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ABSTRACT: A highly-durable, highly-ﬂexible transparent
electrode (FTE) is developed by applying a composite
made of a thin metal grid and a doped conducting polymer
onto a colorless polyimide-coated NOA63 substrate. The
proposed FTE exhibits a transparency of 90.7% at 550 nm
including the substrate and a sheet resistance of 30.3 Ω/sq
and can withstand both moderately high-temperature
annealing (∼180 °C) and acidic solution (70 °C, pH 0.3)
processes without performance degradation. The fabricated
FTE yielded good mechanical stability under 10 000 cycles of bending deformations at a bending radius less than 1 mm without
degradation of electrical conductivity. The high durability of the proposed FTE allows for the fabrication of ﬂexible energy
harvesting devices requiring harsh conditions, such as highly ﬂexible perovskite solar cells (FPSCs) with a steady-state power
conversion eﬃciency (PCE) of 12.7%. Notably, 93% of the original PCE is maintained after 2000 bending cycles at an
extremely small bending radius of 1.5 mm. The FPSCs installed on curved surfaces of commercial devices drive them under
various environments. The applicability of the proposed FTE is further conﬁrmed via the fabrication of a ﬂexible perovskite
light-emitting diode. The proposed FTE demonstrates great potential for applications in the ﬁeld of ﬂexible optoelectronic
devices.
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1. INTRODUCTION
In line with the increasing demand and necessity for ﬂexible
devices, relative research has been actively conducted.1−3
Flexible devices enable a variety of applications that are
impossible with conventional devices. Various materials,
structures, and devices have been proposed and studied, but
there are still many problems that need to be solved. Flexible
optical devices are also one of the most challenging ﬁelds4−6
owing to the diﬃculty in developing ﬂexible transparent
electrodes (FTEs) that simultaneously satisfy transparency,
conductivity, and durability requirements. One of the most
studied optoelectronic devices in recent years is perovskite
solar cells. Organic−inorganic perovskite-based solar cells are
emerging as next-generation ﬂexible photonic devices owing to
their inherent high optical eﬃciency and fair ﬂexibility.6,7 In
addition to studying perovskite materials themselves, various
studies have also been actively conducted to maximize the
ﬂexibility of transparent electrodes by introducing new
materials or optimizing their structures.6−10
Indium-doped tin oxide (ITO, In:SnO2) is one of the most
widely used ﬂexible transparent conductors with good
© XXXX American Chemical Society

performance. However, its low durability limits the range of
ﬂexible device fabrication processes and applications that can
use it.8,11,12 To overcome these limitations, various materials
and structures have been proposed, such as ultrathin metal
ﬁlms (UTMFs),12 carbon-based materials,9,13,14 conducting
polymers,7,15,16 conductive meshes,8,17−19 metal nanowires,20
and their composites.8,15,21 However, it is still diﬃcult to
achieve high ﬂexibility and device processability while
maintaining performance. UTMFs and metal nanowires can
achieve low sheet resistance and high transparency and
ﬂexibility; however, they suﬀer from physical and chemical
stability issues owing to the reactivity of materials such as Ag
and Cu without a stable morphology.22,23 Although graphene
and carbon nanotubes have excellent mechanical durability, it
is diﬃcult to obtain a low sheet resistance when using them
without sacriﬁcing transparency because of a trade-oﬀ between
transmittance and electrical conductivity.13,14 Studies on using
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2. EXPERIMENTAL PROCEDURES

an intrinsically conducting polymer, namely, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
have also been actively conducted.7,15,16,24−26 PEDOT:PSS is
a water-dispersible polymer that can easily form a conductive
thin ﬁlm via spin-coating. Its excellent inherent mechanical
stability also allows for repetitive bending at very small bending
radii. However, despite various attempts to improve its
conductivity,15,24,27,28 it is diﬃcult to obtain the low sheet
resistance (<50 Ω/sq) required for optoelectronic device
applications without increasing its thickness.10 PEDOT:PSS is
also unsuitable for high-temperature processes over 120 °C
because the conductivity can be reduced due to oxidation.29
To address these disadvantages, studies using PEDOT:PSS
along with other ﬂexible conductors are underway to develop
electrodes with better conductivity and durability.8,15 Although
many conductors possess a fair ﬂexibility, achieving high
ﬂexibility is often inﬂuenced by a variety of other factors, such
as the type of applied strain,18 the thickness of the
conductor,30,31 and the type of the substrate used.7,16,32
Thus, achieving high ﬂexibility (bending radius < 2 mm) is
quite challenging.7,9,12,15,21,33
Transparent ﬂexible substrates have major constraints that
limit the ﬂexibility and processability of ﬂexible electrodes.
Although polyethylene terephthalate (PET) and polyethylene
naphthalate (PEN) are widely used, their durability hinders the
development of highly ﬂexible transparent electrodes and
device fabrication processes at temperatures above the glasstransition temperatures (Tg).3,32,34 In our preliminary investigation, Norland Optical Adhesive 63 (NOA63, Norland
Products, Inc.) and colorless polyimide (CPI) were noted for
their high durability, transparency, and processability.3,7,35 It is
easy to control the thicknesses of both of these polymers via
spin-coating, and both are fairly durable, enabling moderatelyhigh-temperature fabrication processes.3,36 In particular, owing
to its shape memory characteristics, NOA63 is more suitable
for high-temperature processes and mechanical deformation
than PET and PEN when deformed at T > Tg and at a low
bending radius (r < 1.2 mm).7 However, in the case of solution
processes, NOA63 becomes inadequate because its properties
are plasticized by water.35
In this study, we demonstrated a FTE with high performance, particularly focusing on the device fabrication processability based on improved durability. Our electrodes showed
excellent thermal and acidic solution processability while
maintaining the performance that can be applied to actual
devices via introducing a complex of nanometer-thick metal
grids (Cr/Au) and ethylene glycol (EG)-doped PEDOT:PSS
on a CPI-coated NOA63 substrate. Studies in this respect have
not been addressed in previously reported works of similar
electrode structures as shown in Table S1. The developed FTE
exhibited good conductivity (<30 Ω/sq) and transparency
(T550nm > 90%) in addition to high mechanical stability under
10 000 bending cycles at a bending radius of 0.7 mm.
Furthermore, its high stability under processes at hightemperature and acidic conditions enabled the facile growth
of the metal oxides required for fabricating highly ﬂexible
perovskite solar cells (FPSCs). The fabricated FPSCs exhibited
only a very small reduction in performance even after 2000
repetitive bending cycles at a very small bending radius of 1.5
mm. Finally, we managed to fabricate ﬂexible perovskite lightemitting diodes (LEDs) using our FTEs, which suggests that
they have great potential for application in various ﬂexible
optoelectronic devices.

2.1. Fabrication of a Flexible Transparent Substrate
(NOA63/CPI). Before substrate fabrication, a glass slide (Matsunami
micro slide glass S9213) was rinsed in sequence with detergent,
distilled water, acetone, and 2-propanol. As a detachment-promoting
layer for NOA63/CPI, polymethyl methacrylate (PMMA, MicroChem 495 PMMA A2) was spin-coated on the glass slide at 4000 rpm
for 30 s and then annealed at 180 °C for 2 min. After that NOA63 was
spin-coated on PMMA at 4000 rpm for 30 s as the main supporting
substrate and cured using a 365 nm UV lamp for 40 min. A UV/
ozone treatment was then carried out for 2 min. As a substance that
can reinforce NOA63, CPI (Dongbaek Finechem DFCPI-301) was
spin-coated on NOA63 at 4000 rpm for 50 s and sequentially
annealed at 100 °C for 10 min, at 160 °C for 20 min, and at 180 °C
for 20 min.
2.2. Formation of Flexible Transparent Conductors (Metal
Grid + EG-PEDOT:PSS). A total of 3 nm of chromium (Cr) was
deposited on the NOA63/CPI substrate as an adhesion layer for Au.
Then, 60 nm of Au was deposited on the Cr layer. To form a metal
grid with a honeycomb structure, photolithography and etching
methods were used. A negative photoresist (MicroChem, AZ5214)
was spin-coated on the Au layer at 4000 rpm for 30 s and annealed on
a hot plate at 110 °C for 1 min. After that the photoresist was
patterned using a photomask and a mask aligner (MIDAS system,
MDA-400M) via selective exposure to UV light for 6 s. A developer
(Merck, AZ 300 MIF Developer) was used to remove the UVexposed photoresist; the electrode was then rinsed with deionized
(DI) water. The exposed Au was removed by immersing the electrode
in an Au etchant (Transene, Gold Etch-Type TFA) for 20 s and then
rinsing with DI water. Afterward, it was exposed to UV light (325 nm)
for 1 min, and the remaining photoresist was removed with ﬂowing 2propanol. Then, the exposed Cr was removed by immersing the
electrode in a Cr etchant (Aldrich, Chromium Etchant) for 1−2 s and
rinsing it with DI water. The grid-patterned electrode was treated
overnight with a 3-(aminopropyl)triethoxysilane aqueous solution to
enhance the adhesion between EG-PEDOT:PSS and the NOA63/
CPI substrate.37 As the transparent conductor of the window part of
the device, PEDOT:PSS (Clevios, PH1000) doped with 5 wt % EG
was spin-coated on the grid electrode at 2000 rpm for 1 min and then
cured at 120 °C for 20 min.
2.3. Modiﬁcation of the FTE for Its Cathodic Application in
Flexible Perovskite Solar Cells. First, EG-PEDOT:PSS was
patterned to form the solar cell electrode via a O2 reactive-ion
etching (RIE) process (chamber pressure: 0.13 Torr, O2 ﬂow: 20
sccm, power: 100 W, time: 1 min). Then, 6 nm of titanium was
deposited for energy band alignment. After a UV/O3 treatment that
lasted 15 min, a 0.1 M aqueous solution of SnCl4 was spin-coated at
5000 rpm for 10 s and annealed at 180 °C for 1 h to form the SnO2
layer. Then, a rutile TiO2 layer was grown by immersing the UV/O3treated (10 min) sample in an aqueous solution of TiCl4 (70 °C, 200
mM) for 30 min. After washing the TiCl4-treated samples with DI
water and ethanol, they were annealed at 100 °C on a hotplate for 1 h.
2.4. Fabrication of Flexible Perovskite Solar Cells. All
precursor materials were prepared as described in a previous report.38
A 1.4 M (FAPbI3)0.95(MAPbBr3)0.05 solution was prepared by
dissolving NH2CHNH2I (FAI) and CH3NH3Br (MABr) with
PbI2 and PbBr2 in N,N-dimethylformamide (DMF) and dimethylsulfoxide (8:1 v/v) by stirring at 60 °C for 1 h. Then, the solution was
coated onto the FTE/Ti/SnO2/TiO2 sample, which was fabricated
according to the abovementioned method, in two consecutive spincoating steps at 1000 and 5000 rpm for 5 and 10 s, respectively.
During the second spin-coating step, 1 mL of ethyl ether was poured
onto the substrate after 5 s. Then, the substrate was thermally treated
at 150 °C for 10 min. A compact (FAPbI3)0.95(MAPbBr3)0.05 ﬁlm with
a thickness of 550 nm was obtained. A spiro-OMeTAD/
chlorobenzene (100 mg/1.1 mL) solution with additives of 23 μL
of Li-bis(triﬂuoromethanesulfonyl)imide/acetonitrile (540 mg/1
mL), 39 μL of 4-tert-butylpyridine, and 10 of μL tris(2-(1Hpyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III)tris(bis(triﬂuoromethylsulfonyl)imide):(FK209)/acetonitrile (376 mg/1
B
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Figure 1. (a) Schematic illustration of the fabricated FTE for perovskite optoelectronic devices (solar cells and LEDs). (b) Transmittance spectrum
of the FTE compared with that of commercial ﬂuorine-doped tin oxide (FTO) glass. (c) Optical images of the fabricated FTE.

Figure 2. (a) Schematic illustration of the metal grid with a honeycomb structure. Ww, Wf, and Wh are deﬁned. (b) Transparency (transmittance)
and sheet resistance of the developed FTE according to grid thickness. (c) Figure of merit according to grid thickness. (d) Changes in sheet
resistance according to the EG doping concentration. Here, the red arrows in (b,d) indicate the selected conditions used in subsequent application
experiments.
mL) was spin-coated on the FTE/Ti/SnO 2 /TiO 2 /(FAPbI3)0.95(MAPbBr3)0.05 perovskite layer at 2000 rpm for 30 s. Finally,
an Au counter electrode was deposited via thermal evaporation while
its active area was ﬁxed at 0.16 cm2.
2.5. Fabrication of a Flexible Perovskite LED. Before LED
fabrication, the FTE was patterned via O2 RIE. The LED fabrication
process was conducted as described before.39 A polyethylene oxide
(PEO) solution (10 mg/mL) was prepared by dissolving PEO (Mw 8
000 000, Aldrich) in DMF (Aldrich, anhydrous). A MAPbBr3
(CH3NH2PbBr3) precursor solution was prepared by dissolving 343
mg of lead(II) bromide and 157 mg of methylammonium bromide in
1 mL of DMF. Both solutions were stirred on an 80 °C hotplate for
20 min. PEO/MAPbBr3 reagents were prepared by mixing the two
prepared solutions at a mass ratio of 1.5:1 (PEO solution/MAPbBr3
solution). Another PEO solution (1.3 mg/mL) was prepared by
diluting 0.5 mL of the previously prepared PEO solution (10 mg/mL)
with 3.5 mL of DMF. All solutions were placed on an 80 °C hotplate
before coating. First, the PEO solution (1.3 mg/mL) was spin-coated
onto the patterned FTE at 6000 rpm for 40 s and annealed at 80 °C
for 5 min. Then, the PEO/MAPbBr3 solution was spin-coated at 1000
rpm for 6 min until the ﬁlm color turned orange. After that it was
annealed on an 80 °C hotplate for 20 min. Finally, the top electrodes

were formed by spray-coating square-patterned liquid metal Galinstan
(GaInSn) using a shadow mask.
2.6. Characterization. The surface morphology of the fabricated
FTE was investigated using a scanning electron microscope ( Hitachi
S-4800). The sheet resistance of the fabricated electrode was
measured using a four-point probe (Desk 205, MS Tech) with a
source measurement unit (Keithley 2400 SourceMeter). The current
density−voltage (J−V) characteristics of all of the fabricated devices
were measured using an AM 1.5G solar simulator and an
electrochemical analyzer (Ivium Technologies, Compact Stat.).

3. RESULTS AND DISCUSSION
3.1. Schematic Illustration of the Fabricated FTEs.
Figure 1a shows the developed FTE, which is composed of a
durable, highly ﬂexible transparent substrate (NOA63/CPI)
and highly conductive transparent conductors (EG-doped
PEDOT:PSS with Cr/Au metal grids). Therefore, it can be
used for fabricating recently spotlighted perovskite solar cells
and LEDs. The fabricated electrode is highly transparent,
ﬂexible, and conductive, as shown in Figure 1b,c. Although the
NOA63/CPI substrate provides high ﬂexibility and high
C
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Figure 3. Changes in the sheet resistance of the FTE with or without a metal grid, along with the results of repetitive bending tests at bending radii
of (a) 0.7 and (b) 0.5 mm, respectively. (c) Changes in the transmittance of our FTE after annealing at 180 °C for up to 2 h. The inset shows sheet
resistance vs annealing time with and without using the grid. (d) Changes in the sheet resistance of the FTE under diﬀerent chemical treatments.
(e) Surface morphology after a TiCl4 chemical bath deposition (CBD) process depending on the existence of coated CPI, measured using an
optical microscope (left) and an atomic force microscope (right). (f) Atomic force microscopy line proﬁles of the surfaces without (top) and with
(bottom) CPI, respectively.

3.2. Performance of the Fabricated FTE. To verify that
the performance of the FTEs depends on the materials and
structures used, their sheet resistance (Rsh) and transparency
were measured under various conditions.
Figure 2a shows the honeycomb structure of our metal grid.
In the ﬁgure, the window width (Ww), the frame width (Wf),
and the grid thickness (Wh) are deﬁned. As shown in Figure
S1, when the frame width of the metal grids was reduced to
less than 30 μm while keeping the opening ratio (OR) at
95.2%, the measured conductivity and its uniformity were
improved in a single electrode. As metal grids become ﬁner,
the carrier paths composed of EG-PEDOT:PSS for reaching
them become shorter. Thus, this leads to an increase in the
measured conductivity. In fact, as the window width (Ww)
becomes wider, the nonuniformity of the measured Rsh
increases because the distance between the four-probe
measuring unit and the metal grids depends on the
measurement position. To verify that the electrode performance varies with the thickness of metal grid, Rsh and the
transparency of the electrodes were measured as the thickness
of Au was varied while the grid design remained the same. In
these experiments, the thickness of Cr was ﬁxed at 3 nm,
whereas that of gold was changed. As expected, as the grid
thickness (Wh) increased and the sheet resistance of the FTE

durability, both the design of the metal grid and the doping
concentration of EG were optimized to achieve high
conductivity and transparency for ﬂexible optoelectronic
device applications. A FTE with high performance (Rsh < 30
Ω/sq, T550nm > 90%) and durability (processable temperature:
∼180 °C, ﬂexibility: 10 000 bending cycles at bending radius
<1 mm, acid resistance: 70 °C, pH 0.3) was realized through
these eﬀorts. A facile detaching process was also developed to
make the fabricated electrodes or devices freestanding by
exploiting the weak adhesion between PMMA and the NOA63
substrate. This allows the fabricated device and electrode to be
smoothly peeled oﬀ from the glass substrate at any desired
stage without using a chemical lift-oﬀ process that could
damage the device (Figure 1c). In addition, without PMMA,
the fabricated device would be damaged during the dry
detachment process because of the strong adhesion between
NOA63 and the glass substrate. Furthermore, owing to
modiﬁcations of the process made possible by the heat and
acid resistance of our FTE, some useful metal oxides (TiO2,
SnO2) could be directly grown on the FTE, as described in
section 3.4. Various applications, including FPSCs, LEDs, and
driving real-life devices, are shown below to demonstrate that
the FTE fabricated in this study can be used in practical
optoelectronic devices.
D
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delamination of the conducting polymers. We speculate that
the high ﬂexibility of the developed FTE can be attributed to
the thin (∼60 nm) metal grids used with better fatigue
resistance than thicker (>1 μm) ones.30,31 By using EGPEDOT:PSS, which has improved conductivity, even a very
thin grid could ensure a suﬃciently low sheet resistance for
device fabrication.
3.3.2. Thermal Stability of the Fabricated FTE. Another
notable advantage of the developed FTE is that it has excellent
durability at quite high temperatures. As shown in Figures 3c
and S3, the transparency and Rsh of the FTEs were measured
for annealing temperatures between 140 and 200 °C at
intervals of 30 min for 2 h. Their performance was maintained
even after annealing at 180 °C for 2 h. At 200 °C, however,
their transparency decreased with annealing time owing to the
denaturation of the NOA63 substrate, as shown in Figure S3b.
One noticeable phenomenon was that the use of EGPEDOT:PSS and metal grids at the same time prevented the
rapid degradation of the performance of the electrodes during
long annealing processes (see the insets of Figures 3c and S3).
Generally, when a PEDOT:PSS-based transparent electrode is
heated to temperatures above 120 °C, its conductivity is
lowered owing to oxidation.29 However, in the proposed
structure, even if PEDOT:PSS is slightly oxidized, it has almost
no inﬂuence on Rsh. We think that EG-PEDOT:PSS, with its
greatly improved conductivity, can facilely transfer carriers to
the metal grid even after high-temperature annealing.
The high thermal stability of our FTEs could be used to
successfully fabricate highly FPSCs, for which the growth of
SnO2 at 180 °C should be done without degradation of the
FTE, as explained in section 3.4.
3.3.3. Chemical Stability and Solution Processability of
the Fabricated FTEs. To investigate the chemical stability and
solution processability of the fabricated FTEs, their performance was measured after treating them with an acid solution at
room temperature (25 °C) and at a higher temperature (70
°C) for a certain time. As shown in Figure 3d, PET/ITO
electrodes lost their conductivity within 4 min in a 25 °C, pH
1.0 hydrochloric acid (HCl) aqueous solution because HCl
solutions rapidly etch ITO.11 However, the FTEs fabricated in
this study retained their performance for 1 h under the same
conditions and even in harsher conditions (70 °C, pH 0.3, 200
mM TiCl4 aqueous solution).
Because NOA63 can be plasticized by water,35 deformation
(wrinkles) occurs when a solution process is carried out for a
long period of time with a NOA63-only substrate, as can be
seen in Figure 3e(1). These wrinkles cause the quality of the
ﬁlm to deteriorate during further device fabrication steps
because wrinkles of several hundred nanometers in height
hinder uniform ﬁlm formation during the spin-coating
processes. Thanks to the CPI coating on the NOA63 surfaces,
the former of which has a high glass-transition temperature of
approximately 300 °C,41 the deformations mentioned above
were retrained eﬀectively [Figure 3e(2)]. Because of the
materials used in our electrodes, a simple and eﬀective solution
processability of FTEs was obtained here. Owing to their high
stability under harsh conditions, CBD of rutile TiO2 ﬁlms
could be conducted successfully, as shown in section 3.4,
which is suitable to the fabrication of high-performance
perovskite solar cells.
3.4. Modiﬁcation of the Fabricated FTE for Perovskite
Solar Cell Applications. To apply our FTE for the
fabrication of perovskite solar cells, we modiﬁed the electrodes

decreased, whereas the transparency remained almost unchanged, as shown in Figure 2b, because the thickness of the
grid does not aﬀect the OR of the metal grids. To evaluate the
performance of the FTEs, the ﬁgure of merit was calculated
using the following equation17,21
Figure of merit =

T10
R sh

(1)

where Rsh is the sheet resistance of the FTE and T is the
transmittance value of the FTE at 550 nm. Because the overall
transparency of the FTE is important in actual device
applications, the transparency of the substrate was also
included. Figure 2c shows that the developed FTE has a
higher ﬁgure of merit than commercial FTO glass and ITO/
PET electrodes. A 3/60 nm thick Cr/Au grid was adopted
because a suﬃciently low sheet resistance (∼30 Ω/sq) and a
high ﬁgure of merit (>12.5) could be obtained without
deteriorating the overall roughness and the thickness of the
FTE. Because of the wide width of the grid window, pristine
PEDOT:PSS (PH1000, 0.9 S cm−1)8 is not adequate as the
conductor of the window portion as shown in Figure 2d. To
solve this problem, EG was added to pristine PEDOT:PSS,
which increased the conductivity by about 3 orders of
magnitude by rearranging the molecules in the PEDOT:PSS
ﬁlm.27,28 For concentrations between 1 and 10 wt %, the
deviation of measured Rsh via repeated four-probe measurements was small, and the lowest Rsh was obtained at a doping
concentration of approximately 5 wt %. On the basis of these
observations, it can be conﬁrmed that the PEDOT:PSS plays
an important role as a transparent conductor of the window
portion that collects electrons and transports them to nearby
metal grids.
3.3. High Durability of the Fabricated FTE. 3.3.1. High
Flexibility of the Fabricated FTE. The major advantage of the
fabricated electrode is its super-ﬂexibility. To verify the
mechanical durability of the fabricated FTE, bending tests
were carried out at various bending radii ranging from 5 to 0.5
mm, as shown in Figures 3a,b and S2. As can be seen in Figure
3a, there was no noticeable change in sheet resistance even
after 10 000 cycles of repeated bending at an extremely small
bending radius of 0.7 mm when using the metal grid. Using
EG-PEDOT:PSS with a grid (ΔRsh,w/grid ≈ 5%) does
outperform using it without a grid (ΔRsh,w/o grid > 20%) for
its robust mechanical properties. This phenomenon can be
attributed to the honeycomb structure of the metal grids,
which prevents the propagation of cracking or peeling of the
grid and PEDOT:PSS.19,40 However, at r = 0.5 mm, the sheet
resistance increased rapidly after approximately 2000 bending
cycles because of the mechanical damages formed on the
ﬂexible electrode, as shown in Figures 3b and S2d. We believe
that this could be improved by optimizing the thickness of the
substrate in the future studies. These results show that the
mechanical strength of the fabricated FTE is much higher than
that of ITO/PET, which is large-domain damaged even after
100 bending cycles at a bending radius of 5 mm, as shown in
Figure S2c.
It is worth re-emphasizing that achieving such high ﬂexibility
is highly challenging owing to the inﬂuence of many factors. In
previous studies, it was reported that metal grid or conducting
polymer-based transparent electrodes were often damaged by
repetitive bending at bending radii of less than 3 mm.16,18 This
is mainly due to crack formation in the thick metal grids or the
E
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Figure 4. (a) Schematic illustration of the electrode modiﬁcation process. (b) SEM images of TiO2 grown on a Si substrate under TiCl4 treatment
conditions and the presence of a SnO2 layer. (c) Thickness of the grown TiO2 for diﬀerent TiCl4 solution concentrations and growth times. The
red arrow indicates the conditions selected for the fabrication of optoelectronic devices in this work. (d) Changes in electrode transparency over
the diﬀerent process steps described in (a).

of electron transport. To the best of our knowledge, this work
is the ﬁrst to report the use of SnO2 to enable TiO2 CBD on
ﬂexible substrates other than FTO.47,48 These results suggest
that such techniques can be used for various types of ﬂexible
transparent applications based on metal oxides.
At this stage, 6 nm thick titanium is deposited on the FTE
(process 1), especially for n−i−p-structured solar cell
applications, as shown in Figure 4a. In general, PEDOT:PSSbased electrodes are used as p-type electrodes because they
have a high work function (∼5.0 eV).49 In this study, however,
the work function of the FTEs was lowered by depositing
titanium with a relatively low work function.50 Then, the
growth of electron-transporting SnO2 and TiO2 resulted in the
fabrication of n-type FTEs through the process shown in
Figure 4a. Even though the deposition of a 6 nm thick Ti ﬁlm
causes signiﬁcant degradation in the transparency of the
electrode in the early stages of the process, as shown in Figure
4d, it was necessary to use that thickness considering the loss
of some Ti in subsequent SnO2 formation processes (process 2
and process 3 in Figure 4a). In the optimization process, the
initial thickness was adjusted to 6 nm so that ﬁnally 1−2 nm
thick titanium remained (Figure S5). After the growth of SnO2
(process 2 and process 3 in Figure 4a,d) was completed, the
transparency of the electrode was increased in two steps. The
ﬁrst step (process 2) is a UV/O3 treatment before the spincoating of a SnCl4 aqueous solution. This UV/O3 treatment,
which lasts 5−15 min, causes the oxidation of the Ti ﬁlm,51,52
turning the opaque Ti into transparent TiO2.53 The second
step (process 3) is a sintering process at 180 °C for 1 h after
coating with a SnCl4 solution. The formation of the SnO2 layer
through the sintering of SnCl4 occurs as follows46

on which the metal oxide could be grown, as shown in Figure
4a. Because the growth of metal oxide requires processes under
harsh conditions, such as high-temperature annealing at 180
°C for SnO2 (process 3) and acidic (pH 0.3) and solution
process at 70 °C for CBD of TiO2 (process 4), the high
durability of our fabricated FTE is energetically favored for
such harsh processes, in contrast to the conventionally used
ITO/PET electrodes. CBD (process 4) using TiCl4 is a simple,
low-temperature (∼70 °C) solution process for the direct
growth of rutile TiO2 thin ﬁlms on a substrate.42,43 However,
owing to the following two limitations, this process has been
mainly performed on rigid FTO (F:SnO2) glasses rather than
on the ﬂexible ITO/PET electrodes. First, approximately an
hour in a strong acid solution (pH 0.3) at 70 °C is required,
which may etch out ITO.11 Second, this process was tested
only on a FTO substrate because rutile TiO2 grows compactly
only when the substrate crystallinity is matched.42−44 In this
study, we found that rutile TiO2 can be grown compactly on a
nanocrystalline SnO2 layer,45,46 providing surface properties
similar to F:SnO2. Thus, rutile TiO2 CBD can be promoted
even on substrates other than FTO. Our scanning electron
microscopy (SEM) images, along with our X-ray diﬀraction
and X-ray photoelectron spectroscopy analyses, conﬁrmed that
TiO2 growth was promoted when the SnO2 layer was present,
as shown in Figures 4b, S6, and S8. By adjusting the
concentration of the TiCl4 solution and growth time, the
thickness and morphology of TiO2 grown via CBD can be
easily controlled, as shown in Figures 4c and S6. However, in
TiCl4 solutions with high concentrations (above 300 mM), the
TiO2 ﬁlm becomes very thick, causing cracking and peeling
and making it unsuitable for device fabrication (Figure S7). On
the basis of previous TiCl4 CBD studies on FTO electrodes,
we selected the optimal concentration of 200 mM. TiCl4
concentration determines the size of the grown rutile TiO2
crystals.43 It is worth mentioning that there have been several
reports on treating SnO2 with TiCl4 to improve the eﬃciency
F
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Figure 5. (a) Optical images of the fabricated FPSC (left) ﬁxed on a glass substrate and (right) freestanding. (b) Current density vs voltage curve
of the fabricated FPSC. The inset shows its steady-state current and power conversion eﬃciency (PCE). (c) Optical images of the bent FPSCs at
various bending radii. (d) Changes in solar cell performance vs bending cycle for diﬀerent bending radii.

measured under AM 1.5G illumination conditions at 25 °C
and are presented in Figure 5b. The fabricated FPSCs
exhibited hysteresis in the J−V curves with reverse and
forward sweeps. The Jsc, Voc, and FF values obtained from the
J−V curves in the reverse sweep mode were 17.6 mA·cm−2,
1.07 V, and 0.72, respectively, yielding a PCE of 13.6%. The
corresponding values obtained from the J−V curve in the
forward scan mode were 17.3 mA·cm−2, 1.02 V, and 0.62,
respectively, yielding a lower overall eﬃciency of 11.4%. The
hysteresis could be attributed to the planar device architecture
without a mesoporous TiO2 layer, which is not feasible for the
fabricated FTEs owing to the high annealing temperature of
500 °C used.56 Therefore, a stabilized PCE was estimated to
ﬁnd the real power output of the device by measuring the
steady-state photocurrent with the applied voltage at the
maximum power point in the inset of Figure 5b. A stable
steady-state photocurrent density of 14.5 mA·cm2 was
measured at Vmpp of 0.88 V under 1 sun standard conditions,
yielding a stabilized PCE of 12.7% for the FPSCs.
To conﬁrm the mechanical stability of the fabricated solar
cells, bending tests were performed for 2000 cycles at bending
radii ranging from 5 to 1.5 mm, as shown in Figure 5c,d. The
FPSC fabricated and used in this experiment maintained 93%
of its original PCE, 96% of its original Voc, 98% of its original
FF, and there was almost no change in Jsc even after 2000
cycles of bending at a very small bending radius of 1.5 mm.
From these results, we conﬁrmed that the fabricated FTE can
maintain its performance and mechanical durability even after
the complete fabrication processes of the perovskite solar cell.
These ﬁndings are rare, as very few studies have reported
highly FPSCs that can withstand repetitive bending at an
extremely small bending radius of 1.5 mm.7,57
3.5.2. Charging and Driving of Real-Life Devices Using
the Fabricated FPSCs. Next, we demonstrate that our FPSCs
can drive commercial devices. After attaching a FPSC onto the

SnCl4 + 4H 2O → Sn(OH)4 + 4HCl
Sn(OH)4 → H 2SnO3 + H 2O
H 2SnO3 + 2HCl → SnOCl 2 + 2H 2O

(2)

2+

We speculate that HCl and Sn ions generated in this
process might promote the oxidation of Ti. It is known that
hydrochloric acid solutions also etch Ti, but their etching rate
is too slow to account for the observed phenomenon.54
Therefore, it can be deduced that the presence of Sn2+ ions
accelerates the oxidation of Ti because the standard reduction
potential of Ti (E Ti/Ti
° 2+ = −1.63 V ) is smaller than that of Sn
=
−
0.13
V ).55 As a result, the FTEs fabricated in
(ESn/Sn
° 2+
this study could maintain a transparency corresponding to that
of FTO glass even after the modiﬁcation process, as shown in
Figure 4d.
3.5. Application. 3.5.1. Highly Flexible Perovskite Solar
Cells Based on the Fabricated FTEs. Organic−inorganic
perovskite-based solar cells are emerging as next-generation
ﬂexible photonic devices owing to their high optical eﬃciency
and their fair ﬂexibility.3,7,9 Here, highly FPSCs were
successfully fabricated using the developed FTEs with Ti/
SnO2/TiO2 multilayers, as shown in Figures 5a and S4. The
fabrication procedure is described in the section titled
Experimental Procedures. We used a mixed perovskite halide
material made of formamidinium lead iodide (FAPbI3) and
methylammonium lead bromide (MAPbBr3), which have
shown superior photovoltaic performance with high phase
stability.38 The FPSCs had an n−i−p device architecture,
namely, NOA63/CPI/Cr:Au mesh_EG-PEDOT:PSS/Ti/
SnO2/TiO2/(FAPbI3)0.95(MAPbBr3)0.05/spiro-MeOTAD/Au,
based on the suitable band energy alignments between each of
the layers, as shown in Figure S4.
The current density−voltage (J−V) curves and the steadystate photocurrent at maximum power for the FPSCs were
G
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deposition. As shown in Figure 7, we conﬁrmed that the
fabricated rectangular green LED was well lit in both ﬂat
(Figure 7b) and bent states (Figure 7c).

curved surface of a liquid crystal display (LCD) wristwatch, it
was connected to the LCD without a battery. As shown in
Figure 6a and Movie S1, under natural light, we observed that

4. CONCLUSIONS
A high-performance highly ﬂexible transparent electrode with
high mechanical and chemical durability was developed using a
NOA63/CPI substrate, a nanothick Cr/Au grid, and EGPEDOT:PSS. The fabricated FTE could withstand high
temperatures, strong acidic solution processes, and repeated
bending at an extremely small bending radius of less than 1
mm. Taking advantage of the durability of our FTEs, we
developed a modiﬁcation process for growing compact metal
oxide (SnO2, TiO2) layers on the FTE, which can be applied
for the development of optoelectronic devices. We demonstrated the fabrication of n−i−p-structured FPSCs using our
FTEs as n-type electrodes. Our fabricated FPSC maintained a
stable performance even after 2000 cycles of bending
deformations at a bending radius of 1.5 mm. Various
commercial devices were driven using our FPSCs, in addition
to the fabrication of a ﬂexible perovskite LED using our FTE.
Such demonstrations suggest that the developed electrodes
guarantee stable performance in real applications under various
environments. Our work gives rise to positive expectations for
better processability and an extensive range of material
selections for ﬂexible perovskite optoelectronic applications.

■

Figure 6. (a) LCD watch driven by our fabricated FPSC attached
onto its curved band in an outdoor/natural light environment. (left)
Display turned oﬀ by blocking and (right) display turned on by
illuminating the FPSC with sunlight. (b) (left) Charging of
supercapacitors using FPSCs and (right) driving a red micro-LED
(μ-LED) with supercapacitors charged with FPSCs.
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the LCD watch was driven stably by the FPSC. When the light
was blocked, the LCD watch stopped working, as expected.
Additional experiments were conducted to charge commercial
energy storage devices with the fabricated FPSCs, as shown in
Figure 6b. Two 3 F supercapacitors were connected in parallel
and charged to 0.9 V. Then, a red μ-LED was driven by the
charged supercapacitors. The LED maintained its maximum
brightness for approximately 7 min, as shown in Figure 6b.
3.5.3. Flexible Perovskite LED Based on the Fabricated
FTE. Finally, we demonstrate the application of our FTE to
photonic devices other than solar cells. Figure 7a shows the
structure of a green LED fabricated using our electrodes. A
simple, ﬂexible perovskite LED was fabricated by coating the
fabricated FTE with a perovskite-based luminescent material,
namely, PEO/MAPbBr3, and by forming the upper electrode
with a liquid metal (GaInSn) patterned into a square via spray

Figure 7. (a) Schematic illustration of the fabricated perovskite LED using the fabricated FTE. Optical images of a fabricated ﬂexible LED emitting
green light in (b) ﬂat and (c) bent states (r = 3 mm).
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