally to the complete removal of the conduc-
tive coating. Even though a small decrease in the average total
transmittance up to 3.1% relative to the untreated sample was
obtained, a significant increase in the diffuse transmittance
up to 870% was achieved as a result of the diffraction of incoming
light into several diffraction orders by the periodic texture. The
increase in the haze factor could potentially benefit optoelec-
tronic devices by increasing the absorbance in solar cells, espe-
cially for those devices based on photoactive materials with an
optical bandgap in the near IR spectrum. Additionally, the tex-
tured substrates can be employed to enhance the out-coupling
efficiency in OLEDs. As a counterpart, the electrical sheet resis-
tance increased proportionally as the fluence increased, due to
the removal of conductive material, as observed in the EDS anal-
ysis. Thus, a trade-off between optical and electrical responses
needs to be considered when selecting the appropriate fluence
for texturing FTO films for optoelectronics.

4. Experimental Section

DLIP of FTO films: FTO films (550 nm thick) were deposited on
10 x 10 x 3 mm glass substrates (XOP Fisica, Spain) and structured by
the DLIP technique. Before the laser treatment, the surfaces were cleaned
with ethanol and dried with compressed air. A DLIP workstation
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(developed by Fraunhofer IWS, TU Dresden, Germany) equipped with a
picosecond solid-state laser (Edgewave PX200, Germany) with a maxi-
mum output power of 10 W was used to pattern the FTO substrates.
The laser operated at a wavelength A, of 1064 nm with a pulse duration
of 10 ps, a repetition rate of 10 kHz. An overlap of 90% was used between
subsequent laser spots and a two-beam interference angle 6 was set to
12.46°, which resulted in a spatial period A of 4.9 pm. The hatch distance
hg, which is the lateral distance between spots, was set to 9.8 pm, while the
fluence per pulse was varied from 1.4 to 2.8 ] cm 2. The DLIP setup can be
seen in Figure 5a and consists of the laser source, an optical attenuator to
decrease the power of the beam, a telescope system that acts as a beam
expander, a diffractive optical element (DOE) that splits the main laser
beam into two secondary beams which are then parallelized by a prism
and focused on the sample by a convergent lens. The sample was placed
on a mechanical stage (Aerotech PRO155-05, USA) and translated in 2D
directions (x and y).

Characterization Methods: To obtain the surface morphology of
the structured FTO samples, a confocal microscope was used
(CM, Sensofar S-Neox, Spain) employing a 150x magnification objective.
The surface profiles of the topographies and height average values were
extracted using SensoMAP Advanced Analysis Software (Sensofar, Spain)
and applying morphological filters with rectangular elements of
20 x 20 ym length. Finally, SEM images along with EDS analysis were
performed (GeminiSEM 300, Carl Zeiss Microscopy GmbH, Germany)
at an acceleration voltage of 10 kV.

Total and diffuse transmittances and total reflectance were measured
using a UV=NIR spectrometer (HR 2000+, Ocean Optics, USA) with an
integrating sphere (Thorlabs 1S236A-4, Germany). To obtain the diffrac-
tion efficiency of the structured FTO, the samples were illuminated with
blue (450), green (532), and red (635 nm) laser pointers and the zero-,
first-, and second-orders transmitted intensities were measured using
an optical powermeter (ThorLabs PM100D, Germany). Five measure-
ments at different sample positions were done for each laser wavelength.

Finally, the structured samples were electrically characterized with the
four-point probe method, as shown in Figure 5b, using an electrometer
(Sourcemeter 2450, Keithley, USA). A total of 20 measurements were
taken for each sample, 10 repetitions for transversal mode and 10 for lon-
gitudinal mode with 1 pA of current source. A first approximation of the
film resistance R was obtained by calculating the ratio between the mea-
sured voltage V and the injected current I. To obtain the correct value for
Rs a correction factor of ~0.75 was applied according to the National
Bureau of Standards Technical Note 199 and taking into account the probe
spacing (~1.8mm) and the size of the sample (~1cm?) .18 This

(a) Direct Laser interference Patterning (DLIP) Setup
Solid State Laser Attenuator

Telescope

Mirror

(b) Four-point Probe Measurement

Transversal Longitudinal
Au Au Au Au

-
X

y

Figure 5. a) Direct laser interference patterning (DLIP) workstation and
b) four-point probe setup with transversal and longitudinal measurement
modes. Probes are coated with gold.
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correction is needed as the proximity of boundaries could limit the current
paths in the sample. The values of Rs were then approximated using the
expression Rs=4.5 x 0.75 x R.
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