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IMPROVED PHOTOVOLTAIC PROPERTIES OF DYE-SENSITIZED SOLAR CELLS USING LASER PATTERNED F-DOPED SnO,
THIN FILMS

POPRAWA WEASCIWOSCI FOTOWOLTAICZNYCH OGNIW SLONECZNYCH UCZULONYCH BARWNIKIEM PRZEZ
LASEROWA MODYFIKACJE POWIERZCHNI CIENKICH WARSTW SnO,

We modified the surfaces of F-doped SnO, thin films using laser patterning to improve the photovoltaic properties of
dye-sensitized solar cells. To do so, we varied the laser power density and the distance between laser-patterned lines. First, we
investigated three power densities. Higher densities led to higher sheet resistances owing to increases in surface roughnesses.
The lowest power density increased surface roughness without electrical degradation. Next, we explored three line spacings at
a fixed power density. The films with the narrowest spacing exhibited the highest power conversion efficiency (~7.00%), the
highest short-circuit photocurrent density (16.28 mA/cm?), and a good fill factor (58.82%).
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1. Introduction

Transparent conductive oxides (TCOs) have been widely
used in the optoelectronics industry as essential components
in flat panel displays, smart windows, gas sensors, light emit-
ting diodes, and solar cells [1-3]. For indusitrial uses, TCOs
must simultaneously possess both low electrical resistivities
(o <107*Q- cm) and high optical transmittances (>80% at 550
nm) [4,5]. In general, TCOs can be classified as either n-type
or p-type TCOs, depending on the type of dopants. Most cur-
rently used TCO materials are n-type semiconductors, such as
Cd, In, Sn, Zn, and Ga-based oxides, because p-type TCOs
show low carrier mobilities owing to the large effective mass-
es of holes [6]. Among the various n-type TCOs, F-doped
SnO, (FTO), which is commonly used in dye-sensitized solar
cells (DSSCs), is a promising material because of its chemi-
cal stability, high temperature resistance, and high mechanical
hardness, as well as its excellent electrical and optical proper-
ties [7,8]. DSSCs, which are composed of working electrodes
covered with porous layers of TiO, particles and counter elec-
trodes coated with Pt catalysts, require transparent FTO thin
films to act as charge collectors [9]. However, there are some
problems with DSSCs, such as the high costs of Ru-based
dyes and Pt catalysts, the low durabilities of such dyes, the
low stabilities of liquid electrolytes, and losses of photoinject-
ed electrons at the interfaces between the dye-bonded TiO,
layer on the FTO thin films and the electrolyte. With regard
to the above-mentioned problems, one strategy being used to
reduce the loss of photoelectrons at the interface between the

dye-bonded TiO, layer on the FTO thin films and the elec-
trolyte is to modify the surfaces of the FTO thin films [10,11].
Generally, the methods used for modifying the surfaces of
FTO thin films are surface treatments using TiCly solutions
and direct surface etching techniques, such as reactive ion
etching (RIE), inductively coupled plasma (ICP) etching, and
laser patterning [12-15]. For example, Zou et al. studied the
effects of TiCly treatments on the photovoltaic parameters, in-
cluding short-circuit current density and fill factor, of DSSCs.
The TiCly treatment produced FTO thin film layers with larger
surface areas, leading to better performing DSSCs since they
can absorb much more dye [13]. Further, Wang er al. car-
ried out FTO surface modification by RIE using nanoimplant
lithography. DSSCs fabricated with etched FTO thin films ex-
hibited higher performances, compared to DSSCs fabricated
with nonetched FTO thin films, because of the enhanced fill
factors and power conversion efficiencies of the former [12].
Of the above-mentioned methods, laser patterning is a popular
process for etching TCO films for use in various applications
because it exhibits several advantages: there is no contact be-
tween the tools and the work pieces. Thus, there is little chip-
ping. Further, it is fast and highly accurate [15,16]. Until now,
the relationships between the laser patterning parameters and
the photovoltaic performance of DSSCs have not clarified.
In this study, we investigated the effects of the laser power
density and the distances between laser-patterned lines on the
photovoltaic properties of DSSCs.
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2. Experimental

A laser patterning procedure was used to modify the
surface morphologies of FTO thin films (6.97 Q/p). Before
being laser patterned, the FTO thin films were successively
cleaned in ultrasonic baths with acetone, ethyl alcohol, and
de-ionized (DI) water and then dried using an air blower.
For laser patterning, a Nd:YAG laser (KORTherm Science,
355 nm, 10 W), able to etch surfaces at various wavelengths
and output powers, was employed. To investigate the effect
of the surface morphology of the FTO thin films on DSSC
performance, we adjusted two parameters: the laser power
density (power densities of 3320, 2400, and 1100 kW/mm?
were used; the corresponding samples are referred to as sam-
ples A, B, and C, respectively) and the distances between
the patterned lines (distances of 500, 250, and 130 um were
used; the corresponding samples are referred to as samples
C, D, and E, respectively). The laser-patterned FTO thin
films were used as current collectors in the working elec-
trodes of DSSCs. To produce the working electrodes, pastes
of inks were fabricated by grinding ink mixture consisting of
P25 (Degussa), hydroxypropyl cellulose (HPC,M,, = ~80,000
g/mol, Aldrich), acetyl acetone (Aldrich), and DI water in
an agate mortar. Next, the laser-patterned FTO thin films
were squeeze printed using the ink pastes and annealed at
500°C for 1 h. Next, they were immersed in a solution of
N719 (Ru(dcbpy),(NCS);, Solaronix) in ethanol for 24 h. A
0.6 M BMII (1-butyl-3-methylimidazolium iodide)-based io-
dine solution was used as the electrolyte in the DSSCs. For
the counter electrode, nonpatterned FTO thin films were spin
coated with a SmM solution of chloroplatinic acid hydrate
(H,PtCl-xH, 0, Aldrich) in 2-propanol and annealed at 450°C
for 0.5 h.

To examine the effects of the power density and inter-
line distance on the surface morphologies and roughness-
es of the FTO thin films, field-emission scanning electron
microscopy (FESEM, Hitachi S-4700) and atomic force mi-
croscopy (AFM, diDimension”™ 3100) were used. The elec-
trical and optical properties of the laser-patterned FTO thin
films were characterized using a Hall effect measurement sys-
tem (Ecopia, HMS-3000) and a ultraviolet-visible (UV-vis)
spectrophotometer (Scinco, S-3100), respectively. The photo-
voltaic properties of the DSSCs were measured using a so-
lar simulator (McScience, K101 LAB20) equipped a 150 W
xenon lamp and having a light intensity of 100 mA/cm?.

3. Results and discussion

Figures 1 (a-b), (d-e), and (g-h) show top-view FESEM
images of samples A-C etched at the three different laser
power densities. The distances between the patterned lines
of samples A-C were fixed at ~500 um. As the laser power
density was increased, the widths and depths of the patterned
lines tended to increase as well. The widths of the patterned
lines were ~22 um for sample A, ~18 um for sample B, and
~15 um for sample C. In addition, the lines of samples A
and B were connected continuously at the higher laser power
density. However, in the case of sample C, the lines consist-
ed of disconnected dots when the laser power density was

low, as shown in Figure 1(h). Figures 1 (c), (f), and (i) show
cross-sectional FESEM images of samples A-C. The depths of
the patterned lines were ~476, ~380, and ~219 nm for samples
A, B, and C, respectively. This indicates that the depth of the
patterned lines was directly related to the laser power density.
That is to say, higher laser power densities produced deeper
patterned lines. These FESEM results indicate that the laser
power density strongly affects the electrical properties of FTO
thin films, and therefore the performance of the DSSCs based
on the films.
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Fig. 1. Top-view and cross-sectional FESEM images of sample A
(a-c), sample B (d-f), and sample C (g-i)

Fig. 2. AFM images of the nonpatterned FTO thin film (a), sample
A (b), sample B (c), and sample C (d)

To investigate further the surface roughnesses of the sam-
ples laser-patterned using different laser power densities, AFM



was performed; the resultant images are shown in Figures 2
(a)-(d). The root mean square (RMS) roughness values for
samples A, B, and C were ~313.3, ~219.5, and ~92.7 nm,
respectively. Compared to nonpatterned FTO thin film (~26.6
nm), all the samples were considerably rougher. That implies
that, as the laser power density was increased, the surface
roughnesses of the laser-patterned FTO thin films increased,
because of the wider and deeper patterned lines produced.
Therefore, these results agree well with the FESEM images.

~22x10° 90

- )
. S
2 i {88 ~

(]

8 2.0x10°f o
c - 186 g
CU C m.

P — A ] )
0 1 N = |u=
‘» i 1°* €
e 20 2
s 10} 12 ®
o I =
: 0 i 1 i L 1 1 L 80
(7)) nonpatterned 3300 2400 1100

FTO films . 2
Power density (kW/mm?~)
Fig. 3. Sheet resistances and optical transmissions at 550 nm of the
samples depending on the laser power densities

TABLE 1
List of sheet resistances and transmittances of samples A-E and the
nonpatterned FTO thin films

Samples Sheet resistance Transmittance
(&/p) (%, 550nm)
II:I’;‘)?) I:E:;eg;ﬁi 6.97 84.96
Sample A 2.14 x10° 85.08
Sample B 22.79 85.36
Sample C 7.42 84.33
Sample D 7.76 83.73
Sample E 7.86 83.39

Figure 3 and Table 1 show the electrical and optical prop-
erties of samples A-C, which were etched at the various laser
power densities. While the sheet resistance of nonpatterned
FTO thin film was 6.97 Q/p, sample A showed the highest
sheet resistance (2.14x10° Q/p). That is to say, sample A,
which was patterned using the highest laser power density,
exhibited the poorest electrical properties. This is because us-
ing a higher laser power density when patterning increases
the depth of the patterned lines, disturbing the smooth trans-
fer of electrons along FTO surface. However, the depths of
the patterned lines decreased as the laser power density was
decreased. Thus, the sheet resistances decreased drastically,
to 22.79 Q/p for sample B and 7.42 Q/p for sample C. In
particular, sample C exhibited electrical properties similar to
those of the nonpatterned FTO thin film. That is to say, sam-
ple C exhibited high surface roughness without showing a
decrease in its electrical conductivity. The optical transmit-
tances of all the samples at 550 nm are shown in Figure 3.

1243

After the laser patterning of the FTO thin film, all samples
demonstrated a constant transmittance of approximately 84%.
This result demonstrates that laser patterning has little impact
on the optical properties of FTO thin films.

TABLE 2
List of photovoltaic parameters of samples A-E with the
nonpatterned FTO thin films

c(i)rlz':ilt Photocurrent Fill corligz‘ll";li‘on
Samples voltage s den:;y , lf:;?t(‘); efficiency
(Voe, V)| Useo mAfem®) | (FF, %) | pCg, o)
Non-pat-
terned FTO| 0.74 13.01 65.95 6.29
thin films
Sample A 0.74 6.35 36.99 1.72
Sample B 0.74 11.45 40.30 3.43
Sample C 0.74 15.02 59.46 6.58
Sample D 0.73 15.83 59.66 6.84
Sample E 0.73 16.28 58.82 7.00
To investigate the photovoltaic properties of the

laser-patterned FTO thin films, the solar simulator was em-
ployed. The photocurrent density-voltage (J-V) curves and
photovoltaic parameters of DSSCs based on the different sam-
ples are shown in Figure 6 and Table 2. The power conversion
efficiency (PCE, n) of the samples was calculated using the
following equation [17]:

[Vsc X Voc X ff]
[Ima.x X Vma.x]

where J. is the short-circuit photocurrent density, V,. is the
open-circuit voltage, ff is the fill factor, 7,4, is the maximum
power current, and V., is the maximum power voltage. These
patterned FTO thin films were used as current collectors in
working electrodes. Generally, V,. is considered the differ-
ence between the electronic Fermi level of the semiconductor
used for the working electrode and the formal potential of
the redox couples of the counter electrode. Therefore, because
the semiconductor and the composition of the electrolyte were
identical for all samples, the V,. values of all the samples were
nearly equal. Meanwhile, samples A and B exhibited lower
J values (6.35 and 11.45 mA/cm?, respectively) than that of
the nonpatterned FTO thin films (13.01 mA/cm?). In addition,
the ff values of sample A and sample B were also lower, at
36.99% and 40.30%, respectively. This is because, in the case
of samples A and B, the FTO thin films functioning as elec-
tron collectors in the DSSCs had high sheet resistances despite
having transmittances similar to that of the nonpatterned FTO
thin films. Thus, the DSSCs fabricated using samples A and B
displayed low PCEs (1.72% and 3.43%, respectively). Howev-
er, sample C exhibits a higher PCE (6.58%) than did samples
A and B, owing to its high Jy., which was 15.02 mA/cm?.
The higher performances of these samples are attributable to
the high surface areas and the low sheet resistances of the
laser-patterned FTO thin films. In particular, improving the
surface roughness with degrading the electrical properties in-
creases the surface areas of the laser-patterned FTO thin films,
enhancing their ability to be loaded with TiO, particles and

7 (%) = (1
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dyes. In addition, increasing the surface roughness increas-
es Jy. and the PCE [14,18]. The PCE values of samples C-E
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Fig. 4. Top-view and cross-sectional FESEM images of sample D
(a-c) and sample E (d-f)
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Fig. 6. Photocurrent density-voltage curves of DSSCs fabricated with
nonpatterned FTO thin films and samples A-E
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increased as the distance between patterned lines decreased.
The values of J,. were increased in particular, from

15.02 mA/cm? in sample C to 16.28 mA/cm? in sample E
with the similar values of ff. This improvement is attributed
to sample E having a large surface area than that of sample
C, while exhibiting a comparably low sheet resistance. Since
the distances between lines were smaller, the surface areas
per unit area of the laser-patterned FTO thin films were high-
er. In addition, no electrical degradation was observed after
the laser-etching process. Thus, more TiO, particles and dyes
can be incorporated into the DSSCs, further improving the
Jsc and PCE values. Therefore, sample E exhibit the highest
short-circuit photocurrent density, a good fill factor, and the
highest PCE (~7.00%) of all the samples. These properties
were the result of the increase in the surface area of the FTO
thin films after the laser-patterning process, while the sheet
resistance of the films remained unchanged. Therefore, such
materials show potential as promising current collector mate-
rials for high-performance DSSCs.

4. Conclusions

In conclusion, we employed a laser-patterning technique
to modify the surface morphologies of FTO thin films to be
used as current collectors in DSSCs. First, three laser power
densities were used (samples A-C) while the distance between
the patterned lines was kept fixed 500 um. The samples pat-
terned at high laser power densities showed poor sheet re-
sistances compared to nonpatterned FTO thin film. This was
because the increased depths of the patterned lines, resulting
from the higher laser power densities, disturbed the smooth
transfer of electrons along the FTO surface. However, sam-
ple C, produced using the lowest laser power density (1100
kW/mm?) exhibited a large surface area without showing a
decrease in electrical conductivity. In addition, we examined
three different laser-patterned line spacings (samples C-E),
which were etched using a fixed laser power density of 1100
kW/mm?. Despite the fact that the distances between the pat-
terned lines had little impact on the electrical and optical prop-
erties of the FTO films, the PCE values of DSSCs based in
the films increased as the distance between the patterned lines
was decreased. These results are attributed to the increase in
the surface areas of the laser-patterned FTO thin films, while
the low intrinsic sheet resistance of the FTO films remained
unchanged. Of all of the samples examined, the DSSC based
on sample E exhibited the highest PCE (~7.00%) owing to the
sample being patterned using the lowest laser power density
(1100 kW/mm?) and having the narrowest gaps between its
patterned lines (130 pm).
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