
Transparent conductive oxide-less
back contact dye-sensitized solar cells
using flat titanium sheet with
microholes for photoanode
fabrication

Azwar Hayat
Ajay Kumar Baranwal
Masaki Nakamura
Fujisawa Shigeki
Shyam S. Pandey
Tingli Ma
Shuzi Hayase

Azwar Hayat, Ajay Kumar Baranwal, Masaki Nakamura, Fujisawa Shigeki, Shyam S. Pandey, Tingli Ma,
Shuzi Hayase, “Transparent conductive oxide-less back contact dye-sensitized solar cells using flat
titanium sheet with microholes for photoanode fabrication,” J. Photon. Energy 7(1),
015501 (2017), doi: 10.1117/1.JPE.7.015501.



Transparent conductive oxide-less back contact
dye-sensitized solar cells using flat titanium sheet

with microholes for photoanode fabrication

Azwar Hayat,a,b,* Ajay Kumar Baranwal,a Masaki Nakamura,c

Fujisawa Shigeki,c Shyam S. Pandey,a Tingli Ma,a and Shuzi Hayasea,*
aKyushu Institute of Technology, Graduate School of Life Science and Systems Engineering,

2-4 Hibikino, Wakamatsu-ku, Kitakyushzu-shi, Fukuoka 808-0196, Japan
bHasanuddin University, Department of Mechanical Engineering, Faculty of Engineering,

Poros Malino KM. 6, Gowa, South Sulawesi 92171, Indonesia
cUshio Inc., 2-6-1 Otemachi, Chiyoda-ku, Tokyo 100-8150, Japan

Abstract. A flat titanium sheet with microholes (FTS-MH) has been utilized to fabricate trans-
parent conductive oxide-less dye-sensitized solar cells (TCO-less DSSCs) in back contact device
architecture. Utilization of FTS-MH to fabricate a TCO-less photoanode offers several advan-
tages in terms of simplicity and ease of fabrication as compared with the TCO-less DSSCs struc-
ture reported previously. Hydrogen peroxide (H2O2) surface treatments on FTS-MH have shown
important factors to enhance the photoanode properties.H2O2 surface treatment is able to change
the surface morphology of FTS-MH, and the created anatase titanium dioxide (TiO2) nanostruc-
tures increase the surface contact between the FTS-MH and the coated mesoporous TiO2.
Electrochemical impedance investigations reveled that improvements of the FTS-MH∕TiO2

and TiO2∕dye∕electrolyte interface led to hampered charge recombination resulting in enhance-
ment of both short-circuit current density and open-circuit voltage, respectively. Even after
removal of both TCO layers, our complete TCO-less DSSCs exhibited a power conversion effi-
ciency of 7.25% under simulated solar irradiation. © 2017 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JPE.7.015501]
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1 Introduction

Dye-sensitized solar cells (DSSCs), first reported in 1991, have emerged as one of the potential
candidates among third-generation solar cells due to their relatively simpler structure and low
cost of fabrication.1,2 In the decades since its inception, remarkable achievements have been
made in terms of optimizing the DSSCs at dye developments and the electrolyte level leading
to efficiency over 13% with porphyrin dye and a cobalt electrolyte configuration.3 To provide
commercial attractiveness with ease of portability and enhanced applicability, it is necessary to
replace the most commonly utilized glass substrate of DSSCs with more flexible and low-cost
materials.4,5 The rigid structure of DSSC is mainly due to the utilization of transparent conduc-
tive oxide-layered (TCO) glasses. DSSCs utilize two TCO glasses, working as photoanodes and
counter electrodes. Fluorine-doped tin oxide-coated glasses (FTO glass) have been most widely
used as the material of choice to fabricate DSSCs. There are some reports of replacing glass-
based TCO electrodes with polymer-based TCO.6 Unfortunately, the titanium dioxide
(TiO2)-based semiconductor photoanode used for DSSCs requires calcination at around 450°C,
which makes polymer-based TCO unsuitable for the replacement. To circumvent the above prob-
lem, low-temperature processes have been intensively proposed, such as low-temperature
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sintering,7,8 hydrothermal treatment,9,10 chemical vapor deposition with UV irradiation,11,12

spray coating,13,14 and so on. However, low necking (interconnection) between the TiO2 particles
by low-temperature process have made it difficult to achieve the similar efficiency as compared
with high temperature-calcined photoanode-based DSSCs. Back contact structure with metallic
materials offers an economical way of fabrication and is a strong candidate to replace the TCO in
DSSCs.15–18 These cells have found wide applications in various structures of DSSCs, such as
cylindrical DSSCs and TCO-less tandem DSSCs.19–21

Titanium is one of the best candidates among metallic materials for TCO-less DSSCs appli-
cation. Titanium is strong, lightweight, and nonreactive against electrolyte, which makes it easy
to apply to various DSSC structures, such as flexible and cylindrical solar cells. Fan et al.22 have
reported TCO-less DSSCs consisting of 150-μm thick titanium mesh having an overall effi-
ciency of 1.49%. TCO-less monolithic back contact DSSCs of sputtered Ti as the working elec-
trode have been reported; however, the photovoltaic performance was limited to 4.2%.23

Recently, we have reported TCO-less DSSCs by replacing the FTO glass on the anode side
with Ti-sputtered stainless steel metal mesh working as the supporter for the mesoporous
TiO2 and back contact conducting grid. It has been demonstrated that sputtering of thin
Titanium on the SUS mesh is needed to protect the surface and reduce electron recombination
between electrons in the metal electrode and redox species to enhance the photoconversion effi-
ciency (PCE).24 Our group has also demonstrated that all metal type TCO-less DSSCs with
porous titanium directly sputtered onto TiO2 surface lead to 7.4% efficiency which is comparable
with the corresponding TCO-based DSSCs fabricated under similar experimental conditions.25

Meanwhile, to reduce high-energy and high-cost processes, sputtering and thermal evaporation
are some of the bottlenecks that hamper the commercialization of DSSCs.26 In that direction,
efforts have been made to achieve complete TCO-less DSSCs utilizing stainless steel foils hav-
ing variable hole diameters (pitch) of 100 to 150 μm as the photoanode grid and Pt-coated stain-
less steel as the counter electrode. The fabricated photoanode suffered cracks after baking with
the thicker TiO2 layer (over 6 μm), with the best efficiency reported as 1.34%.27 Another analo-
gous DSSCs structure with stainless steel as the photoanode grid and Ti-sputtered foils as the
counter electrode succeeded in achieving efficiencies of 2.25% with a 60-μm pitch length.28

Although the use of TiO2-coated Ti sheet for flexible DSSCs is interesting, the thickness of
the Ti sheet typically of 50 to 100 μm, offers ion diffusion limitations, and the perforated
pitch diameter provides charge recombination depending upon electrolyte flow limitation. To
circumvent such problems, we have utilized a highly flexible flat Ti sheet (20-μm thick)
with microholes (FTS-MH), which have been used in this work in place of Ti-protected stainless
steel mesh for the fabrication of a TCO-less photoanode by coating of the TiO2 nanoparticles.
Efforts have also been directed to use the FTS-MH-based TCO-less photoanode to fabricate the
TCO-less DSSCs by partially and completely removing the TCO layers and their effect on the
are observed photovoltaic performance.

2 Experimental Section

The flat titanium sheet with microholes (FTS-MH) having a thickness of 20 μm was received
from Ushio Inc., Japan. The hole diameter of this FTS-MH was 100 μm, and the distance
between two holes (pitch) was about 150 μm as shown in Fig. 1. TiO2 PST-400C and PST-
30NRD were purchased from Catalysts and Chemical Ltd., Japan. Porous silica glass paper
(SGP) having a thickness of 30 μm with 85% porosity was purchased from Nippon Sheet
Glass, Japan. Hot-melt polymeric film having a thickness of 25 μm (Meltonix-1170-25) was
purchased from Solaronix. Ruthenizer 535-bis TBA [N719; di-tetrabutylammoniumcis-bis(iso-
thiocyanato)bis(2,2′-bipyridyl4,′-dicarboxylato) ruthenium(II)] from Yingkou OPV Tech New
Energy Co. Ltd. was employed for this experiment. All the other chemicals used in this work are
reagent grade and were used as received without any further purification. A mesh surface picture
was taken with an Olympus BX60. Scanning electron microscope (SEM) image was observed by
an FE-SEM Hitachi S-5200. PCE performances were measured by Bunko-Keiki Co. Ltd., model
solar simulator CEP-2000SRR, while covering the fabricated DSSCs with a 0.2025 cm2 active
area black metal mask in order to avoid the reflection from the cover glass. Cole–cole plot was
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measured with Z-View Software (Solarton Analytical) connected to a frequency response ana-
lyzer (Solarton Analytical 1255B) and a potentiostat (Solarton Analytical 1287) under illumi-
nation (Yamashita Denso YSS-50A) at 2-mA constant current.

In this experiment, to create an anatase TiO2 thin layer, FTS-MH was treated with H2O2

aqueous solution. In brief, FTS-MH was first ultrasonically cleaned by isopropanol for
15 min and then subjected to H2O2 surface treatment. This surface treatment was conducted
by dipping the FTS-MH in a 30% aqueous H2O2 solution at 95°C for 30 min. After rinsing
with water and ethanol, the FTS-MH was baked at 450°C for 30 min before coating with mes-
oporous TiO2.

In this work, efforts have been directed for partial (device 1) and complete (device 3) removal
of TCO glass layers by proposing four TCO-less device architectures, which are shown sche-
matically in Fig. 2. Device architecture 1 was fabricated in the device configuration glass/porous-
TiO2-Dye/FTS-MH/electrolyte-glass paper/Pt-FTO glass (device 1) by replacing the TCO-based
photoanode by a TCO-less photoanode while keeping one TCO-based counter electrode. On the
other hand, TCO glasses were completely removed from both the working and the counter
electrodes in the device architecture 3 which was fabricated in the device configuration
glass/porous-TiO2-Dye/FTS-MH/electrolyte-glass paper/Pt-Ti-foil (device 3). In these two
device configurations, apart from the use of H2O2 surface treated FTS-MH substrates in the
photoanode, DSSC with an untreated one was also fabricated to clarify the role of surface treat-
ment on the photovoltaic performance. Device architectures 2 and 4 are analogous to architec-
tures 1 and 3, respectively, where a plastic film (25 μm) consisting of a hot-melt polymer was
placed in between the TCO-less photoanode and protective glass cover. This plastic spacer in
device architectures 2 and 4 was utilized to remove the excess electrolyte layer hindering the
incident light on the TCO-less photoanode based on our previous report in such a back contact
TCO-less DSSC architecture.16,29 It is worth mentioning here that in both device architectures 2
and 4, H2O2-treated FTS-MH has been used for the TCO-less photoanode preparation.

To fabricate the TCO-less photoanode as the working electrode in all four proposed device
architectures, first of all FTS-MH was cleaned for 15 min in isopropanol on ultrasonic bath. This
cleaned FTS-MH was then used for screen printing of 400-nm particle size TiO2 paste (PST-
400C) followed by baking at 450°C for 30 min. Since the FTS-MH sheet has a diameter of
100 μm, the holding of the initial TiO2 layer during printing was a challenge, and we employed
a polytetrafluoroethylene (PTFE) film (having a pore size of 0.2 μm) at the bottom of the sheet,
toward the screen printing. Soon after drying at 80°C for 10 min, the PTFE film was removed and
the TiO2-coated electrode was baked at 450°C for 30 min. A second layer of mesoporous TiO2

consisting of 30-nm particle TiO2 (PST-30NRD) was then screen printed on the top of the first

Fig. 1 Image of FTS-MH sheet used for back contact electrode fabrication.
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layer followed by its baking once again at 450°C for 30 min. This coating and baking of mes-
oporous TiO2 were repeated to get a final thickness of the mesoporous TiO2 layer to be about
18 μm. This TiO2-coated FTS-MH substrate was then dipped in the 0.4 mM of Ruthenizer 535-
bis TBA dye solution in tert-butanol/acetonitrile (1∶1 V∕V) for 24 h at room temperature. After
the dye adsorption, this dye adsorbed TiO2-FTS-MH was rinsed with the same solvent to remove
the excess unadsorbed dye. For device architectures 2 and 4, as shown in Fig. 2, a hot-melt
polymeric sheet (Meltonix 1170-25) as a plastic spacer was placed between the top cover
glass and the TCO-less photoanode followed by heating at 120°C while pressing them together.
This plastic spacer removes the gap between the top cover glass and the photoanode. This cover
glass protected TCO-less photoanode was then piled with porous SGP (30 μm, as an electrolyte
absorbing layer) and counter electrode (Pt-coated FTO or Ti-foil) consecutively as shown in
Fig. 2. The porous SGP not only holds the electrolyte, but also prevents the cell from short
circuiting. An iodine-based redox electrolyte consisting of 0.05 M iodine, 0.1 M lithium iodide,
0.5 M 4-tert-butylpyridine, and 0.6 M 1,2-dimethyl-3-propyl-imidazolium iodide in acetonitrile

Fig. 2 DSSCs TCO-less structures and their abbreviations.

Fig. 3 Figure shows adhesion between the screen-printed crack-free TiO2 and the Ti substrate.
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was injected to the porous SGP. Finally, epoxy resin was used to seal the cell and complete the
TCO-less DSSC fabrication process.

The FTS-MH sheet having a 20-μm thickness provides advantages over the same thickness
mesh in a controlled distance of electrolyte diffusion length, where the over-crossed mesh junc-
tion can create a recombination path during electrolyte diffusion. Utilization of this FTS-MH
sheet over mesh also provides a uniform coating of the TiO2 layer in achieving more mechanical
stability by avoiding the over-crossed irregular junctions. The screen-printed TiO2 enables better
adhesion with the FTS-MH sheet by created anatase nanostructure TiO2. The coated TiO2 layer
observed was uniform in nature by avoiding possible crack formation (Fig. 3).

3 Results and Discussion

3.1 Hydrogen Peroxide Treatment

It has been reported that after H2O2 treatment of titanium mesh the nanosheets of anatase
TiO2 are grown on the titanium mesh surface.30 Figure 4 shows the SEM pictures of untreated
[Fig. 4(a)] and H2O2-treated [Fig. 4(b)] FTS-MH sheets. The formations of nanosheets were
clearly observed after the H2O2 treatment of the titanium surface by magnified nanoscale images
for untreated [Fig. 4(c)] and H2O2 treated [Fig. 4(d)] FTS-MH sheets. These nanosheets were
able to increase the surface contacts between the FTS-MH and the TiO2 porous layer which lead
to better electron transport between the Ti FTS-MH sheet and the porous TiO2 layer. In the
photoanode preparation, the first layer of TiO2 with a 400-nm particle size serves as the
base layer and is accountable for covering the 100-μm holes in the FTS-MH initially.
Without the first layer, uniform coating was difficult to achieve and TiO2 layers tend to
crack after the annealing process due to weak contact between them. This layer also works
as a light-scattering layer to enhance light absorption inside the photoanode. The coated second
layer of TiO2 of a 30-nm particles size serves as the dye adsorption layer.

Photovoltaic characterization of TCO-less DSSCs in terms of current–voltage (I–V) charac-
teristics after partial TCO layer removal from photoanode (device 1) and complete TCO removal
from both the working and the counter electrodes (device 3) has been shown in Fig. 5. At the
same time, their photovoltaic parameters in terms of short-circuit current density (Jsc), open-
circuit voltage (Voc), fill factor (FF), and PCE (η) have been shown in Table 1. It can be

Fig. 4 SEM pictures of (a,b) untreated FTS-MH and (c,d) H2O2-treated FTS-MH.

Hayat et al.: Transparent conductive oxide-less back contact dye-sensitized solar cells. . .

Journal of Photonics for Energy 015501-5 Jan–Mar 2017 • Vol. 7(1)



seen from Fig. 5(a) and Table 1 that TCO-less DSSCs having a single TCO layer in counter
electrode only (device 1) exhibits a Jsc, Voc, FF, and η of 9.72 mA∕cm2, 0.66 V, 0.73 and
4.68%, respectively, upon simulated solar irradiation. On the other hand, complete TCO-less
DSSCs, where TCO layers have been removed from both the working as well as the counter
electrodes (device 3), exhibit even better performance with enhancement in the η of 4.68% to
4.94%. It should be noted that in both cases, untreated and as supplied cleaned FTS-MH has been
used for the TCO-less photoanode fabrication. From Table 1, it can be seen that in both these

Fig. 5 (a) I–V and (b) IPCE characteristics for devices 1 and 3 before and after H2O2 treatment
of FTS-MH. Device 3 H2O2: device 3 consisting of H2O2-treated FTS-MH, device 1 H2O2: device 1
consisting of H2O2-treated FTS-MH, device 3 untreated: device 3 consisting of untreated FTS-MH,
device 1 untreated: device 1 consisting of untreated FTS-MH.

Table 1 I–V characteristics for untreated and H2O2-treated cells.

Ti-Pt counter electrode FTO-Pt counter electrode

H2O2-treated FTS-ME Untreated FTS-ME H2O2-treated FTS-ME Untreated FTS-ME

Jsc (mA∕cm2) 11.92 10.18 11.15 9.72

Voc (V) 0.71 0.67 0.73 0.66

FF 0.75 0.73 0.75 0.73

η (%) 6.33 4.94 6.05 4.68
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cases, the obtained Voc is relatively lower which could be attributed to the possible charge
recombination via back electron transfer from the metallic substrate and oxidized species of
the redox electrolyte. To verify this possibility, the FTS-MH substrate was treated with the
H2O2 making a compact anatase TiO2 layer on the substrate working as a charge recombination
blocking layer. A perusal of Fig. 5(a) and Table 1 clearly corroborates that in both the device
architectures (devices 1 and 3), devices treated with H2O2 outperform the untreated ones under
similar experimental conditions. In both cases, H2O2 surface treatment of the FTS-MH leads to
enhancement of both the Jsc and Voc ultimately resulting in the improved overall device
performance.

The increase in the observed Jsc in the devices using H2O2-treated FTS-MH could be attrib-
uted to both the enhanced dye loading facilitated by enhanced surface area due to anatase
TiO2 nanosheet formation as well as the lower interfacial resistance between the H2O2-treated
FTS-MH substrate and the mesoporous TiO2 due to improved electrical contact between the
TiO2 nanoparticles and the substrate. Using the H2O2 surface treatment of Ti foil and Ti
wire for TCO-less photoanode fabrication, provided a better controlling factor, i.e., reduced
interfacial resistance due to improved electrical contact was found to be the dominant factor
for controlling the observed Jsc.19,30 Another benefit from H2O2 treatment could be attributed
to the suppression of charge recombination between electrons in FTS-MH and I−3 of the electro-
lyte. It has been discussed previously that the chemical reaction of the FTS-MH surface by H2O2

leads to the formation of a TiOx layer followed by formation of anatase TiO2 nanosheets upon
baking at 450°C leading to the suppression of charge recombination of electrons in FTS-MH and
I−3 of the electrolyte. This reduced charge recombination could be responsible for the enhance-
ment in the observed Voc for the devices using a H2O2 surface treated FTS-MH in the TCO-less
photoanode. Reduced charge recombination in DSSCs has been widely accepted to control the
overall efficiency in general and the observed Voc in particular. To verify the enhancement of the
Jsc upon H2O2 surface treatment of FTS-MH in the case of both the TCO-less DSSC architec-
tures devices 1 and 3, photocurrent action spectra were also measured and are shown in Fig. 5(b).
The photocurrent action spectrum is basically a plot of incident photon-to-current conversion
efficiency (IPCE) as a function of varying wavelength incident monochromatic light. It can be
seen that H2O2 surface treatment of FTS-MH for both Device 1 and Device 3 leads to the
enhanced IPCE in the wavelength region of 450 to 650 nm and could be responsible for the
observed enhanced Jsc as shown in Fig. 5(a).

The dye loading amount of absorbed dye was assessed by desorbing it on the porous TiO2

from solution containing equal proportion volumes of NaOH (0.1 M), ethanol, t-butyl alcohol,
and acetonitrile, monitored by quantitation using a spectrophotometer. The dye loadings
observed with and without H2O2-treated FTS-MH sheets were observed to be 336.35 and
308.55 nmole∕cm2, respectively.

3.2 Electrochemical Impedance Spectroscopy

EIS has emerged as an indispensable tool for investigating the kinetics of the ionic transport and
charge recombination in the DSSCs. To explain the differential photovoltaic behavior for both
the TCO-less DSSC architectures (devices 1 and 3), especially after H2O2 surface treatment, EIS
investigation was also carried out by plotting the real and imaginary parts of the complex imped-
ance elements (Nyquist plot) and has been shown in Fig. 6. Generally, the Nyquist plot in DSSCs
exhibits three semicircles in the low-, mid-, and high-frequency regimes. The impedance element
in the high-frequency region (Rs) is associated with the charge transfer at the working electrode
and is mainly contributed by the sheet resistance of the conducting layer. On the other hand,
impedance elements that appeared in the mid and lower frequency region are associated with
charge transport at the TiO2/conducting layer of the working electrode or electrolyte/counter
electrode interfaces (R1) and TiO2/dye/electrolyte interfaces (R2), respectively.

30,31

In the case of the present device architectures 1 and 3, both have the same FTS-MH-based
TCO-less photoanodes, therefore, Rs is not particularly affected as shown in Fig. 6. On the other
hand, both the impedance elements R1 and R2 exhibit a decrease for both the device architectures
after the H2O2 surface treatment of the FTS-MH used in the photoanode fabrication. Resistance
element R1 could be attributed to association with the FTS-MH∕TiO2 interface since the
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Pt/electrolyte interface is the same for both the devices. Although H2O2 surface treatment leads
to a decrease in both the R1 and R2, the second impedance element R2 associated with the
TiO2/dye/electrolyte interface seems to play a dominant role in controlling the device perfor-
mance. A prominent decrease in the R2 element after H2O2 surface treatment is expected to be
associated with the formation of high-density anatase TiO2 nanosheets [Fig. 3(d)], providing
better electrical contact and facile charge transfer at the TiO2∕dye∕electrolyte interface.32,33

Therefore, better electrical contact provides facile electron transport from TiO2 to FTS-MH
and better TiO2∕dye∕electrolyte interface with reduced resistance offers better electron injection
finally leading to the enhanced Jsc after the H2O2 surface treatment which is in accordance with
results shown in Fig. 5(a).

3.3 Reduction of Excess Electrolyte from the Transparent Conductive
Oxide-Less Photoanode

In conventional DSSC fabrication using TCO layers, mesoporous TiO2 is directly screen printed
on the FTO glass substrate, therefore, there is almost no gap between them. However, in the
device architectures used in this work (Fig. 2), the FTS-MH-based TCO-less photoanode floats
between a top cover glass and the counter electrode leaving the possibility of accumulation of
additional electrolyte working as a filter of incident photons to the TiO2∕dye interface. This
electrolyte consisting of I−∕I−3 redox couple absorbs the photons in the wavelength region of
300 to 450 nm having an absorption maximum at 360 nm34 and offers a hindrance for incident
photons reaching the photoanode. This is the reason why there is almost no photon harvesting
in the 300 to 400-nm wavelength region for both the device architectures 1 and 3 as shown in
Fig. 5(b). Optical and electrical modeling of DSSCs using I−∕I−3 redox electrolyte have also
indicated a hampered photon harvesting in the 370 to 450-nm wavelength due to absorption
of photons by the electrolyte itself.35

To circumvent this problem of our proposed device architectures 1 and 3, new device archi-
tectures for partial TCO-less DSSC (device 2) and complete TCO-less DSSC (device 4), as
shown in Fig. 2, were proposed. In this modified device architecture, the hot-melt plastic spacer
was introduced between the H2O2-treated FTS-MH-based photoanode and the top cover glass to
reduce the gap between the photoanode and the top cover glass. Photovoltaic characteristics of
the devices in device architectures 2 and 4 have been shown in Fig. 7 along with their photo-
voltaic parameters, which are shown in Table 2. A perusal of the photovoltaic performances
exhibited by devices 2 and 4 clearly corroborates an enhancement in the device performances

Fig. 6 Cole–cole plot for devices 1 and 3 before and after H2O2 treatment of FTS-MH. Device 3
H2O2: device 3 consisting of H2O2-treated FTS-MH, device 1 H2O2: device 1 consisting of
H2O2-treated FTS-MH, device 3 untreated: device 3 consisting of untreated FTS-MH, device 1
untreated: device 1 consisting of untreated FTS-MH.
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as compared with their analogous device architectures devices 1 and 3, respectively. In the photo-
current action spectrum shown in Fig. 7(b), the photon-harvesting behavior in terms of the IPCE
in the 300 to 400-nm wavelength region for both devices 2 and 4 was found to be increased by
30% as compared with that fabricated without having the plastic spacer (devices 1 and 3). This
enhanced photon harvesting is well reflected in the I–V characteristic under one Sun illumination
as shown in Fig. 7(a). It can be seen from Fig. 7(a) and Table 2 that in spite of the complete
removal of both the TCO glasses from the photoanode as well as the counter electrode and the

Fig. 7 (a) I–V and (b) IPCE characteristics for devices with the plastic spacer (devices 2 and 4).
Device 2 H2O2: device 2 consisting of H2O2-treated FTS-MH and device 4 H2O2: device 4 con-
sisting of H2O2-treated FTS-MH.

Table 2 I–V characteristics for H2O2-treated cells with the plastic spacer.

H2O2-treated FTS-ME with the plastic spacer

Ti-Pt CE FTO-Pt CE

Jsc (mA∕cm2) 13.46 12.34

Voc (V) 0.73 0.74

FF 0.73 0.71

η (%) 7.25 6.43
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use of a plastic spacer as an excess electrolyte removal layer, device 4 exhibits a Jsc of
13.46 mA∕cm2, a Voc of 0.73 V, and an FF of 0.73 leading to the PCE of 7.25% under simulated
one Sun solar irradiation. This is a pronounced improvement in the device performance resulting
from the H2O2 surface treatment and the utilization of a plastic spacer in its analogous device
architecture (device 3) having an external power conversion efficiency of 4.94% (Jsc
10.18 mA∕cm2, Voc 0.67 V, and FF 0.73).

Figure 8 shows the EIS spectra for partially TCO-less DSSC and complete TCO-less DSSC
with the plastic spacer as an electrolyte remover layer (devices 2 and 4), respectively. Reductions
in the series resistance of devices (devices 2 and 4) compared with those without the plastic
spacer (devices 1 and 3) are clearly observed. Device 4, employing a Ti-based counter electrode,
has shown a further suppressed series resistance that is responsible for charge transfer at the
working electrode. The less electrolyte-induced lower electrolyte resistance after electrolyte
remover layer insertion, is more prominent with higher conducting Ti substrate than FTO sub-
strate in counter electrode.

4 Conclusions

In summary, TCO-less DSSCs consisting of FTS-MH as back contact TCO-less photoanode have
been successfully fabricated in a novel device architectures. Improvement in the photovoltaic per-
formance of DSSCs upon H2O2 surface treatment on FTS-MH utilized for TCO-less photoanode
fabrication has been demonstrated. The surface treatment with H2O2 gave a better PCE compared
to those with an untreated one due to formation of the dense anatase nanostructure-titania on the
sheets, the contact between FTS-MH and nanoporous TiO2 layer was improved and enhancement
of Jsc was observed. The PCE of the device with a titanium sheet sputtered Pt counter electrode
(device 3) was enhanced from 4.94% to 6.33% after the H2O2 treatment of FTS-MH. Removing
the electrolytic gap between the outer cover glass and the TCO-less photoanode led to enhanced
IPCE in the 300- to 400-nm region of up to 30%, and an overall efficiency of 7.25% was observed
(device 4) under simulated solar irradiation.
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