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Light-trapping patterns were constructed in TiO, photoelectrodes for dye-sensitized solar cells (DSSCs)
by a one-step femtosecond laser structuring method that utilized ablation to create patterns at the
surface of nanostructured TiO, films. As a result, much more light was trapped in the photoelectrodes.
Grating and orthogonal-grid patterns were studied, and the light trapping performance was optimized
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through the adjustment of pattern spacing, which was easily realized in the laser ablation process. With
a 5 pm-spacing orthogonal-grid pattern, DSSCs showed a highest photon-to-electron conversion efficiency
of 9.32% under AM 1.5G, a 13.5% improvement compared to the same cell without laser ablation. This

simple and universal laser ablation method could be used to process many kinds of nanomaterials, and
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1. Introduction

Light-trapping designs and structures inside solar cells can
overcome the insufficient light harvesting of the absorbing
layers owing to their limited thickness. Therefore they are
effective in improving the photon-to-electron conversion efficiency
(1), and have been extensively studied in recent years for different
types of solar cells."™® The light-trapping structures are generally
patterned on the photoactive layers. The dye-sensitized solar cell
(DSSCQ) is considered as a promising type of solar cell due to its
low cost and high efficiency.”® The research on enhancing the
light absorption of DSSCs is thus always a topic of great interest.
The introduction of large TiO, nanoparticles as scattering centers
in the photoelectrode is a conventional method to improve the
light absorption.’®"" Other methods exist too, such as taking
advantage of the plasmonic effect,"** modifying the electrolyte,"
and using photonic crystals.'® Creating light-trapping structures
in DSSCs via patterning could be more efficient.”” > However,
different from conventional solar cells based on bulk materials,
patterning on nanostructured TiO, for DSSCs is much more
difficult. So far, there has been only one method, which is
essentially through template molding, applied for the DSSCs
based on printed TiO, photoelectrodes. Kim et al first
reported a nanopatterned TiO, photoelectrode for DSSCs via
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could be applied for various devices with nanostructures.

a polydimethylsiloxane (PDMS) nanostamp."® Wooh et al. fabri-
cated pyramid-like structures via pressing a mold onto the
top of a TiO, paste, and obtained high performance of the
DSSCs.” Recently, Lee et al. patterned a grating structure on
the bottom of a TiO, photoelectrode using a PDMS stamp.>*
Nevertheless, this method requires that the electrode materials
be in a paste-like state for printing before solidification. It
would be advantageous if the solidified TiO, photoelectrode
could be directly patterned, eliminating the requirement on the
state of the electrode material. There has been no report yet,
though, on such one-step patterning on the nanostructured
TiO, photoelectrode.

Femtosecond (fs) laser ablation has been proven a simple
and effective method to create micro- or nano-structures
directly onto the surface of bulk materials.?””*® In this study,
we utilized fs laser to directly ablate the surface of nanostruc-
tured TiO, film and obtain a periodic morphology for light-
trapping. This one-step fabrication utilizing fs laser ablation
is a cost-effective, versatile and environmentally friendly
approach, and can form any patterns without photolithography
and its intrinsically involved steps. More importantly, this
universal method can be applied to many more categories of
nanomaterials, and is not limited by the fabrication process of
the devices or the states of the materials during the process.
The sub-picosecond laser-matter interaction avoids thermal
damages of the materials and substrates, and allows for fabri-
cation of structures within a few micrometers.”” The fs laser
generates hierarchical structures combining both micro- and
nano-scales in a single ablation;*®**° such dual-scale micro-/
nano-structure can increase the surface area of TiO,.
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A grating pattern and an orthogonal-grid pattern were
adopted in this work and various size parameters of the patterns
were investigated. The laser-ablated TiO, photoelectrode with
5 um orthogonal-grid spacing demonstrated the strongest light-
trapping effect. The corresponding fabricated DSSCs showed
the highest n of 9.32%, increased from 8.21% without laser
ablation, indicating a 13.5% of improvement in 5 due to laser
patterning of the TiO, photoelectrode alone. This universal
laser ablation method also has great potential for other types of
nanostructured solar cells.

2. Experimental

10 um-thick TiO, film consisting of 20 nm TiO, nanoparticles
was deposited onto fluorine-doped tin oxide (FTO) glass
(1.5 em x 1.5 cm, TEC-15, MTI Co.) using a screen-printing
method before being sintered at 500 °C. The area of the active
region on the FTO glass was 0.12 cm”, measured by a micro-
scope (Olympus BX51M).

The vertical-polarized laser (Uranus2000-1030-1000, PolarOnyx)
with a pulse duration of 700 fs, a wavelength of 1030 nm, and a
repetition rate of 120 kHz was delivered into an objective lens
(N.A. = 0.8, Nikon) and focused on the sample surface. The
diameter of the focal spot was 1.5 um. A mechanical shutter was
used to turn the laser on and off. A neutral density attenuator and
polarizer were used to control the power and polarization of the
laser beam. The sample was mounted on a computer-controlled
xyz stage (Newport XMS-160, XMS-100 and GTS-30V for the x-axis,
y-axis and z-axis, respectively). By translating the sample, the
microstructures were ablated by the focused laser pulses, and a
CCD camera and relay lens were used for real-time monitoring of
the ablation process. The laser energy was 40 nJ per pulse, and the
scanning speed was 2 mm s~ .

The ablated TiO, films with grating and orthogonal-grid
patterns were then cleaned with deionized water before being
coated with a 3 um-thick scattering layer consisting of 50 nm
TiO, nanoparticles using the same screen-printing method.
The films were subsequently sintered again at 500 °C for 1 h.
After being cooled down to 120 °C, they were soaked into the
dye solutions (0.3 mM N719 in acetonitrile-tert-butanol, v/v =
1:1) and kept at room temperature for 24 h. The counter
electrode was Pt-coated FTO glass with two drilled holes for
filling the electrolyte. The Pt layer was deposited onto the
FTO glass by an electrodeposition process in H,PtClg solution
(0.5 M). A 25 pm-thick Surlyn (SOLARONIX, Switzerland) film
was used as a spacer between the photoelectrode and the
counter electrode for each DSSC. The redox electrolyte contained
0.1 M LiI, 0.05 M I,, and 0.6 M 1,2-dimethyl-3-propylimidazolium
iodide, using acetonitrile as solvent.

The morphology of the TiO, film surfaces was characterized by
scanning electron microscopy (SEM, Zeiss LEO 1530). X-ray diffrac-
tion (XRD) spectra of TiO, films were recorded using a Bruker/
Siemens Hi-Star 2d X-ray diffractometer with a monochromatic Cu
K-alpha point source (0.8 mm). The optical transmittance and
reflectance spectra of the TiO, photoelectrodes were recorded using
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an optical fiber detector (Edmund) equipped with an integrating
sphere (Thorlabs). The j-V measurements of the DSSCs were
performed using a Keithley 2400 source meter under the
illumination of simulated AM 1.5G solar light (Oriel 94022A
equipped with a 150 W Xe lamp and an AM 1.5G filter). For the
incident photon-to-current efficiency (IPCE) measurement, J.
of DSSCs at each wavelength in the range of 400-700 nm was
recorded by the Keithley 2400 source meter before the IPCE
values were calculated. The light from the Oriel 94022A light
source was conducted through a monochromator (Mini-Chrom
300-800 nm, Edmund Optics) and illuminated to the DSSCs.
The wavelength step was set to 10 nm. The amount of adsorbed
dye was determined from the absorbance of the desorbed dye
solution at 510 nm using the same monochromator. The dye-
loaded TiO, films were immersed in 0.1 M NaOH aqueous
solution for 20 min for dye desorption. The transmittance spectra
of the TiO, photoelectrodes with and without laser ablation were
simulated by the software Zemax (Radiant Zemax).

3. Results and discussion
3.1. Patterning by laser ablation

The optical setup for structuring the TiO, thin film is shown in
Fig. 1a. Linear polarized laser pulses were delivered into an
objective lens and focused on the sample surface. A nanostructured
TiO, photoelectrode before laser ablation was deposited onto a FTO
glass substrate, followed by sintering at 500 °C. The thickness of
the TiO, film was 10 pum, consisting of 20 nm nanoparticles. By
scanning the laser beam along programmed paths, any pattern
could be directly written onto the TiO, film without other
processing. The pulse width was 700 fs, which is much shorter
than the heat diffusion time between the lattice of TiO,. Hence
the thermal effect could hardly affect the porosity of the nano-
structure TiO, film.*° In the experiments, both grating and
orthogonal-grid patterns were defined. The optical microscopic
images of a grating and an orthogonal-grid pattern are shown in
Fig. 1b and c, respectively. Both the grating and orthogonal-grid
patterns had intervals between two grid lines ranging between
5 mm and 40 mm. The details of the structures are shown in the
SEM image (Fig. 1d). The line width of the grids was about 2 pm,
while the ablation depth was also about 2 um. An interesting
phenomenon is the formation of nanostructures in the laser
irradiated regions, as shown in Fig. 1e. These structures can be
categorized as the laser-induced periodic surface structures that
were commonly observed after laser ablation and that were
demonstrated to increase the surface area of the material.**>°

XRD measurements were performed to explore the potential
change in TiO, induced by the laser ablation. Fig. 2 shows the
XRD spectra of the TiO, film before and after laser ablation. All
the peaks in the spectrum of the bare TiO, film are indexed to
the standard anatase pattern. After laser ablation, the positions
of all the peaks did not change and no extra peaks were
observed. Therefore, the lattice of anatase TiO, nanoparticles
was not modified by the laser ablation process, nor was any
impurity or contamination introduced.
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Fig. 1 (a) Schematic of the optical setup for the laser ablation structuring;
(b) a grating pattern (10 um grid spacing) of the laser-ablated nanostructured
TiO; film; (c) an orthogonal-grid pattern (10 um grid spacing) of the laser-
ablated nanostructured TiO, film; (d) SEM image of the orthogonal-grid
pattern; (e) enlarged image of (d): the formation of the nanostructures in
the laser irradiated regions.

Fig. 2 XRD spectra of nanostructured TiO, film before and after laser ablation.

3.2. Light-trapping effect

After laser ablation, the 10 pm-thick TiO, film was covered with
a 3 pum-thick scattering layer, which consisted of 50 nm TiO,
particles. Fig. 3 shows the cross-sectional SEM images of the
TiO, film with the orthogonal-grid structure covered by the
scattering layer. The laser-ablated lines show sloped sidewalls
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Fig. 3 (a) Schematic of the TiO, photoelectrode, which is patterned by
laser ablation and covered by a scattering layer; (b), (c) cross-sectional SEM
images of the TiO, film with an orthogonal-grid structure (5 pm grid
spacing) covered by the scattering layer; (d) enlarged image of the selected
region in (c).

with a height of 2 um. Such sloped sidewalls benefit the
reflection of light, thus the light trapping effect.>® The cross-
sectional profile and the depth of the laser-ablated structures
can be changed by varying the focusing condition, the power,
and the scanning speed of the laser.

In this study, four grid spacings of 5 pm, 10 pm, 15 pm, and
40 pm were used for both the grating and the orthogonal-grid
patterns. In order to observe the effect of light-trapping by laser
ablation, the transmittance spectra of the TiO, films without
the scattering layer were recorded. Fig. 4 shows the results of
the bare and the laser-ablated TiO, films with the same thickness
of 10 pm. The reduced light transmittance after laser ablation
indicates the enhanced light reflection plus absorption from
the significantly increased surface area on top of the TiO,
photoactive layer by laser ablation, which benefits the light
harvesting of DSSCs. For each grid spacing, the grating pattern
has a higher transmittance than that of the orthogonal-grid
pattern, because the latter has a nearly doubled ablation area.
As the grid spacing decreases, the reflected and scattered light
increases owing to the increased density of the light trapping
structure. Therefore, the transmittance decreases gradually.
From Fig. 4, there was little reduction in transmittance when
the grid spacing reached 40 pm. The reflectance spectra of the
bare and laser-ablated TiO, films are shown in Fig. S1 (ESIY),
where the reflectance is increased after laser ablation, and the
orthogonal-grid pattern has a higher reflectance than that of
the grating pattern. Fig. S2 (ESIt) shows the simulated trans-
mittance spectra of the orthogonal-grid patterns, which are in
agreement with the measured results.

3.3. Performance of DSSCs

After being covered with 3 pm-thick scattering layers, the bare
and laser-ablated TiO, films were loaded with dyes before being
assembled into DSSCs. The schematic of a final DSSC with an
orthogonal-grid-patterned TiO, photoelectrode is shown in
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Fig. 4 Transmittance spectra of nanostructured TiO, films before and
after laser ablation. The grid spacings of both the grating and the
orthogonal-grid patterns on the ablated photoelectrodes are 5 um
(light blue curves), 10 um (blue curves), 15 pm (green curves), and 40 ym
(red curves), respectively. The black solid curve indicates the bare film. The
colored solid curves indicate the films with the orthogonal-grid patterns.
The colored scatter curves indicate the films with the grating patterns.

Fig. 5. The J-V results of all these DSSCs under simulated AM
1.5G illumination are shown in Fig. 6, and all the corres-
ponding parameters are listed in Table 1. For the DSSCs with
laser ablation, the grid spacings for each of the two patterns
were also 5 pm, 10 pum, 15 um, and 40 pum respectively. The
width of laser-ablated line was kept the same at 2 pm. # of the
DSSC without laser ablation was 8.21%. The short-circuit
photocurrent density (Js.) was significantly improved after the
photoelectrode was laser-ablated with the light-trapping grids,
while the open-circuit voltage (V,.) remained at about 0.7 V.
The fill factor (FF) was reduced a little after laser ablation, but

Fig. 5 Schematic of the DSSC with a patterned TiO, photoelectrode by
laser ablation.
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Fig. 6 J-V curves of the DSSCs using bare and laser-ablated TiO,
photoelectrodes. (a) DSSCs with bare and grating-patterned TiO;;
(b) DSSCs with bare and orthogonal-grid-patterned TiO,. The grid spacing
of both types of patterns on the ablated photoelectrodes ranges from
5 pum to 40 pm.

Table 1 J-V parameters of all the DSSCs

Pattern Voe (V) Jse (MA em™?) FF (%) 1 (%)
Bare 0.70 18.6 63.2 8.21
40 um grating 0.69 20.2 61.8 8.61
15 pm grating 0.69 20.6 61.3 8.73
10 um grating 0.69 20.5 62.7 8.88
5 pm grating 0.70 20.9 62.4 9.14
40 um orthogonal 0.70 20.9 62.6 9.16
15 pm orthogonal 0.70 21.9 60.0 9.18
10 pm orthogonal 0.69 21.6 61.8 9.23
5 pm orthogonal 0.70 21.9 60.7 9.32

remained at almost the same level for different pattern para-
meters. # for the four DSSCs with grating patterns ranges from
8.61% to 9.14%, while # for the four DSSCs with orthogonal-grid
patterns ranges from 9.16% to 9.32%, all of which are much
higher in comparison with the cell without laser ablation. This
indicates that the patterned light-trapping grids on the photo-
electrode improve the light scattering effect, which in turn
enhances the total light absorption of the cell. As mentioned
before, the ablation depth was about 2 um, which removed a
small portion of the total 10 pm-thick dye-loaded TiO, layer.
The laser ablation has a quite limited influence on the amount
of the loaded dye molecules, and would not increase the dye
amount. The measured amount of adsorbed dye on each TiO,
films is shown in Table S1 (ESIt). The dye amount was reduced
after laser ablation. Therefore, the performance enhancement
is ascribed to the light-trapping effect. The improvement of # is
mainly attributed to the enhancement of Js. For either the
grating pattern or the orthogonal-grid pattern with different
spacings, the performance of DSSCs increases as the spacing
decreases. As expected, the DSSC with the orthogonal-grid
pattern has a better performance than that with the grating
pattern at each given grid spacing. For both types of patterns,
Jsc is significantly improved from no ablation to 40 um of
spacing and then down to 15 pm of spacing. However, J.
remains almost at the same level from 15 um of spacing to
5 um of spacing for both types of patterns, although the
transmittance kept decreasing as shown in Fig. 4. This implies
that not all of the increased trapped light contributed to the
ultimate photocurrent generation.

The results of the IPCE measurements from 400 nm to
750 nm are shown in Fig. 7. For each of the two pattern types,
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Fig. 7 IPCE spectra of the DSSCs using bare and laser-ablated TiO,
photoelectrodes. (a) DSSCs with bare and grating-patterned TiO5;
(b) DSSCs with bare and orthogonal-grid-patterned TiO,. The grid spacing
of both types of patterns on the ablated photoelectrodes ranges from
5 um to 40 um.

the IPCE increases as the grid spacing decreases in the full
range, which agrees well with the trend in Ji.. The IPCE
improvement after the formation of the light-trapping structure
covers almost all wavelengths measured. For the curves corre-
sponding to 10 pm, 15 pm, 40 pm of spacing in Fig. 7a and
40 pm of spacing in Fig. 7b, the increase mainly lies in the
wavelength range below 600 nm, which is quite different from
the transmittance results in Fig. 4, where the increase almost
covers the whole wavelength range. This indicates that the
trapped light by the ablated patterns has a wavelength selectivity
when absorbed by the dye. One of the reasons could be the
dependence of the reflection angle on the wavelength. When
the grid spacing of the grating pattern is reduced to 5 pm or the
grid spacing of the orthogonal-grid pattern is reduced to 15 pm
and less, the increase in IPCE above 600 nm becomes more
significant. For the orthogonal-grid patterns, the IPCEs of the
DSSCs with 5 pm, 10 pm, and 15 pm spacings are much greater
than that with 40 um spacing. This agrees with the variation in
Jsc with the same spacings. The ablated surface reflected more
light back to the dye-loaded photoelectrode, and the photo-
current increased. The parameters of the laser-ablated pattern
could influence the scattering of the light at different wave-
lengths, and a better matching with the absorption spectrum of
the dye could result in better performance of DSSCs.

4. Conclusions

In conclusion, we utilized fs laser ablation to directly write grating
and orthogonal-grid patterns as light-trapping structures on
nanostructured TiO, films to enhance light harvesting in DSSCs.
The fabricated DSSCs with the light-trapping structures on the
photoelectrodes showed significantly improved performance. The
parameters of the patterns could be easily adjusted in the laser
ablation process. The grid spacing was varied to optimize the light
trapping effect. The TiO, film with 5 pm orthogonal-grid spacing
demonstrated the best light-trapping effect, and the corresponding
DSSC presented the highest # of 9.32%, which is a 13.5%
improvement compared with the DSSC without laser ablation.
This simple, single-step fs laser ablation process is universal
and can be applied to processing of many kinds of nanomaterials
for a host of applications. For example, it could be utilized to
improve the light harvesting efficiency of a number of novel
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solar cells based on nanostructures. Another example would be the
production of novel optical materials taking advantage of the dual-
scale micro-/nano-structures. In the future, the wavelength selecti-
vity of the patterns by laser ablation will be further investigated,
and the detailed light-trapping mechanism will be explored.
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