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G R W N e

Abstract: In this study, we fabricate a counter electrode by coating a Pt ribbon onto a fluorine-doped
tin oxide glass substrate with a Pt layer. The Pt ribbon gives rise to a protrusive structure of the
counter electrode, produced by photolithography, sputtering and lift-off processes. The experimental
results reveal that the photoelectric efficiency of the dye-sensitized solar cell (DSSC) with the Pt
ribbon (5.32%) is 21% higher than that of the DSSC without a Pt ribbon (4.38%). This infers that Pt
ribbons can increase the photoelectric efficiencies of DSSCs. The DSSC with the Pt ribbon has a large
photoelectric efficiency of 5.32%, not only because the protrusive structure has specific channels for
directional electron transport, but also because of its large surface area. The method that is proposed
herein has the advantages of a low production cost and easy fabrication that can be applied to various
electrode structures.

Keywords: Pt ribbon; dye-sensitized solar cell; surface area; electron transport channel; photoelectric
efficiency

1. Introduction

Solar cells are photovoltaic devices because they can convert solar energy into electric-
ity [1-6]. Dye-sensitized solar cells (DSSCs) have attracted much attention in recent years
owing to their appealing manufacturing costs, simple design and high flexibility.

A review paper has reported that the preparation methods of the counter electrodes
in DSSCs include electrochemical deposition, chemical vapor deposition, thermal de-
composition, hydrothermal reaction, polymerization, chemical reduction and sputtering
deposition [7]. All of these methods aim to obtain counter electrodes with high conductivity,
high catalytic activity, good stability and low costs. Each of the preparation methods has its
own advantages and disadvantages. There is no omnipotent method for depositing counter
electrodes, and the preparation methods are chosen on the basis of the specific situation [7].

Counter electrodes such as Pt metal, carbon materials, conductive polymers and
hybrid materials play important roles in determining the energy conversion efficiencies and
manufacturing costs of DSSCs. A counter electrode must possess a large conductivity, high
catalytic activity, good stability and low cost. Pt metal meets the first three requirements
for counter electrodes and is the most frequently used material in counter electrodes [7].
Carbon materials, conductive polymers and hybrid materials satisfy one or two of the
four requirements [7]. Pt is expensive compared to other counter electrodes. However,
Fang et al. reported that the thicknesses of Pt layers exerts an insignificant effect on the
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photovoltaic efficiencies of DSSCs [8]. Therefore, the fabrication costs of DSSCs with Pt
counter electrodes can be decreased by using a small amount of Pt. Therefore, Pt metal is
studied in this work.

A conventional counter electrode is made of a layer that comprises Pt nanoparticles.
Pt nanoparticles facilitate the reduction of oxidized electrolyte molecules owing to their
large surface area, good electrocatalytic activity and large conductivity. Fang et al. studied
the effect of the thickness of the Pt layer on the energy conversion efficiency of a DSSC [8].
Their experimental results revealed that the photoelectric efficiency of the DSSC increases
from 0.38% to 4.92% as the thickness of the Pt layer increases from 0 nm to 10 nm, since
the large grain size of the Pt nanoparticles in a thick layer promotes the reduction of
the oxidized electrolyte. However, the photoelectric efficiency of the DSSC exhibited no
significant change as the thickness of the Pt layer increased from 10 nm to 415 nm. As
a result, a thin Pt layer is enough to induce a large photoelectric efficiency in a DSSC.
Ozkan et al. studied the effect of the inkjet printing and drop casting of Pt layers on the
photoelectric efficiencies of DSSCs [9]. The efficiency (7.6%) of the DSSC fabricated by
inkjet printing exceeds that (6.5%) of the DSSC fabricated by drop casting because the Pt
nanoparticles have a larger grain size in inkjet printing than in drop casting. This result
reveals that inkjet printing can significantly increase the efficiencies of DSSCs. Venkatesan
et al. investigated the effect of a Pt layer deposited with poly(3,4-ethylene dioxythiophene)
(PEDOT) on the photoelectric efficiency of a DSSC [10]. Their experimental results revealed
that the photoelectric efficiency (14.29%) of the DSSC involving the PEDOT-deposited Pt
layer exceeded that (12.50%) of the DSSC with a plain Pt layer because the aggregation
of the PEDOT molecules on the Pt nanoparticles increases the surface area of the counter
electrode in the former. This result displays that the deposition of PEDOT on plain Pt layers
enhances the efficiency of DSSCs. These three references reveal that a large surface area of
the counter electrodes facilitates the reduction of oxidized electrolyte molecules, increasing
the efficiency of DSSCs.

This study proposes a method for increasing the photoelectric efficiencies of DSSCs
using Pt patterns via photolithography, sputtering and lift-off processes. In the same
way, photolithography, sputtering and lift-off processes can also be used to deposit other
materials for increasing the photoelectric efficiencies of DSSCs. Therefore, the method
proposed herein can be used for different types of counter electrodes.

2. Materials and Methods

Figure 1a,b displays the schematic diagram and microscopic picture of a Pt ribbon
that was deposited on a fluorine-doped tin oxide (FTO) glass substrate (Macro Fortunate,
New Taipei City, Taiwan) with a 135-nm-thick Pt layer, respectively. The side length (s),
period (A), width (w) and thickness (¢) of the Pt ribbon are 5 mm, 60 pm, 15 pm and 90 nm,
respectively. The Pt ribbon, Pt layer and FTO substrate compose the counter electrode of
the DSSC in this research.

A EPG516 photoresist (PR) layer (Everlight Chemical, Taipei, Taiwan) was deposited
on the FTO glass substrate with a 135-nm-thick Pt layer. The FTO substrate with the PR
layer was put on a hot plate for soft baking. The image of the pattern of a mask was
projected onto the PR layer after UV illumination. The irradiated PR layer was placed
into EPD48 developer (Everlight Chemical, Taipei, Taiwan) for development, and then
fixed in deionized water. The PR pattern was obtained after fixing. A CS-400 sputtering
machine (Junsun Tech, New Taipei City, Taiwan) was used to deposit a 90-nm-thick Pt layer
on the PR pattern. The sputtering machine has a Pt target (Well-Being Enterprise, Taipei,
Taiwan) with a diameter of 2 inches in the vacuum chamber of the sputtering machine. The
distance between the FTO glass substrate and the target is 15 cm, and the temperature of the
substrate was held at 23 °C during the deposition of Pt. A sputtering power of 40 W was
applied to the target and the pressure in the vacuum chamber was 7 x 1073 torr during the
deposition of Pt. The time for the deposition of Pt was 20 min in this study. A 90-nm-thick
Pt layer was deposited on the PR pattern using the sputtering machine, and then the FTO
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glass substrate was immersed in acetone for removing the PR pattern. The Pt ribbon was
obtained following the removal of the PR pattern.

Figure 1c,d displays a schematic drawing and microscopic picture of the TiO, ribbon
that was deposited on a FTO substrate with a 135-nm-thick TiO, compact layer. The side
length (I'), period (A), width (w') and thickness (#) of the TiO, ribbon are 5 mm, 60 um,
15 um and 90 nm, respectively. The TiO, ribbon was fabricated by photolithography,
sputtering and lift-off processes. The TiO, compact layer not only facilitates the contact of
a porous semiconductor layer and transparent conductive oxide layer but also prevents the
contact of the transparent conductive oxide layer and the dye molecules [11,12].

Pt ribbon

] Ptlayer B¢ Ptribbon

t
1
FTO substrate
Pt layer

(@) (b)

TiO, ribbon

TiO,compact layer B TiO, ribbon

?
‘ FTO substrate

TiO, compact layer
(c) (d)

Figure 1. (a) Schematic diagram and (b) microscopic picture of a Pt ribbon deposited on an FTO

substrate with a Pt layer. (c) Schematic drawing and (d) microscopic picture of a TiO, ribbon deposited
on an FTO substrate with a TiO, compact layer.

A blade coater was used to coat a TiO, paste layer (P300, Ruilong, Miaoli County,
Taiwan), made of TiO, nanoparticles with sizes ranging from 25 nm to 50 nm, on the
TiO, ribbon. To crystallize the TiO; nanoparticles, the TiO; paste layer was annealed by
a chamber furnace (ELF, Carbolite-Gero, Hope Valley, England, UK). The temperature of
the TiO, paste layer was increased from 25 °C to 500 °C with a 5 °C/min interval, and was
kept constant at 500 °C for 45 min. The TiO, paste layer was cooled from 500 °C to 25 °C in
the environment. The X-ray diffraction spectrum of the annealed paste layer reveals that
the TiO, nanoparticles have a crystallinity of 100% (data not shown).

D719 dye belongs to the first-generation of dyes used in DSSCs, and many researchers
recognize it as a standard product. In addition, D719 dye is cheap and accessible. Therefore,
D719 dye was used in this study. A N719 mixture was prepared by mixing 59.4 mg D719
dye (Merck, Taipei, Taiwan), 0.05 L acetonitrile and 0.05 L tert-butanol. Therefore, the
N719 mixture had a 0.5 mM concentration in this study. The N719 mixture was stirred by
a magnetic stirrer bar for 24 h. The TiO, paste layer was places in this mixture for 30 h.
The TiO, compact layer, TiO, ribbon, TiO, paste layer and N719 mixture constitute the
photoelectrode in this study.

Figure 2a,b displays the configurations of DSSCs with and without a Pt ribbon, re-
spectively. The photoelectrode and counter electrode create an empty cell with a gap of
20 pm. The TiO, ribbon and Pt ribbon are aligned with each other. The empty cell was
filled with an electrolyte (EL-200, Everlight Chemical, Tainan, Taiwan). The DSSC with
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the Pt and TiO, ribbons was obtained following the filling of the electrolyte. The DSSC in
Figure 2b exhibits the same structure as that in Figure 2a. However, the DSSC in Figure 2b
does not have a Pt ribbon. A DSSC without a Pt ribbon was used to assess the photoelectric
efficiency of the DSSC with the Pt ribbon. Figure 2c presents the structure of D719 dye.

TiO,, ribbon TiO, compact layer COOTBA
I Ptribbon TiO, paste layer + N719 mixture
FTO substrate FTO substrate
Pt layer Pt layer
|| H ||
Electrolyte Electrolyte
FTO substrate FTO substrate
COOTBA
(a) (b) (c)

Figure 2. Configuration of DSSCs (a) with and (b) without a Pt ribbon. (c) Structure of D719 dye.

The amount of D719 dye adsorbed on the TiO, paste layers of the DSSCs with and
without the Pt ribbon were measured by ultraviolet-visible spectrometry [13]. The experi-
mental results revealed that D719 dye has an identical adsorption amount of 0.34 mM in
the DSSCs with and without the Pt ribbon, which is 69% of the concentration of the N719
mixture. The identical adsorption amount arises because the photoelectrodes are the same
in the DSSCs with and without the Pt ribbon.

A JSM-6510 scanning electron microscope (JEOL, Tokyo, Japan) and an INNV2-BASE
atomic force microscope (Bruker, Massachusetts, USA) were used to investigate the surface
morphology of the counter electrodes of the DSSCs with and without the Pt ribbon. The
incident photon-to-electron efficiency (IPCE) spectra of the DSSCs with and without the Pt
ribbon were measured using an LSQE-N measurement system (LiveStrong Optoelectronics,
Kaohsiung, Taiwan).

All the experiments in this study were performed on twenty DSSCs with Pt ribbons
and twenty DSSCs without Pt ribbons. The experimental data in this study are the averages
of the measured values of the DSSCs with and without the Pt ribbons.

3. Results and Discussions

Figure 3a,b displays the scanning electron microscopy images of the Pt ribbon that
was deposited on the Pt layer at 0° and 45° incident angles, respectively. The Pt ribbon was
successfully made by photolithography, sputtering and lift-off processes. The protrusive
structure of the Pt ribbon increases the surface area of the counter electrode but also
offers specific channels for directional electron transport. Figure 3c,d reveals the scanning
electron microscopy images of the TiO, ribbon deposited on the TiO, compact layer at 0°
and 45° incident angles, respectively. The protrusive structure of the TiO, ribbon increases
the surface area of the photoelectrode but also offers specific channels for directional
electron transport.

Figure 4a,b displays the top and side views of the atomic force microscopy images
of the Pt ribbon deposited on the Pt layer, respectively. Figure 4c,d displays the top and
side views of the atomic force microscopy images of the TiO, ribbon deposited on the TiO,
compact layer, respectively. The results in Figure 4a—d show the actual relief of the surfaces
of the Pt and TiO, ribbons.
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Figure 3. Scanning electron microscopy images of Pt ribbon deposited on a Pt layer at (a) 0° and

SEl 15KV WDSmm $850 x2,000 10pm

(b) 45° incident angles. Scanning electron microscopy images of TiO, ribbon deposited on a TiO,
compact layer at (c) 0° and (d) 45° incident angles.

Figure 4. (a) Top and (b) side views of atomic force microscopy images of Pt ribbon deposited on Pt
layer. (c) Top and (d) side views of atomic force microscopy images of TiO, ribbon deposited on TiO,
compact layer.
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The insets of Figure 5a,b reveal the measurement of the reflection (transmission)
spectra of the FTO substrates with and without the Pt ribbon. The spectra were obtained
in an LSRT-R reflection and transmission system (LiveStrong Optoelectronics, Kaohsiung,
Taiwan). The spectral resolution of the system was 1 nm, and its wavelength ranges from
300 nm to 900 nm. The light is normally incident from the side of the Pt ribbon (Pt layer)
for measuring the reflection and transmission spectra of the FTO substrate with (without)
the Pt ribbon. The reflection (transmission) of a white plate (air) is utilized to normalize
those of the FTO substrates with and without the Pt ribbon.

0.6 0.010 — — 1.00
Reflectance  Reflectance Wh”el light Whltle light 095
0.5 F Wt ciignt | 0.008 | 7 ' '
BT > |, LY LT |
o 04} S ’ ’
o v c L L 8085 ——with Pt ribbon
s & 00081 | | 5 ——without Pt ribbon
3 03r £ ) ) £0.80
= a Transmittance Transmittance 2
& © 0.004 B075
0.2} £ 2o
i i 0.70
——with Pt ribbon 0.002 f with Pt ribbon
o1 —— without Pt ribbon = without,Pt:ribbon 065
0.0 . . . . 0.000 . . . . 0.60 . . . .
400 450 500 550 600 650 400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm) Wavelength (nm)

(a) (b) ©

(d) (e)

Figure 5. (a) Reflection, (b) transmission and (c) absorption spectra of FTO substrates with and
without a Pt ribbon. Insets in (a)[(b)] present the measurement of the reflection (transmission) spectra
of the FTO substrates with and without a Pt ribbon. Photos of FTO substrates (d) with and (e) without
a Pt ribbon.

Figure 5a—c displays the reflection, transmission and absorption spectra of the FTO
substrates with and without a Pt ribbon, respectively. The absorption spectra were obtained
from Figure 5a,b via A + T + R = 1, where A, T and R are the absorbance, transmittance and
reflectance of a material, respectively, at a particular wavelength. The FTO glass substrate
with the Pt ribbon has a larger reflectance (smaller absorbance) at each of the wavelengths
ranging from 400 nm to 650 nm than that without a Pt ribbon. This result implies that a
DSSC with a Pt ribbon may have a larger photoelectric efficiency than a DSSC without a Pt
ribbon because the Pt ribbon and Pt layer of the former reflect more incident photons back
to the TiO, paste layer than the Pt layer of the latter.

Each of the FTO substrates with and without the Pt ribbon has a 135-nm-thick Pt
layer. Figure 5d,e presents photos of the FTO substrates with and without the Pt ribbon,
respectively. The two FTO substrates appear black; thus, the Pt layers strongly absorb
the incident light. The strong absorption of the Pt layers causes zero transmittance of
the FTO substrates at each of the wavelengths ranging from 400 nm to 650 nm. The zero
transmittance of the FTO substrates with and without the Pt ribbon implies that incident
photons will not be removed from the counter electrodes of DSSCs with and without a Pt
ribbon. The results in Figure 5a—c reveal that Pt ribbons may increase the photoelectric
efficiencies of DSSCs.

Figure 6 presents the dependencies of the short circuit currents (Isc) of the DSSCs
with and without the Pt ribbon on the open circuit voltages (Voc). The Isc—Voc curves in
Figure 6 were obtained using a AM 1.5 solar simulator (XES-4052, San-EI Electric, Osaka,
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Japan) and a 2400 source meter (Keithley, Cleveland, OH, USA). The active area of each of
the DSSCs with and without the Pt ribbon is 5 mm x 6 mm.

3.0

25

2.0

1.5

1.0

Short-circuit current, I, (mA)

05+ — with Ptribbon
—— without Pt ribbon

00 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08
Open-circuit voltage, V. (V)

Figure 6. Dependencies of short circuit currents (Isc) of DSSCs with and without a Pt ribbon on open
circuit voltages (Voc).

Table 1 presents the open circuit voltages, short circuit currents, fill factors (FFs) and
photovoltaic efficiencies of the DSSCs with and without a Pt ribbon. The DSSC with the Pt
ribbon has a larger V¢, Isc and FF than that without a Pt ribbon. These results indicates
that the photoelectric efficiency of the DSSC with the Pt ribbon exceeds that of the DSSC
without a Pt ribbon by 21%. The large photoelectric efficiency of the DSSC with the Pt
ribbon results from the protrusive structure of the Pt ribbon and specific electron transport
channels of the structure.

Table 1. Open circuit voltages, short circuit currents, fill factors and photovoltaic efficiencies of DSSCs
with and without a Pt ribbon.

DSSC VOC (V) ISC (mA) FF (o/o) Efﬁciency (0/0)
With Pt ribbon 0.73 +0.01 2.60 4+ 0.06 0.70 £ 0.02 5.32 +0.09
Without Pt ribbon 0.68 4+ 0.01 2.35 + 0.05 0.68 £ 0.02 4.38 + 0.05

The fill factor is related to the series resistance and shunt resistance of a DSSC. The
series resistance refers to the sum of the resistances that occur between the layers of a DSSC
and at its external contacts. An increased series resistance will reduce the photovoltaic
current in a DSSC, reducing the photovoltaic efficiency of the DSSC. To reduce series
resistances, DSSCs must be designed with low material resistances and improved contact
designs. The shunt resistance refers to the resistance that involves power losses due to the
electron hole recombination in the manufacturing defects of a DSSC. A decreased shunt
resistance will increase the recombination current in a DSSC, reducing the photovoltaic
efficiency of the DSSC. To increase shunt resistances, DSSCs must be designed with few
manufacturing defects. The series resistance and shunt resistance act in opposition, and the
fill factor is a measure of how balanced they are within a DSSC.

The material resistances, contact designs and manufacturing defects were carefully
controlled in the DSSCs with and without a Pt ribbon in this study. This fact reveals that
the degree of the balance between the series resistance and the shunt resistance is similar
in each of the cells. Therefore, the DSSCs with and without the Pt ribbon have similar fill
factors. This result reveals that the photoelectric efficiencies of the DSSCs with and without
the Pt ribbon change more significantly than their fill factors. Many other papers have also
reported that the photoelectric efficiencies of DSSCs change more significantly than their
fill factors [14-16].
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Figure 7 displays the IPCE spectra of the DSSCs with and without a Pt ribbon. The
DSSC with a Pt ribbon has a larger IPCE in the range of wavelengths studied here compared
to the DSSC without a Pt ribbon. This result confirms the DSSC with the Pt ribbon has a larger
short circuit current than that without a Pt ribbon due to Jsc = q [ ¢(A) x IPCE(A) x dA,
where Jgc refers to the short circuit current density of a DSSC; g represents the charge of
an electron; ¢(A) refers to the wavelength-dependent photon flux of incident light; and
IPCE(A) represents the wavelength-dependent IPCE of the DSSC.

50

40

30

IPCE (%)

20

10

—— with Pt ribbon
—— without Pt ribbon

0 1 1 1
300 400 500 600 700 800
Wavelength (nm)

Figure 7. IPCE spectra of DSSCs with and without a Pt ribbon.

The electrochemical impedance spectra of the DSSCs with and without a Pt ribbon
were obtained from a ZIVE SP1 impedance analyzer (WonATech, Seoul, Republic of Korea)
at a bias voltage of 10 mV and a solar intensity of 100 mW /cm?. Figure 8a,b displays the
Nyquist and Bode plots of the DSSCs with and without a Pt ribbon.

70
—— with Pt ribbon
601 —— without Pt ribbon
50 m
<

- (o))
a 40 F §
N 30t i‘é

201 =L

10k —— with Pt ribbon

10} —— without Pt ribbon
0 1 1 1 1

0 10 20 30 40 50 60 70 102 10" 10° 10" 102 10° 10* 10° 10°
7' Q) Frequency (Hz)
(a) (b)

Figure 8. (a) Nyquist and (b) Bode plots of DSSCs with and without a Pt ribbon.

The series resistances (Rs, Ret and Rrec), peak frequencies (fp) of the Bode plots and
electron lifetimes (7) for the DSSCs with and without a Pt ribbon are presented in Table 2.
R; refers to the series resistance related to the electron transport at the FTO/photoelectrode
interface; Rt represents the series resistance related to the electron transport at the elec-
trolyte/counter electrode interface and Ryec refers to the series resistance related to the
electron transport at the photoelectrode/electrolyte interface. f, is the peak frequency of
the second semi-circle of a DSSC from the Bode plot. 7 is given by 7 =1/(27 x f}).
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Table 2. Series resistances (Rs, Ret and Rrec), peak frequencies (f},) of Bode plots and electron lifetimes
(7) for DSSCs with and without a Pt ribbon.

DSSC Rs () Rt (€0) Ryec (€0) fp (Hz2) T (ms)
With Pt ribbon 9.7+01 3.6 +0.53 33.5+014 31.7+£0.05 5.0+ 0.05
Without Pt ribbon 89+0.1 103+030 341+£025 50.1=+0.05 3.0 £0.05

The DSSC with the Pt ribbon has a smaller R than that without a Pt ribbon. Therefore,
the electron transport from an external circuit to the DSSC is more efficient in the DSSC
with the Pt ribbon than in that without a Pt ribbon. The DSSC with the Pt ribbon has a
larger T than that without a Pt ribbon. As a result, the electron hole recombination is less
likely in the DSSC with the Pt ribbon than in that without a Pt ribbon. The small Rt and
large T of the DSSC with the Pt ribbon reveal that the Pt ribbon increases the photoelectric
efficiency of the DSSC. DSSCs with and without a Pt ribbon have similar Rs and Ryec, owing
to their identical electrolyte layers and photoelectrodes.

4. Conclusions

This study develops a method for coating Pt ribbon onto an FTO substrate through
photolithography, sputtering and lift-off processes. An FTO glass substrate without a Pt
ribbon is fabricated to evaluate the performance of an FTO substrate with a Pt ribbon.
The FTO substrate with the Pt ribbon has a large reflectance at wavelengths ranging from
400 nm to 650 nm compared to that without a Pt ribbon. This result implies that a DSSC
with a Pt ribbon may have a larger photoelectric efficiency than a DSSC without a Pt ribbon
because the Pt ribbon and Pt layer of the former reflect more incident photons back into
the TiO, paste layer than the Pt layer of the latter. The photoelectric efficiency (5.32%)
of the DSSC with a Pt ribbon is larger than that (4.38%) of the DSSC without a Pt ribbon
by 21%, not only because the protrusive structure of the Pt ribbon increases the surface
area of the counter electrode, but also because it contains specific channels for directional
electron transport. This result is confirmed by the electrochemical impedance spectra
and the incident photon-to-electron efficiency spectra of the DSSCs with and without a Pt
ribbon. Pt ribbon has potential in the development of next generation solar cells.
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