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E
ver-increasing global energy con-
sumption necessitates the develop-
ment of advanced renewable energy

technologies, among which, solar or photo-
voltaic (PV) cells offer a number of strategic
benefits in terms of their ability to directly
convert abundant solar energy into electri-
city in a clean, quiet, and reliable way.
However, the crystalline silicon solar cells
that occupy most of the market share today
currently supply only a small fraction of the
world's energy needs, which is largely be-
cause of their high cost compared to con-
ventional energy resources. Consequently,
significant research effort has been directed
toward the development of next-generation
photovoltaics such as thin film solar
cells,1�4 mesoscopic dye-sensitized solar

cells (DSSCs),5�12 and organic solar cells.13�17

Of these, it is DSSCs that have emerged as
the more promising energy source mainly
due to their low production cost, ease of
fabrication, and possible flexibility.
Conventional DSSCs are fabricated by the

high-temperature annealing (over 450 �C)
of nanocrystalline TiO2 electrodes on rigid
transparent conducting oxide glass sub-
strates. This particular substrate, however,
has a number of drawbacks with regard to
its frangibility, weight and rigidity, the latter
preventing roll-to-roll mass production and
the integration of DSSCs in many portable
devices.18 Replacing this conventional glass
substrate with a flexible plastic one com-
patible with the continuous roll-to-roll
process would therefore result in far more
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ABSTRACT To achieve commercialization and widespread ap-

plication of next-generation photovoltaics, it is important to develop

flexible and cost-effective devices. Given this, the elimination of

expensive transparent conducting oxides (TCO) and replacement of

conventional glass substrates with flexible plastic substrates pre-

sents a viable strategy to realize extremely low-cost photovoltaics

with a potentially wide applicability. To this end, we report a

completely TCO-free and flexible dye-sensitized solar cell (DSSC)

fabricated on a plastic substrate using a unique transfer method and back-contact architecture. By adopting unique transfer techniques, the working and

counter electrodes were fabricated by transferring high-temperature-annealed TiO2 and Pt/carbon films, respectively, onto flexible plastic substrates

without any exfoliation. The fabricated working electrode with the conventional counter electrode exhibited a record efficiency for flexible DSSCs of 8.10%,

despite its TCO-free structure. In addition, the completely TCO-free and flexible DSSC exhibited a remarkable efficiency of 7.27%. Furthermore, by using an

organic hole-transporting material (spiro-MeOTAD) with the same transfer method, solid-state flexible TCO-free DSSCs were also successfully fabricated,

yielding a promising efficiency of 3.36%.
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cost-effective, flexible, and lightweight solar
cells.3,4,7,17�23 The handling, installation, and shipping
cost in particular would be greatly reduced, and the
application of DSSCs could be expanded thanks to the
lightweight and nonfragile properties of plastic
substrates.24 However, the preparation of DSSCs on
plastic substrates requires low temperatures ofe150 �C
to prevent the thermal degradation of the plastic
substrate.18 This results in poor interconnection be-
tween the TiO2 nanoparticles and an unsuitable pore
structure in the working electrode, leading to inferior
photovoltaic properties compared to the conventional
nonflexible DSSCs based on a high-temperature-
annealed electrode.25 This is currently the biggest
problem facing the fabrication of highly efficient
flexible DSSCs.
Another important factor in the production cost of

DSSCs is the use of transparent conducting oxides
(TCOs) such as fluorine-doped tin oxide (FTO) and
tin-doped indiumoxide (ITO). As these represent about
20�30% of total material costs according to previous
reports including “NanoMarkets” (2012),18,26 the pro-
duction cost of DSSCs can be substantially reduced if
the need for these TCOs can be eliminated. It is also
anticipated that the portion of the material price
related to TCO/glass substrates will continue to in-
crease as the market for DSSCs and their scale of
production become greater. Accordingly, if both the
requirement for TCO-free architecture and the use of a
plastic substrate can be satisfied simultaneously, an
extremely low-cost flexible DSSCwith potentially wide-
ranging applicability can be realized. However, with
the current state of technological development, it is
almost impossible to prepare DSSCs that are comple-
tely free of TCO and also fabricated on flexible plastic
substrates. Those studies that have reported flexible
TCO-free DSSCs have mostly used a standard method
involving stainless steel meshes and metal foils, result-
ing in conversion efficiencies of less than 5%.27�32

Under these circumstances, we report for the first
time a DSSC that is completely TCO-free (i.e., both the
working and counter electrodes) and fabricated on a
flexible plastic substrate that exhibits a remarkable
efficiency and long-term stability by introducing an
entirely new architecture and electrode transfer
process. This novel transfer process allows high-
temperature-annealed TiO2 electrodes to be em-
bedded in any kind of flexible substrate (e.g., fabric or
polymer), with a titanium nitride (TiN) back contact
layer filling the role that would otherwise be filled by
high-cost TCO.33 The same transfer process is also used
to obtain a TCO-free flexible counter electrode fabri-
cated from a high-temperature-annealed Pt/carbon
mixed layer deposited on a plastic substrate. Further-
more, by using an organic hole-transporting material
(spiro-MeOTAD) and silver (Ag) nanowire back con-
tact layer with the same transfer method, solid-state

TCO-free flexible DSSCs were also successfully fabri-
cated. The photovoltaic performance achieved by
using these high-temperature-annealed electrodes
was elaborately investigated and is herein discussed
in comparison to conventional electrodes.

RESULTS AND DISCUSSION

Figure 1a shows a schematic of the proposed flex-
ible, TCO-free DSSC, the structure of which consists of
a mesoporous TiO2 film (thickness ∼10 μm) annealed
at high temperature tightly attached to a flexible
plastic substrate (polyethylene naphthalate, PEN)
using thermal adhesive film (Bynel). A TiN back contact
layer deposited on the TiO2 film serves to collect the
generated photoelectrons.33 This working electrode is
assembled with a Pt/carbon mixed layer (thickness
∼12 μm) counter electrode, which is attached to the
PEN substrate using a Bynel film. The photographs on
the right side of Figure 1a show the fabricated working
and counter electrode (5 cm � 5 cm) under a bending
condition, with both electrodes clearly free of exfolia-
tion and highly flexible. For comparison, schematics of
a conventional DSSC and conventional flexible DSSC
are provided in Figure 1b. Compared to the conven-
tional flexible DSSC, the most significant difference is
that thenewlyproposedDSSCutilizes ahigh-temperature-
annealed TiO2 electrode, which is far more favorable
for efficient electron transport.25

The typical processing steps adopted for the pre-
paration of TCO-free flexible working and counter
electrodes are shown in Supporting Information
Figure S1a and b, respectively. The working electrode
was prepared by depositing a paste containing nano-
crystalline TiO2 particles 20 nm in diameter onto a glass
substrate using the doctor blade technique and then
annealing this film at 500 �C. These steps are similar to
those used in the preparation of conventional non-
flexible working electrodes; however, the critical step is
successfully transferring this working electrode onto a
flexible plastic substrate. For this, the deposited TiO2

film was first attached to a PEN substrate using a Bynel
film, and then the stacked substrates were dipped in
5 wt % aqueous solution of HF for 30 s to detach the
glass substrate. During this step, the glass at the TiO2

film interface slightly dissolved, facilitating its detach-
ment and resulting in the formation of TiO2/Bynel/PEN.
It was confirmed that it is possible to transfer the TiO2

film without any exfoliation even if a large film size of
10cm� 10cm isused (Supporting InformationMovieS1).
Moreover, although HF treatment was used to ensure
the exact detachment of TiO2 films with complicated
shapes (Figure 7), the transfer of a TiO2 film with a
simple rectangular shape can be performed without
this HF treatment step (Supporting Information Movie
S2). The TiN back contact layer was subsequently
deposited onto the TiO2/Bynel/PEN substrate by
radio frequency (RF) magnetron sputtering, with the
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as-prepared electrode then immersed in ethanol N
719 dye solution for sensitization. It is worth mention-
ing here that the key feature of the transfer method
proposed in this study is its ability to facilitate the
fabrication of TiO2 films annealed at a high tempera-
ture, whereas with conventional methods for the pre-
paration of flexible DSSCs such high-temperature
annealing needs to be avoided to protect the plastic
substrate. This high-temperature annealing is impor-
tant, as it enhances the interlinking of TiO2 nanoparti-
cles and thereby improves electron transport in the
photoelectrode.25 Meanwhile, the TiN back contact
layer deposited on the TiO2 film acts as a charge
collector and presents an economically viable alterna-
tive to the use of TCO.33

Following the preparation of the working electrode,
the counter electrode was prepared using a similar
procedure (Supporting Information Figure S1b). In the
first step, a Pt/carbon paste was prepared by blending
carbon paste with a Pt precursor solution and depos-
ited onto a glass substrate by the doctor blade tech-
nique. After annealing at 500 �C, the prepared
Pt/carbon layer was transferred to a flexible PEN sub-
strate by a similar transfer method to that used for the
working electrode. The annealing of the Pt/carbon
layer improves its electric conductivity, thereby elim-
inating the need for any additional conductive layers.
In addition, both carbon and Pt act as catalysts for the
reduction of the iodide-based electrolyte used in DSSC.
Supporting Information Figure S2 compares the over-

all fabrication process of conventional and TCO-free

flexible DSSCs. Compared to the fabrication process of
conventional DSSCs, just one additional step is needed
for the fabrication of TCO-free flexible DSSCs, meaning
that this new approach is sufficiently simple. In addition,
we confirmed that mesoporous films can be transferred
without any exfoliation or breakage through top and
cross-sectional field-emission scanning electron micro-
scope (FE-SEM) images (Section II in the Supporting
Information). This is attributed to the relatively weak force
of adhesion between the mesoporous films and glass
substrate when compared to the interlinking between
TiO2 nanoparticles (or between Pt/carbon particles)
afforded by high-temperature annealing. The adhesion
between themesoporousfilms andPEN substrate is also
sufficiently tight, as shown in Figure 2a.
In order to assess the feasibility of the transfer

process for use in roll-to-roll mass production, metal
foil substrates (stainless steel) were tested in place of
glass substrates for thepreparationof high-temperature-
annealed films (Section II in the Supporting Informa-
tion). As shown in Supporting Information Figures
S7�S10, this found that high-temperature-annealed
mesoporous TiO2 and Pt/carbon films can be success-
fully transferred from stainless steel to PEN substrates
without any discernible degradation of film quality,
indicating that this transfer process does indeed
have the potential to be used in roll-to-roll mass
production.
Figure 2a shows the morphology and structure of

the working electrode, as analyzed using FE-SEM; the
adhesion at the interface between each component

Figure 1. (a) Schematic of a TCO-freeflexibleDSSCdevice structure consistingof a flexible PEN substrate, TiN-coated TiO2film
working electrode, and Pt/carbon layer counter electrode. Photographs on the right side are of the fabricated working and
counter electrode (5 cm � 5 cm) under a bending condition. (b) Schematics of conventional DSSC and conventional flexible
DSSC device structures.
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of the working electrode was confirmed by cross-
sectional images obtained using a focused ion beam
(FIB) system. It can be seen from the SEM images that
the TiN layer had a thickness of ∼80 nm and was
uniformly coated onto the TiO2 film. Meanwhile, the
cross-sectional image confirms that the four layers (i.e.,
TiN, TiO2, Bynel, andPEN) all exhibit strongadhesionat the
interface (the vertical stripes were formed by the cutting
effect of the FIB). The top view of the TiN layer indicates it
has aporous surfacemorphology suitable for thediffusion
of electrolyte, whereas the top view of the TiO2 film ob-
tained before deposition of the TiN layer revealed TiO2

nanoparticles that were well-interconnected as a result of
the high-temperature-annealing conditions.
Figure 2b represents the typical photocurrent

density�voltage (J�V) characteristics of DSSCs employ-
ing four different types of working electrodes, namely, a
conventional nonflexible electrode (glass/FTO/500 �C-
annealed TiO2 film), conventional TCO-free electrode
(glass/500 �C-annealed TiO2 film/TiN), conventional
flexible electrode (PEN/ITO/150 �C-annealed TiO2 film),
and TCO-free flexible electrode (PEN/500 �C-annealed
TiO2 film/TiN), which are hereafter referred to as
GT-500, GTf-500, PT-150, and PTf-500, respectively.
Each electrode was assembled with a conventional
Pt/FTO glass counter electrode prepared by the thermal
decomposition method, and their corresponding per-
formance parameters are listed in Supporting Informa-
tion Table S1. The η of GTf-500 was found to be

6.09%, which is 11.0% less than that of the conven-
tional electrode GT-500 (η = 6.84%). Meanwhile, the η
of PT-150 (4.20%) was significantly less (by 38.6%) than
that of GT-500. This can be primarily attributed to the
poor interconnection between TiO2 nanoparticles cre-
ated by low-temperature annealing, as this is unfavor-
able for electron transport.25 The PTf-500 prepared by
the newly developed transfer method, on the other
hand, exhibited an η value of 5.76%, which is 15.8% less
than that of a conventional nonflexible electrode
(GT-500) and only 5.4% less than that of a conventional
TCO-free electrode (GTf-500), despite the use of a
plastic substrate. Furthermore, it is 37.1% higher than
a conventional flexible electrode (PT-150), despite
having a TCO-free structure. This demonstrates that
the major limitation of flexible electrodes, namely, the
poor interconnection among TiO2 nanoparticles, can be
remarkably improved by this new transfer method.
As shown in Supporting Information Figure S11,

the trend observed in the incident photon-to-current
efficiency (IPCE) spectra of the samples was in good
agreement with the Jsc values obtained from their J�V

characteristics. The IPCE of PTf-500 was found to be
slightly lower than that of GT-500 and GTf-500, yet
much higher than that of PT-150. The reduction of IPCE
in the shorter wavelength region (<400 nm) in the case
of PT-150 and PTf-500 is attributed to the lower trans-
mittance of PEN than glass in this region (Supporting
Information Figure S12).

Figure 2. Morphology, structure, and photovoltaic properties of a TCO-free flexible working electrode. (a) FE-SEM images
showing the surface (upper images) and cross-sectional (lower images)morphology of the working electrode (all scale bars =
300 nm). (b) J�V curves of DSSCs fabricated with a conventional nonflexible electrode (GT-500), conventional TCO-free
electrode (GTf-500), conventional flexible electrode (PT-150), and TCO-free flexible electrode (PTf-500) under an illuminated
state (light intensity: 100 mW/cm2, AM 1.5G filter). Each electrode was assembled with a conventional Pt/FTO glass counter
electrode prepared by thermal decomposition. (c) Impedance spectra of the fabricated DSSCs at an open-circuit potential
under AM 1.5G one sun light illumination. The inset shows the equivalent circuit model.
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As an additional check, the photovoltaic perfor-
mance of PTf-500 was compared to that of a conven-
tional flexible electrode based on a stainless steel
substrate (Section IV in the Supporting Information).
These stainless steel-based flexible DSSCs were fabri-
cated by depositing a TiO2 film onto a 100 μm thick
stainless steel substrate, annealing at 500 �C, and then
assembling this with a conventional Pt/FTO glass
counter electrode. The photovoltaic performances of
these cells were obtained under back-side illumination
and, as shown in Supporting Information Figure S13a
and Table S3, revealed the conversion efficiency of
stainless steel-based DSSC (η = 5.14%) to be 11% lower
compared to PTf-500 (η = 5.76%). This shows the
fundamental limitation of back-side illumination, in
that light in the low-wavelength region is absorbed
by the Pt/FTO counter electrode and electrolyte,34,35 as
confirmed by the IPCE spectra in Supporting Informa-
tion Figure S13b.
The internal resistance and electron density of each

working electrode were also compared by analyzing
their electrochemical impedance spectra. Figure 2c
shows the Nyquist plots of the DSSCs fabricated using
various electrodes, each exhibiting three semicircles in
the frequency ranges of 106�103, 103�1, and 1�10�2

Hz, corresponding to impedance at the counter elec-
trode/electrolyte (R1), working electrode/electrolyte
(R2), and diffusion resistance of the electrolyte (Rd),
respectively.36,37 The displacement from the origin on
the Z0 axis represents the series resistance (Rs), which
includes both the sheet resistance of the charge
collector (TCO or TiN) and contact resistance of the
cell.36 Thus, the value of R1 could be influenced by
the impedance at the charge collector (TCO or TiN)/
electrolyte and TiO2 film/charge collector.37 The mean
electron lifetime (τn) in the TiO2 film was estimated
from the reciprocal of the characteristic frequency
(1/ωmax), the value of ωmax being calculated from the
relation ωmax = 2πfmax, where fmax is the maximum
frequency associated with R2. The spectra were fitted
with the equivalent circuit using ZView software, and in
addition, the steady-state electron density in the con-
duction band of TiO2 was obtained using the following
relation:36�38

Rk ¼ kBT

q2Ans

� �
1
Lk

� �
(1)

where Rk and k represent the recombination resistance
between TiO2 and electrolyte (R2) and the reaction rate
constant for recombination between TiO2 and electro-
lyte, respectively. The variables kB, T, q, A, ns, and L

represent the Boltzmann constant, absolute tempera-
ture, elementary charge, active area of the working
electrode, steady-state electron density in the conduc-
tion band, and TiO2 film thickness, respectively. All of
the parameters determined using eq 1 are summarized
in Supporting Information Table S2. The TCO-free

electrodes (GTf-500 and PTf-500) have a higher Rs than
GT-500, due to the lower electrical conductivity of the
TiN back-contact layer compared to that of the con-
ventional FTO layer. In addition, as a result of the weak
interconnection between the TiO2 film and charge
collector, these electrodes showed a higher R1 value
than the GT-500 or PT-150 electrodes.
Notably, the τn and ns valueswere significantly lower

in the case of PT-150 than the other three electrodes.
This is due to the low-temperature-annealing condi-
tions adopted during the preparation of PT-150, which
could have resulted in many surface states in the TiO2

film capable of acting as recombination centers.39 This
explains why the τn wasmuch less than that of the TiO2

film prepared by high-temperature annealing (GT-500)
and accords well with previous results.25,39 The mea-
sured ns value of PT-150 was found to be an order of
magnitude lower than that of GT-500, and yet, the τn
and ns values of PTf-500 were comparable to those of
GT-500. This indicates that the poor electrical proper-
ties associated with low-temperature annealing are
nearly absent in the case of PTf-500. Furthermore, the
results derived from the impedance study clearly
indicate that PTf-500 exhibits a photovoltaic perfor-
mance comparable to that of GT-500 and has a much
greater performance than PT-150 despite having a
TCO-free structure.
Long-term stability tests were performed under light

soaking conditions to confirm whether the use of a
plastic substrate causes a tendency for the perfor-
mance to degrade over time. The long-term stability
of PTf-500 was compared with that of GTf-500
(Supporting Information Figure S14), through which
it was found that GTf-500 and PTf-500 maintain 78%
and 70% of their initial conversion efficiency, respec-
tively, after light soaking for 1000 h. Both devices can
therefore be considered to exhibit reasonable long-
term stability, especially considering the prolonged
light soaking condition. This suggests that the use of
a plastic substrate does not in fact affect long-term
stability, although further studies are needed to
achieve even greater stability. In addition, measure-
ment of hardness after the bending test (Section VI in
the Supporting Information) found PTf-500 to exhibit
excellent flexibility and to be greatly superior to the
conventional flexible electrode (PT-150) in this regard.
Significantly, the electrical properties of the deposited
TiN back-contact layer were maintained even after
1000 bending cycles to a radius of 7 mm (Supporting
Information Figure S16).
In order to enhance the conversion efficiency of

PTf-500, a light-scattering effect was added by intro-
ducing scattering layers that were prepared by mixing
TiO2 particles of 20 and 500 nm in diameter.40,41

Figure 3a presents a schematic of the proposed high-
efficiency TCO-free flexible working electrode, which is
labeled as PTf-500S. In this, three separate TiO2 layers
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with different ratios of scattering particles are stacked
in sequence to maximize the light-scattering effect.
Figure 3b shows the J�V characteristics of PTf-500S
assembled with a conventional Pt/FTO glass counter
electrode, demonstrating a greatly enhanced η value
of 8.10% when compared to PTf-500. The Jsc value of
13.98 mA/cm2 was also well matched with the inte-
grated Jsc from the IPCE spectrum (13.62 mA/cm2), as
shown in Figure 3c. This is a remarkable result, as to the
best of our knowledge, this is the highest conversion
efficiency that has ever been achieved for flexible
DSSCs, despite its TCO-free structure. The best conver-
sion efficiency that has been achieved to date for
flexible DSSCs was 8.07% under one sun condition,
with this being obtained from a DSSC fabricated on
commercial ITO/PEN substrates.42

In order to achieve high efficiency in a completely
TCO-free and flexible DSSC, the catalytic performance
of the counter electrode must be considered as im-
portant as the performance of the working electrode.
Most of all, the TCO-free counter electrode must
exhibit sufficient electrical conductivity. In this study,
Pt/carbon/PEN electrode, which was prepared by the
transfer method, was used as the TCO-free flexible
counter electrode. Here, the carbon layer acts as an
electrical conducting layer, and so the conductivity and
specific resistance of the electrode weremeasured as a
function of the thickness of this layer, as shown in
Supporting Information Figure S17 (Section VII in the
Supporting Information). This identified 12 μm as the
optimum carbon layer thickness, which was used to
further optimize the catalytic performance by varying
the concentration of the mixed Pt precursor solution.
As can be seen in the SEM images in Supporting
Information Figure S18, the surface morphology of
the Pt/carbon/PEN electrodes consisted of a uniform
dispersion of∼2 μm diameter carbon grains that were
all well connected with each other: a structure that is
highly favorable to good electrical conductivity. The
cyclic voltammograms (CVs), impedance spectra, and
J�V characteristics of the counter electrodes were also

analyzed by varying the concentration of Pt precursor
solution (Supporting Information Figure S19, Tables
S4, S5). As evident from the impedance spectra, the Rs
value did not show any significant change in relation to
increasing Pt concentration, but the RCT (charge trans-
fer resistance) was greatly reduced. This indicates that
an increase in Pt content does not affect the electric
conductivity, but does significantly enhance the cata-
lytic activity. This is clearly apparent in the fact that the
counter electrode prepared with 0.5 M Pt precursor
solution exhibits the highest catalytic activity for
the I3

�/I� redox electrolyte, as well as superior J�V

characteristics when assembled with a conventional
working electrode (GT-500). This was therefore con-
sidered to be the optimum concentration of Pt pre-
cursor solution for achieving the highest possible
performance.
The catalytic performance of the TCO-free flexible

counter electrode (0.5 M Pt/carbon/PEN) was subse-
quently compared with the conventional nonflexible
counter electrode (Pt/FTO) and the conventional flex-
ible counter electrode (Pt-Ti/ITO/PEN) that is commer-
cially available, but very expensive. It was first con-
firmed that the Pt/carbon/PEN exhibited electrical
properties (conductivity and specific resistance) com-
parable with those of the conventional counter elec-
trodes (Supporting Information Table S6). Figure 4a
compares the CV of each counter electrode considered
for the analysis, fromwhich it is apparent that all of the
samples exhibited two pairs of redox waves. The more
positive pair corresponds to the redox reaction of
I2/I3

�, while the more negative pair corresponds to
the redox reaction of I3

�/I�.43 Focus was given in this
instance to the negative pair, since the catalytic reac-
tion at the counter electrode in a DSSC is related
to the reduction of I3

� to I�. It is also well known
that the electrochemical rate constant of a redox
reaction is inversely proportional to the peak-to-
peak separation (Epp), i.e., separation between the
cathodic and anodic peak.43,44 In this study, Epp
was estimated to be 0.58, 0.70, and 0.67 V for Pt/FTO,

Figure 3. Structure and photovoltaic properties of a high-efficiency, TCO-free, and flexible working electrode. (a) Schematic
of the proposed electrode (PTf-500S) showing the three different TiO2 layers prepared by mixing TiO2 particles of 20 and
500 nm diameter to ratios of 10:0, 8:2, and 6:4 (w/w). (b) J�V curve obtained under an illuminated state (light intensity:
100 mW/cm2, AM 1.5G filter, active area: 0.425 cm2, TiO2 film thickness: 14.25 μm). (c) IPCE spectrum of a DSSC fabricated
using PTf-500S and a conventional Pt/FTO glass counter electrode.
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Pt-Ti/ITO/PEN, and Pt/carbon/PEN, respectively. This
indicates that the intrinsic catalytic activity of Pt/
carbon/PEN is lower than that of Pt/FTO, but higher
than that of Pt-Ti/ITO/PEN; however, Pt/carbon/PEN
produces a much higher redox current density for the
I3
�/I� reaction than the Pt/FTO and Pt-Ti/ITO/PEN

electrodes. This can be attributed to the porous and
thick structure of the carbon layer creating a much
larger accessible surface area.
Impedance studies were also performed using sym-

metric dummy cells of counter electrodes prepared by
assembling two identical counter electrodes, followed
by injection of the electrolyte.45,46 The impedance
spectra obtained are presented in Figure 4b, with the
impedance parameters listed in Supporting Informa-
tion Table S7 being determined by fitting these spectra
with the equivalent circuit model shown in the inset
of Figure 4b. It is clear from these results that the Rs
value of the Pt/carbon/PEN electrode is similar to that
of the other counter electrodes, indicating that it
also has comparable electrical conductivity. The RCT
of Pt/carbon/PENwas about 2 times higher than that of
Pt/FTO, but was about 6 times lower than that of Pt-Ti/
ITO/PEN. This confirms that the catalytic activity of the

Pt/carbon/PEN electrode is far superior to that of
Pt-Ti/ITO/PEN, despite its TCO-free structure, which is
attributed to the higher intrinsic catalytic activity and
larger accessible surface area of the Pt/carbon/PEN
electrode identified by the CV data. The higher Rd of
the Pt/carbon/PEN electrodemay be due to the porous
and thick structure of its carbon layer. The variation in
RCT for each counter electrode is reflected in their
respective J�V characteristics when assembled with
a conventional working electrode (i.e., with GT-500). As
shown in Figure 4c and Supporting Information Table S8,
the η of Pt/carbon/PEN was 7.6% less than that of Pt/
FTO, but was 2.3% higher than that of Pt-Ti/ITO/PEN.
The critical factor determining η was the fill factor (FF),
which noticeably varied depending on the nature of
the counter electrode. As shown in Figure 4d, the FF of
the DSSC fabricated using a Pt/carbon/PEN electrode
varied with the concentration of the Pt precursor
solution. Thus, under optimal conditions, the FF of
Pt/carbon/PEN was between that of Pt/FTO and Pt-Ti/
ITO/PEN and was concordant with the trend of RCT.
Since Pt is an expensive material, its loading is an
important factor in determining cost effectiveness.
The Pt loading was therefore estimated for the

Figure 4. Catalytic performanceof a TCO-freeflexible counter electrode. (a) Comparisonof the cyclic voltammograms (CVs) of
a TCO-free flexible counter electrode (0.5 M Pt/carbon/PEN), conventional nonflexible counter electrode (Pt/FTO), and
conventional flexible counter electrode (Pt-Ti/ITO/PEN). (b) Impedance spectra of symmetric dummy cells prepared by
assembling two identical counter electrodes using hot melt Surlyn. The inset shows the equivalent circuit model, and the
figure on the right shows a schematic of the symmetric dummycell used. (c) J�V curves ofDSSCsusing each counter electrode
(0.5 M Pt/carbon/PEN, Pt/FTO, and Pt-Ti/ITO/PEN), as measured under an illuminated state (light intensity: 100 mW/cm2, AM
1.5G filter). The assembledworking electrode was a conventional TiO2 film/FTO glass type (GT-500). (d) Comparison of the fill
factor (FF) of DSSCs using each counter electrode.
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Pt/FTO and Pt/carbon/PEN electrodes from their den-
sity and the molar concentration of Pt precursor solu-
tion (H2PtCl6 solution), as depicted in Section IX in the
Supporting Information. On the basis of this estima-
tion, it can be concluded that the flexible TCO-free
counter electrode proposed in this study requires
only a comparable Pt loading to conventional counter
electrodes.
Finally, a completely TCO-free and flexible DSSC was

fabricated by assembling the PTf-500S working elec-
trode with the 0.5 M Pt/carbon/PEN counter electrode.
Figure 5a shows the J�V characteristics of the resulting
DSSC, which achieved a remarkably high η value of
7.27%. Its Jsc of 13.27 mA/cm2 was also well matched
with the integrated Jsc from the IPCE spectrum (13.22
mA/cm2) shown in Figure 5b. In order to demonstrate
the feasibility of applying this same transfer process
and device structure to a solid-state photovoltaic
device, spiro-MeOTAD was used as a hole-transporting
material in place of a liquid electrolyte to fabricate a
flexible, TCO-free solid-state DSSC. The structure of this
is shown in Figure 6a in comparison to a conventional
ssDSSC and was achieved by transferring a high-
temperature-annealed mesoporous TiO2 film (thickness
∼2.5 μm) onto a PEN substrate using Bynel. Since a TiN
layer did not provide a sufficiently large pore size for
the spiro-MeOTAD to infiltrate into the mesoporous

TiO2 film, Ag nanowires (diameter ∼115 nm, length
∼20�50 μm) deposited by spin coating were used
as the back contact layer instead. As shown in Support-
ing Information Figure S20, these Ag nanowires were
homogeneously deposited onto the mesoporous TiO2

film to create macropores, through which the spiro-
MeOTAD could easily penetrate. Electron probe micro-
analysis (EPMA, Supporting Information Figure S21)
confirmed that carbon was homogeneously dispersed
throughout the cross-section of the mesoporous TiO2

film, implying that the spiro-MeOTAD was sufficient
infiltrated. The Ag nanowire back-contact layer also
exhibited excellent electrical properties (conductivity:
4.09� 103 S/cm, specific resistance: 2.45� 10�4Ω cm),
which were confirmed by 4-point probemeasurement.
Figure 6b presents the J�V characteristics of the
conventional and TCO-free flexible ssDSSCs, while
the corresponding performance parameters are listed
in Supporting Information Table S10. The η values
of the conventional and TCO-free flexible ssDSSC
were 4.28% and 3.36%, respectively, meaning that
there was little discrepancy in conversion efficiency
despite the new structure's absence of TCO and added
flexibility. This implies that the transfer method and
back-contact architecture proposed in this study are
sufficiently compatible with solid-state photovoltaic
devices.

Figure 5. Photovoltaic properties of a completely TCO-free and flexible DSSC. (a) J�V curve obtained under an illuminated
state (light intensity: 100 mW/cm2, AM 1.5G filter, active area: 0.440 cm2, TiO2 film thickness: 14.14 μm). (b) IPCE spectrum.

Figure 6. Comparison of (a) the structure and (b) J�V curves obtained under an illuminated state (light intensity:
100 mW/cm2, AM 1.5G filter) of a conventional ssDSSC and a TCO-free and flexible ssDSSC.
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To the best of our knowledge, this is the first
demonstration of a DSSC that satisfies simultaneously
the conditions of being TCO-free and flexible and using
a solid-state hole transporting material (HTM) layer. In
addition, the Ag nanowires used as a back-contact
layer present a promising alternative to TCO materials
due to their low cost, superior flexibility, and compat-
ibility with solution-based processes.47,48 Thus, the
results demonstrate that the transfer method and
device structure proposed in this study can be readily
applied to various devices with various kinds of back-
contact materials using vacuum- and solution-based
processes. Furthermore, as perovskite solar cells have a
similar device structure to ssDSSCs and utilize spiro-
MeOTAD as a HTM,49,50 it should be possible to fabri-
cate flexible, TCO-free perovskite solar cells using this
same transfer method and back-contact architecture.
Further work is therefore under way to develop flex-
ible, TCO-free solid-state photovoltaics with an even
higher conversion efficiency than has been achieved
here.
Finally, the reliability of the transfermethod adopted

in this study was tested by depositing films onto
various large-area (10 cm � 10 cm) substrates such

as overhead projector (OHP) film and fabric (polyester
wipes). Figure 7 shows various electrodes prepared
on an OHP film and fabric, which included dyed TiO2,
Pt/carbon, and metal (Ag) electrodes. These deposited
films remained exfoliation-free and maintained their
electrical conductivity when under a bending condi-
tion, indicating that the transfer method proposed
in this study can be applied to the fabrication of not
only DSSCs but also other types of flexible solar cells or
flexible electronic devices.

CONCLUSION

This study has succeeded in developing a com-
pletely TCO-free and flexible DSSC with a conversion
efficiency of 7.27%by using an original transfermethod.
As part of this, a high-temperature-annealed TiO2

electrode and Pt/carbon electrode were successfully
transferred onto flexible PEN substrates to form the
working and counter electrode, respectively. Systema-
tic analysis of the fabricated DSSC indicated that it
has superior photovoltaic properties to DSSCs based
on conventional flexible electrodes. In addition,
the TCO-free flexible working electrode exhibited a
satisfactory long-term stability under light soaking.

Figure 7. Electrodes prepared on various flexible substrates to a predesigned shape using the transfer method. (a)
Nanocrystalline TiO2 electrode deposited onto OHP film (10 cm� 10 cm). (b) TiO2 electrode onOHP film after dye adsorption.
(c) Dyed TiO2 electrode deposited on fabric (10 cm� 10 cm, 100% polyester wipe). (d) Pt/carbon electrode prepared on OHP
film (10 cm � 10 cm). (e) Pt/carbon electrode on OHP film under a bending condition. The electrical conductivity of the
electrodewas evaluatedby connecting it to a power supply and LED light, its performance beingmaintainedunder a bending
condition. (f) Pt/carbon electrode prepared on fabric (5 cm � 5 cm, 100% polyester wipe). (g) Electrical conductivity of the
Pt/carbon electrode on fabric, as measured using a multimeter. (h) Ag-paste film transferred onto a thermal adhesive film
(5 cm � 5 cm, Bynel) after high-temperature annealing (500 �C). The resistance between each end was 0.1Ω under bending
conditions.
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This combination of high efficiency, long-term stability,
and extremely low fabrication cost represents a significant
advancement in DSSC technology, with a great potential
for commercialization and widespread application.

Furthermore, we believe that the transfer method
adopted in this study has the potential to be effectively
extended to other types of solar cells or electronic
devices that need to be both TCO-free and flexible.

METHODS
Preparation of TiO2 Paste. To fabricate the working electrodes,

a TiO2 paste was first prepared using nanocrystalline TiO2

particles of diameter 20 nm, as described in our previous
paper.39 In a typical process, TiO2 nanoparticles were synthe-
sized by hydrolyzing titanium isopropoxide (97%, Aldrich) in the
presence of acetic acid, whichwas followed by heating at 230 �C
for 12 h in a sealed autoclave. Next, ethyl cellulose (Aldrich),
lauric acid (Fluka), and terpineol (Fluka) were added, and the
ethanol was subsequently removed using a rotary evaporator
to obtain a viscous paste. The weight ratio of the final composi-
tion was as follows: TiO2/terpineol/ethyl cellulose/lauric acid =
0.18:0.75:0.05:0.02. Light-scattering pastes were prepared by
mixing TiO2 particles 20 and 500 nm in diameter to a ratio of
8:2 or 6:4 (w/w), with all other constituents being identical to
those of the standard TiO2 paste. The 500 nmTiO2 particles were
purchased from Showa Denko (G2, Japan). For low-temperature
annealing, binder-free pastes were also prepared by blending
TiO2 nanoparticles of different diameters (5:20:320 nm =
1:4.5:2.5 wt %); the 5 nm diameter TiO2 particles were synthe-
sized by a typical sol�gel process, as described in our previous
papers.20�22 The 320 nm diameter nanoparticles were pur-
chased from K. K. Titan (Japan) and then dissolved in ethanol
at a concentration of ∼15 wt %.

Preparation of Working Electrodes. The working electrode was
fabricated by depositing the preprepared TiO2 paste onto a
glass substrate using the doctor blade technique and then
annealing in air at 500 �C for 30 min. The high-efficiency
working electrode was prepared by depositing in sequence
the three different pastes containing TiO2 particles of 20 and
500 nm in diameter (20:500 nm = 10:0, 8:2, 6:4, respectively)
onto a glass substrate, which was again followed by annealing
at the same conditions. The thickness of the TiO2 film obtained
was determined using an Alpha-Step IQ surface profiler (KLA
Tencor). Following this, a polyethylene naphthalate substrate
(PEN; Teijin Dupont Films, 200 μm thickness) was attached to
the TiO2 film using hot-melt Bynel (Dupont, 25 μm thickness).
For this, the hot-melt Bynel and plastic substrate were first
stacked onto the TiO2 film in sequence and then compressed at
a pressure of 0.12MPa at 130 �C for 10 s. The glass substrate was
then detached by dipping in a 5wt% aqueous solution of HF for
30 s, leaving behind the TiO2 film on a flexible PEN substrate.
A TiN back-contact layer was then deposited onto the TiO2 film
by radio frequenc magnetron sputtering of a Ti target under
N2/Ar (2:98 v/v) atmosphere at ambient temperature. Finally,
the prepared electrodes were immersed in an ethanol solution
containing 0.5 mM cis-bis(isothiocyanato)bis(2,20-bipyridyl-4,40-
dicarboxylato)ruthenium(II)bistetrabutylammonium (N 719,
Everlight) at ambient temperature for 24 h. For comparison, a
conventional nonflexible working electrode and conventional
flexible working electrode were also fabricated. The nonflexible
electrode was prepared by depositing the TiO2 paste onto FTO
glass (Pilkington, TEC-8, 8 Ω/square), followed by annealing
in air at 500 �C for 30 min. The flexible working electrode
was prepared by depositing binder-free TiO2 paste onto an
ITO/polyethylene terephthalate (PEN) substrate (Peccell Tech-
nologies Inc., 15 Ω/square, 200 μm thickness), followed by
drying in an oven at 150 �C for 30 min. For all electrodes, the
dye dipping time was 24 h at ambient temperature.

Preparation of Counter Electrodes. A Pt/carbon paste was pre-
pared by blending carbon paste (Elcocarb C/SP, Solaronix) with
H2PtCl6 solution in 2-propanol to a ratio of 9:1 (w/w). This
was then deposited onto a glass substrate by the doctor
blading technique and annealed in air at 500 �C for 30 min.
The thickness of the Pt/carbon film obtained in this manner

was∼12 μm. This Pt/carbon layer was subsequently transferred
onto a PEN substrate by the same transfer method used for the
preparation of the working electrode. For comparison, conven-
tional nonflexible Pt counter electrodes and flexible counter
electrodes were also analyzed. The nonflexible Pt electrode was
prepared by thermal decomposition, wherein a drop of 7 mM
H2PtCl6 in 2-propanol was spread over an FTO-coated glass
substrate and annealed in air at 400 �C for 10 min. The
conventional flexible counter electrode, consisting of Pt�Ti
alloy on a PEN substrate (5 Ω/square, 188 μm thickness), was
purchased from Peccell Technologies Inc.

Device Fabrication. The working and counter electrodes were
sealed and assembled using hot-melt Surlyn of 60 μm in
thickness (Dupont 1702). The redox electrolyte consisted of
0.7 M 1-propyl-3-methylimidazolium iodide, 0.03 M I2, 0.05 M
guanidinium thiocyanate, and 0.5M 4-tert-butylpyridine (tBP) in
a mixture of acetonitrile and valeronitrile (v/v = 85:15). For all
cells, the active area was measured as being within a range of
0.43 ( 0.05 cm2 using an image analysis program and CCD
camera (Moticam 1000). Each cell was covered with a black
mask with an aperture to screen any additional illumination
through the lateral space.51

Preparation of Solid-State Dye-Sensitized Solar Cells
(ssDSSCs). Conventional ssDSSCs were fabricated on a laser-pat-
terned FTO-coated glass substrate that had been pretreated by
spin coating a 7.5 wt % solution of Ti(IV) bis(ethyl acetoacetato)-
diisopropoxide in 1-butanol to form a dense blocking layer, which
was then annealed at 125 �C for 5 min. A TiO2 paste was then
deposited using the doctor blade technique and annealed in
air at 500 �C for 30 min. The annealed electrodes were
then immersed for 16 h in a dye solution of 0.3 mM cis-
diisothiocyanato(2,20-bipyridyl-4,40-dicarboxylic acid)(2,20-
bipyridyl-4,40-dinonyl)ruthenium(II) (Z 907, Everlight) in a mixture
of acetonitrile and tert-butanol (v/v = 1:1) at ambient tempera-
ture. Onto these dye-coated TiO2 films, a hole-transporting
material solution consisting of 0.13 M 2,20 ,7,70-tetrakis(N,N-
dimethoxyphenylamine)-9,9-spirobifluorene (Spiro-MeOTAD),
21 mM lithium bis(trifluoromethylsulfonyl)imide salt, and 0.11 M
tBP in anhydrous chlorobenzene was deposited by spin coating.
Finally, gold (Au) back-contacts (150nmthickness)weredeposited
by thermal evaporation. In order to fabricate TCO-free flexible
ssDSSCs, the TiO2 paste was first deposited onto a glass substrate
and then transferred onto a PEN substrate. Silver (Ag) nanowires
suspended in 2-propanol (diameter: 115 nm, length: 20�50 μm,
Aldrich) were then deposited as a back-contact layer by spin
coating at 1000 rpm for 10 s, a process that was repeated five
times. An HTM layer and Au back-contacts were then deposited
using the identical process to that used for the conventional
ssDSSCs.

Characterization. The morphology of the films was character-
ized by FE-SEM (Hitachi S4100). Cyclic voltammetry was carried
out using a CHI440 potentiostat-galvanostat (CH Instruments
Inc.) at a scan rate of 50 mV/s and with an electrolyte consisting
of 10 mM LiI, 1 mM I2, and 0.1 M LiClO4 in acetonitrile. Pt/FTO,
Pt/carbon/PEN, and Pt/ITO substrates were used as working
electrodes. A saturated calomel electrode and a Pt foil were
used as reference electrode and counter electrode, respectively.
Photocurrent density�voltage (J�V) measurements were per-
formed using a Keithley model 2400 Source Measure unit. A
180 W xenon lamp (Yamashita Denso YSS-50A) served as the
light source, the intensity of which was adjusted to approxi-
mately AM1.5G one sun light intensity using anNREL-calibrated
Si solar cell equipped with a KG-1 filter. The incident photon-to-
electron conversion efficiency was measured as a function of
wavelength from 350 to 800 nm using a specially designed
system for dye-sensitized solar cells (PV Measurements, Inc.).
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Electrical impedance spectra were obtained using an impe-
dance analyzer (Solartron 1287) at an open-circuit potential
under AM1.5G one sun light illumination at frequencies ranging
from 10�2 to 106 Hz. The magnitude of the alternative signal
was 10 mV. Impedance parameters were determined by fitting
with ZView software. For impedance analysis of each counter
electrode, symmetric dummy cells were prepared by assem-
bling two identical counter electrodes using hot-melt Surlyn.
The electrical properties were then measured using a 4-point
probe electrical measurement system (Mitsubishi Chemical
Analytech, MCP-T610).
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