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A B S T R A C T

We here report methylammonium lead-iodide-based perovskite solar cells (psSCs) in which a TiO2 layer (a de-
facto electron transport layer of psSCs) is replaced with a layer of C60 evaporated onto indium tin oxide layers
covered with polyethylenimine ethoxylated (PEIE) layers. Unlike TiO2 layers requiring a high-temperature
sintering, C60 is deposited while the substrate is held at room temperature, making it compatible with various
plastic substrates for flexible psSCs. The PEIE layers are shown to play key roles, not only as an electron-
collecting interfacial layer but also as a surface modifier that helps maintain the integrity of the C60 layers during
spin-coating of the perovskite active layers. Using the proposed device architecture, we demonstrate flexible
psSCs that exhibit power conversion efficiency as high as 13.3% with low hysteresis.

1. Introduction

With the increasing awareness of environment pollution and energy
crisis, solar energy has been recognized as an important renewable
source of energy, which can be converted and stored through various
technologies such as photoelectrochemical cell, photocatalysis [1,2],
and photovoltaic (PV) cells. Organic-inorganic lead halide perovskite
solar cell (psSC) technology, in particular, has recently gained immense
attention as one of the most promising low-cost PV energy-generation
technologies [3–7]. With intensive efforts devoted to this emerging PV
technology, the power conversion efficiency (PCE) of psSCs has
dramatically improved from 3.8% [8] to 22.1% [9] in the past few
years. Growing highly crystalline perovskite photoactive layers was
shown to be a critical factor in realizing high-PCE psSCs. In addition,
most psSCs in a normal configuration, where the cathode is on the
substrate side, generally contain a hole blocking and electron trans-
porting layer (ETL) of compact and/or mesoporous titanium oxide
(TiO2) layers. These layers, however, require a high-temperature
around 450–500 °C for sintering process [8,10–12], making it challen-
ging to realize flexible psSCs. Initial efforts were thus made based on a
mesoporous-TiO2-free inverted planar geometry, in which “inverted”
refers to a case where an anode is placed on the substrate. Such trials

include a device geometry where a conducting polymer of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) or its
variant is used as a bottom hole-transporting buffer layer and fullerene
derivatives serve as a top electron transport layer [13–16].
Nevertheless, those flexible psSCs exhibited PCE < 10%; this may be
regarded consistent with the fact that the PCEs of the psSCs in an
inverted planar geometry have been found lower than those of the
psSCs in a normal geometry in most of the reports found in the
literature [17,18]. Note that having both flexibility and high efficiency
could be a critical feature that could differentiate psSCs from other PV
technologies. It would thus be highly beneficial to find an alternative
ETL processable at a temperature compatible with most plastic
substrates. It would be even better, if it could work with normal
geometry, in which a solution-based growth of high-quality perovskite
active layers could be possible without damaging the underlying ETL.
In this regard, various low-temperature processes were proposed for
ETL with normal geometry [7,19–21].

Another issue that is important in psSCs is the frequently observed
hysteresis behavior in their current density-voltage (J-V) hysteresis,
which leads to an undesirable PCE difference depending on voltage
scan direction and scan rate [22–25]. In general, low PCE due to
decrease in the fill factor is observed with forward scan (short-circuit to
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open-circuit), and a fast scan rate tends to increase the PCE difference
between forward and reverse scan (open-circuit to short-circuit)
[24,25]. Because of its significant practical implications, it is critically
important to make sure any new structure or layer configuration, at the
least, would not aggravate; but much better, would reduce or suppress
this hysteresis effect.

Here, we explore flexible psSCs in a normal geometry for which the
bottom ETL of TiO2 is replaced with evaporated C60, well-known in
organic electronics for its excellent electron transport properties
[26,27]. A previous report by Kim et al. [28] suggested that C60 can
work as an ETL also in the psSCs although it was demonstrated as an
ETL prepared on top of perovskite materials in fully vacuum-evapo-
rated psSCs. This left a question about whether it would also work as a
bottom ETL in psSCs with solution-processed perovskite layers. In a
recent report by Snaith and his coworkers [29], a solution-processed
C60 film was employed to replace a bottom TiO2 layer, suggesting that it
might be plausible. Recently, Yoon et al. [30] reported that thermally
evaporated C60 can indeed work as a bottom ETL, further corroborat-
ing the potential of C60 films as an alternative ETL. Nevertheless, the
typical two-step spin-coating method could not be used in both of these
studies; instead, the deposition of the lead iodide (PbI2) layer was done
via thermal evaporation in the former, and one-step spin-coating with
diethyl ether dripping method was used in the latter, both of which
were motivated mainly by a concern about partial dissolution of C60

films during spin-coating of PbI2. It would thus be helpful to develop a
device architecture that is based on C60 but can work with common
two-step spin-coating method as well.

In this study, it turns out that C60 layers deposited on a bare indium
tin oxide (ITO) layer are subject to damage during the spin-coating
process for methylammonium lead iodide (CH3NH3PbI3; MAPbI3)
based perovskite photoactive layers. However, those grown on ITOs
coated with polyethylenimine ethoxylated (PEIE) [31] are shown to
keep their film integrity. It is found that they work not only as ETLs and
but also as effective templates for growth of high-quality MAPbI3-based
perovskite layers. With this method, we demonstrate flexible psSCs
with efficiency as high as 13.3% and low hysteresis.

2. Experimental

A schematic device structure and energy band diagram
[13,30,32,33] of the proposed psSC device and the molecular structure
of key materials used therein are shown in Fig. 1(a)–(c), respectively. It

is based on a conventional psSC structure [34] except for the fact that a
thermally evaporated C60 layer is herein used as an ETL instead of
mesoporous TiO2 layers. As a photoactive layer, MAPbI3-based per-
ovskite films were prepared using the so-called two-step spin-coating
method [13], which consists of sequential spin-coating of PbI2 and
methylammonium iodide (CH3NH3I; MAI) solutions. For a cathodic
interfacial layer, PEIE film was inserted between ITO and the C60 layer
[31].

The PEIE solution was diluted by mixing PEIE (Sigma-Aldrich)
with 2-methoxyethanol to a weight concentration of 0.4 wt%, as
described by Zhou et al. [31]. Then, PbI2 (Sigma-Aldrich, 99%) and
MAI (1-Material, 99.5%) were dissolved in N,N-dimethylformamide
(DMF, Sigma-Aldrich, anhydrous, 99.8%) at a concentration of
462 mg/mL and 2-propanol (IPA, Sigma-Aldrich, anhydrous, 99.5%)
at a concentration of 20 mg/mL, respectively. The PbI2 solution was
placed on a hot plate held at 100 °C during the entire spin-coating
process. Next, 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-
spirobifluorene (spiro-OMeTAD, Derthon, 99.5%) was dissolved in
72.3 mg/mL chlorobenzene (Sigma-Aldrich, anhydrous, 99.8%). Then
28.8 μL/mL of 4-tert-butylpyridineand 17.5 μL/mL of lithium bis(tri-
fluoromethylsulphonyl)imide (Li-TFSI, Sigma-Aldrich) solution
(520 mg/mL Li-TFSI in acetonitrile, 99.8%) were added 30 min before
spin-coating.

ITO-coated substrates (AMG glass, 10 Ω/sq. for glass and PECF-IP,
Peccell Technologies Inc., 15 Ω/sq. for plastic substrates) were sequen-
tially cleaned by ultrasonication using detergent, deionized water,
acetone, and isopropanol for 20 min each. The ITO-coated plastic
substrates were based on polyethylene naphthalate (PEN; 200 µm in
thickness). Before the cleaning process, the half of ITO pre-coated on a
25×25 mm2 substrate was patterned out by wet etching process to later
define the device area by the overlapped area between ITO and metal
cathodes, which were typically about 0.1 cm2. The cleaned-substrates
were treated with air plasma (PDC-32G, Harrick Plasma) for 5 min. In
order to avoid bending during the spin-coating process, the flexible
PEN substrates were attached to a temporary carrier glass. The PEIE
solution was spin-coated onto a plasma-cleaned ITO substrate at
5000 r.p.m. for 55 s and annealed on a hotplate at 100 °C for 10 min,
in ambient air. The PEIE-coated ITO substrates were then loaded into a
vacuum thermal evaporator (HS-1100, Digital Optics & Vacuum, <
10-6 Torr) for deposition of the C60 (Nichem, 99.9%) ETL (25 nm
thick), which was shown to decrease to 15 nm after spin-coating of the
PbI2 solution. The C60-evaporated substrates were transferred to the
outside of the vacuum thermal evaporator for spin-coating of the
perovskite photoactive layers and hole transporting layers (HTLs)
[13,34]. Subsequently, PbI2 solution, heated to 100 °C, was spin-coated
on a C60 layer at 8000 r.p.m. for 30 s, and then annealed on a hotplate
at 100 °C for 5 min. After the substrates were cooled to room
temperature (RT), the MAI solution was spin-coated at 3000 r.p.m.
for 30 s and annealed at 100 °C for 5 min. After annealing, a dark
brown MAPbI3 film was formed. Spiro-OMeTAD solution was then
spin-coated onto the MAPbI3 perovskite layer at 4000 r.p.m. for 20 s
and dried without any additional thermal annealing. Spin coating and
annealing of the PbI2, MAI, and spiro-OMeTAD layers were all done
inside an environment-controlled chamber, which was maintained at
relative humidity (RH) of 30%. These samples were then loaded into
the vacuum thermal evaporator for deposition of the silver (Ag, Ulet,
99.99%) layers as top anodes.

The J-V characteristics were measured with a sourcemeter unit
(Keithley 2611A) under 100 mW/cm2 illumination (AM1.5G) from a
spectral response system (CEP-25ML, Bunkoukeiki) with the uniform
irradiation area larger than 27×27 mm2. The irradiance of the incident
light was verified periodically using a calibrated Si photodiode (BS-
520BK, Bunkoukeiki). Measurements of J-V proceeded under the
following conditions: voltage scan step of 10 mV, and scan delay time
of 50 ms between measurement points (scan rate of 0.2 V/s) for reverse
scan (from open-circuit to short-circuit) and forward scan (from short-

Fig. 1. (a) Schematic device structure and (b) energy band diagram of the proposed
perovskite solar cell (psSC). (c) Molecular structure of the materials used in this work.
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circuit to open-circuit). External quantum efficiency (EQE) was mea-
sured using a spectral response system (CEP-25ML, Bunkoukeiki) in
direct current mode with the regulated irradiance of 50 μW/cm2 for all
the wavelengths used. During the measurements, devices were kept
inside a compact vacuum chamber, which had a quartz window for
light illumination. PV measurements were done using an aperture,
which has a shape and area close to (but smaller than) those of the
samples. The electrochemical impedance spectroscopy (EIS) was
carried out with a built-in frequency response analyzer (FRA)-equipped
electrochemical workstation (ZIVE SP1, WonATech), under AM1.5G
illumination from the spectral response system (CEP-25ML,
Bunkoukeiki) at three different forward bias of 0 V, 0.5 V, and open-
circuit voltage (Voc) with the frequency ranging from 1 MHz to 1 Hz
(AC amplitude of 10 mV). Measurement results were fitted using
ZMAN EIS analysis software to obtain equivalent circuit and resistive
parameters of psSCs. The bending-cycle test of psSC was done with a
custom-made cyclic bending tester in which one can adjust the number
of bending cycles and the radius of curvature [35]. Raman spectra near
the pentagonal pinch mode Ag(2) [36] (wavenumber range between
1300 and 1500 cm-1) were taken using a Raman Spectroscopy System
(LabRam ARAMIS, Horiba Jobin-Yvon) having an Ar-ion laser source
(514.532 nm, 10 mW). X-ray diffraction (XRD) measurement for the
perovskite thin films was done with a multi-purpose, thin-film X-ray
diffractometer (D/MAX-2500, Rigaku) equipped with a Cu Kα
(λ=0.15418 nm) X-ray tube operated at 40 kV and 300 mA with a scan
step of 0.01° and scan range of 10–50°. X-ray photoelectron spectro-
scopy (XPS) measurements were performed with a Sigma Probe
spectrometer (Thermo Scientific) equipped with a micro-focusing
monochromatic X-ray source (Al Kα, 1486.7 eV). The pressure in the
analysis chamber was around 10-9 Torr and energy resolution was
0.47 eV. To eliminate the surface charging effects, all spectra were
calibrated to their corresponding C 1s core level of 285.3 eV as a
reference [37]. Analyses of XPS peaks were performed with an
XPSPEAK4.1 program.

3. Results and discussion

Fig. 2(a), showing the film morphologies of PbI2 films spin-coated
on C60, does indicate that it will be challenging to use C60 alone as a
bottom ETL in the two-step spin-coating method. From both optical
microscope and SEM images, one can easily tell that there are severe
spatial non-uniformities in C60/PbI2 films. This suggests that the
integrity of the C60 film was compromised during spin-coating of
PbI2 solution on its top, which is consistent with the concern raised
earlier [29]. This is in contrast with results reported in another work by
Ke et al. [38], in which there was no problem using C60 as a bottom ETL
together with spin-coating of PbI2 solution. However, our result points
out that using C60 alone makes psSCs based thereon vulnerable to
severe device-to-device variations associated with spatial non-unifor-
mities in the C60/PbI2 films. Such tendencies have very important

implications in terms of device fabrication and operation because
formation of high-quality PbI2 is a prerequisite for eventual growth
of the PV-quality perovskite layers in the two-step spin-coating process.

Contrary to the results obtained with the sample in which C60 was
grown directly on ITO, spin-coating of the PbI2 solution over ITO with
PEIE was shown to yield uniform PbI2 films (Fig. 2(b)). More
importantly, existence of PEIE on ITO was shown to enable growth
of uniform PbI2 films on top of the C60 as well (Fig. 2(c)). This indicates
that C60 could work as an ETL in the two-step spin-coating method if it
was used in combination with PEIE. It is also noteworthy that PEIE
would work as a cathodic buffer layer as well [31], which is relevant to
the normal geometry of psSCs. PEIE was shown to enhance device
lifetime when used as an electron-selective buffer layer as a result of
oxide passivation that tends to reduce trap-assisted interfacial recom-
bination [32,39]. The photographs of the samples before and after
spin-coating of PbI2 layers, further support the assertion that the spin-
coating process causes severe damage, particularly to C60 layers grown
directly on the bare glass part of the ITO-coated glass substrate, in
which half of the ITO layer is etched out to define the active area of the
device (see Fig. S1 in the Supplementary material for details). The
fraction of the damaged and delaminated mixture of C60 and PbI2 then
moves towards C60/PbI2 on ITO during the spin-coating process. This
leaves some areas without any C60 and PbI2, or with a larger amount of
them than surrounding areas, both of which cause non-uniformity in
the active region.

Independent experiments done with spin-coating of DMF, the
solvent of the PbI2 solution, indicate that DMF influences underlying
C60 layers in two ways. It first dissolves away a part of the C60 layers,
and also damages the C60 layers where they do not strongly adhere (i.e.,
those on a glass substrate in this case). This tends to yield fractures in
the film (see Fig. 3(a)–(c)). Thin-film optic calculations [40] done to fit
the experimental transmittance spectra of the C60 films before and after
DMF spin-coating, indicate that 11–12 nm of the C60 film is dissolved
by DMF in both ITO/C60 and ITO/PEIE/C60 cases. Even with this
partial dissolution of the C60 layers, molecular characteristics of C60

were relatively intact by the solution process used in this work, as it can
be seen from Raman spectra of C60 layers in both ITO/C60 and ITO/
PEIE/C60 cases (Fig. S2). Moreover, those with PEIE maintained
spatial uniformity over the entire area of the substrate, as it can be
seen from the clear appearance of the samples, and from the similarity
of microscopic morphologies of C60/PEIE on ITO-coated and bare-
glass parts measured, respectively, with atomic force microscopy
(AFM) (Fig. S3). Both of these results illustrate that C60 used in
combination with PEIE may still remain uniform and thick enough,
even with a partial dissolution, to work properly as ETLs in the
proposed psSCs.

Note that having uniform C60/PbI2 layers would not be meaningful
unless a high-quality CH3NH3PbI3 perovskite film could be grown on
top of them by additional spin-coating of CH3NH3I solutions. X-ray
diffraction (XRD) data shown in Fig. 4(a) confirm that the film integrity

Fig. 2. Optical microscope and surface SEM images after formation of PbI2 film by spin-coating and annealing on top of (a) ITO/C60, (b) ITO/PEIE, and (c) ITO/PEIE/C60.
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and spatial uniformity of the C60/PbI2 layers grown on ITO/PEIE is
indeed beneficial for growth of highly crystalline, pure CH3NH3PbI3
perovskite films. Moreover; the XRD data obtained from the perovskite
films formed on top of ITO/PEIE/C60/PbI2 not only show well-defined
peaks consistent with previous reports [41–43], but also are free from
the peaks associated with unreacted PbI2. This is in clear contrast with
the cases where perovskite films formed on top of ITO/PEIE/PbI2 or
ITO/C60/PbI2; both of which show diffraction peaks associated with
PbI2, which would work as nothing but impurities in devices.

The characteristics of the perovskite films were further studied by
the XPS spectra (Fig. 4(b)–(d)). Two different core levels for C 1s and
Pb 4f7/2 are shown in details in Fig. 4(c) and (d), respectively. Other
core-level spectra for I 3d5/2, N 1s and O 1s are also presented in Fig.
S4. All of the binding energy (BE) values for main peaks well coincide

with previous reports [37,44]. The C 1s spectra show two different
chemical states at the BE of 285.3 eV and 286.6 eV. The higher BE peak
is assigned to the methyl group present in the perovskite materials (i.e.
CH3NH3

+), which indicates the transition from PbI2 to CH3NH3PbI3
[44]. In spite of less intensity than the values reported in previous
works [37,44], the C 1s core-level peak at 286.6 eV of the perovskite
film with ITO/PEIE/C60 is more intense than that of perovskite films
with ITO/PEIE or ITO/C60, indicating that the perovskite film with
ITO/PEIE/C60 indeed resulted in better-quality CH3NH3PbI3 perovs-
kite films than the other cases. The overall intensity drop compared
with previous report can be attributed to air-annealing effect [45],
which coincide with our XPS spectra of C 1s core-level. In the case of
Pb 4f7/2 core-level spectra, two chemical states are shown at the BE of
138.6 eV and 136.9 eV. The higher BE peak is attributed to the Pb-I
bonding or Pb(OH)2 [44,45]. The second peak with the energy
difference of 1.7 eV at the lower BE is assigned to the metallic lead
(Pb°), which is considered to be induced by the reduction of Pb2+ due to
the chemical reaction during the annealing process or by X-ray source
damage during the measurement [45–48]. The metallic lead species
are likely to act as non-radiative recombination centers which interrupt
PV operation due to the existence of iodide vacancies in the perovskite
film lattice [47]. The metallic lead peak is reduced in the perovskite film
with ITO/PEIE/C60, indicating that iodide vacancies in the crystal
lattice were also reduced when both PEIE and C60 were present.
Formation of small, densely packed perovskite crystals can also be seen
from the SEM images of the perovskite films formed on top of ITO/
PEIE/C60/PbI2 (Fig. S5).

Fig. 5(a) presents the J-V characteristics of psSCs with the
electrode/ETL configurations under study (See Table 1 also for
summary of PV performance parameters.). Almost negligible PCEs
were observed for psSCs with ITO/PEIE, but without C60. This can be
regarded as a consequence of (i) the absence of the hole-blocking
function that could be expected from C60 in the other devices, and/or of
(ii) the presence of PbI2 impurities. Both of the devices with evaporated
C60, on the other hand, exhibited measurable PV characteristics. In
particular, the best-performing device with ITO/PEIE/C60 showed PCE
higher than 14% under illumination of simulated AM1.5G (1 Sun),
while that with ITO/C60 showed a PCE of approximately 7–8%. The
trend in J-V characteristics and corresponding PV parameters - mainly
short-circuit current density (Jsc) and PCE - is also well reflected in the
EQE spectra shown in Fig. 5(b), which shows the best performance for
psSCs with ITO/PEIE/C60 and the worst for ITO/PEIE.

Most of all, psSCs with ITO/PEIE/C60 exhibit very little hysteresis
between forward scan (FS; short-circuit to open-circuit) and reverse
scan (RS; open-circuit to short-circuit) directions, which is often
problematic in psSCs [22–25]. With the scan rate of 0.2 V/s (voltage
scan step=10 mV; delay time=50 ms), the hysteric index (HI) [49]
defined by (JRS−JFS)/JRS at V=0.5 Voc is estimated to be merely 0.029
for the best-performing ITO/PEIE/C60-based psSC, while it is 0.089 for
the best-performing ITO/C60-based psSC (Fig. 5(a)). In addition, the
ITO/PEIE/C60-based psSCs are shown to exhibit little change in their
PCE and low-hysteresis characteristics regardless of scan rate from 1 to
0.01 V/s (voltage scan step of 10 mV, delay time of 10–1000 ms). This
is in contrast with the case of the ITO/C60-based psSCs (Fig. S6) that
exhibit relatively large dependence of the performance on the scan rate.
The reason for the appearance of low but non-zero hysteresis, although
it is still much lower than TiO2-based psSCs [22–25], is attributed to
the spiro-OMeTAD layer, which can reportedly contribute to J-V
hysteresis to some extent [50].

To further understand the electrical characteristics of psSCs, photo-
EIS measurement has been carried out. Two capacitance steps ob-
served in low and intermediate frequency have been reported and well
interpreted recently by many other groups [50–52]. Especially, the
low-frequency capacitance (CLF) was suggested as electrode polariza-
tion caused by outer contact charging, presumably originated by ion
interfacial accumulation, which causes the observed current hysteresis

Fig. 3. Photograph of x/C60 films on ITO-coated or bare glass parts before and after
spin-coating of DMF solution with x being (a) nothing and (b) PEIE, respectively. The
rectangular regions indicated by the red dashed line correspond to x/C60 films on ITO-
coated parts and those indicated by the black dash-dot line correspond to x/C60 films on
bare glass parts. (c) Ultraviolet to visible (UV–Vis) transmittance spectra with optical
simulation data, based on the thin-film optic calculation called transfer-matrix formalism
(TMF) [40]. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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[49,51,53,54]. Photo-EIS results shown in Fig. 5(c) reveal that ITO/
PEIE/C60-based psSCs have lower CLF at all of the applied bias
conditions than do ITO/C60-based psSCs, consistent with the observed
low HI of the proposed psSCs. At first glance, it seems that psSCs
without C60 have much lower CLF than psSCs with PEIE/C60 at low
frequency (~1 Hz). However, this is a misinterpretation because the
capacitance inflection point, near the dipole polarization in intermedi-
ate frequency, shifted from 1 kHz for psSCs with PEIE/C60 to 10 Hz for
the psSCs without C60. This implies that another capacitance inflection
point, where the electrode polarization is transformed to the dipole
polarization (near 10 Hz for psSCs with PEIE/C60), also moves to lower
frequency by 2 orders of magnitude for psSCs without C60, indicating
that the electrode polarization is much faster by reducing chemical
interactions between PEIE/C60 and iodide ions in perovskite so that
low-hysteresis characteristics are observed for the psSCs with PEIE/C60

[50].
Fig. 5(d) shows the Nyquist impedance plots of psSCs in Fig. 5(c),

which can be fitted by the equivalent circuit in the inset where Rs, R1

and R2 represent a series resistance due to contact and wires, a charge
transfer resistance at the perovskite interface, and an interfacial
recombination resistance, respectively [20,55–57]. Here, two clear
semicircles were observed, one in the high-frequency (low Z′) and
the other in the low-frequency related to R1 and R2, respectively. The
resistance values are summarized in Table S1. The ITO/PEIE/C60-
based psSCs show lower values of Rs and R1 but almost the same value
of R2 as ITO/C60-based psSCs. ITO/PEIE-based psSCs show the
highest value of R1, suggesting that ITO/PEIE/C60-based psSCs show
more efficient charge transfer among all of the different psSCs. These
results provide a plausible reason why ITO/PEIE/C60-based psSCs
could have an increased fill factor (FF) while maintaining the same Voc

as ITO/C60-based psSCs.
Furthermore, the characteristics of psSCs with ITO/PEIE/C60 turn

out to be much more reproducible and consistent than those of the

PEIE-free counterparts. The PV properties of the devices with ITO/
PEIE/C60, obtained at RS [FS] for 35 devices from four different
batches, have a relatively narrow distribution with the following
average values: Jsc of (19.1 ± 1.24 mA/cm2) [(19.0 ± 1.22) mA/cm2];
Voc of (1.000 ± 0.022 V) [(0.995 ± 0.020) V]; FF of 0.68 ± 0.04 [0.67 ±
0.05]; and PCE of (13.0 ± 0.9)% [(12.7 ± 1.1)%] (see Fig. S7 for the J-V
characteristics of all the devices tested.). Such good reproducibility is in
strong contrast with the case of ITO/C60-based psSCs, which exhibit
quite a wide spread in their characteristics. All the results shown above
illustrate the importance of synergetic collaboration between PEIE and
C60, which serves as a low-temperature processable cathodic buffer/
ETL and, at the same time, enables consistent and uniform growth of
CH3NH3PbI3 by the two-step spin-coating process. In addition, the
psSCs based on ITO/PEIE/C60 was found to hold their performance
well, with a simple face-seal encapsulation [58], even after exposure to
ambient air at relative humidity of 50 ( ± 10)% (Fig. S8). Details on
encapsulation structure will be published elsewhere.

By taking full advantage of the proposed psSC, flexible psSCs were
tried using ITO-coated PEN substrates. The proposed, flexible psSCs
were shown to exhibit a PCE as high as 13.3%, and a HI value of 0.016
(Fig. 6(a); Table 1 for performance summary and Table 2 for
comparison with the previous works in the literature), comparable to
that of glass-based counterpart reference-psSC, and their device
characteristics were also found to be reasonably reproducible (Fig.
S9). Slightly lower PCE of the flexible psSC than that of the glass-based
cell is attributed mainly to the transmittance of the PEN/ITO substrate
that is lower than that of the glass/ITO substrate. This results from the
high refractive index of PEN [59] increasing the reflectance at air/PEN
interface and from its relatively large absorption in the spectral range
350–400 nm (See the inset of Fig. 6(b)). The effect of absorption in
blue-UV range can also be seen from their EQE spectra, shown in
Fig. 6(b) (see also Fig. 5(b) for comparison.). Therefore, it might be
possible to further improve the performance of flexible psSCs by

Fig. 4. (a) X-ray diffraction (XRD) patterns of CH3NH3PbI3 perovskite films grown on the electrode/ETL combinations under study. X-ray photoelectron spectroscopy (XPS) spectra of
the same: (b) overview; (c) C 1s and (d) Pb 4f7/2 core-level spectra.
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replacing PEN using plastic substrates with higher transmittance, or by
adopting a simple antireflection coating. In addition, the proposed
flexible psSCs were found to hold their performance well even after
repeated bending at radii of curvature of 7.5 and 10 mm, which
corresponds to flexural strain of 1.3% and 1% for the 200 µm-thick
PEN substrate used in this work, respectively (Fig. 6(c) and (d)). After

1000 bending cycles at strain of 1% and 1.3%, devices maintained over
90% and 80% of their initial PCE, respectively. The observed degrada-
tion of cell performance at a higher strain is attributed to the limited
flexibility of ITO electrode, which is consistent with the previous
reports [20,35].

Fig. 5. (a) Current density-voltage (J-V) characteristics of the best performing devices: psSCs on the electrode/ETL combinations under study. J-V characteristics obtained at reverse
scan (RS) and forward scan (FS) for the psSCs with ITO/PEIE/C60 and ITO/C60. (b) External quantum efficiency (EQE) spectra of each of the psSCs in (a). (c) Bode plot of the real part of
the capacitance (=C′) obtained from impedance spectroscopy at three different applied bias (0 V, 0.5 V, and Voc) for the psSCs under one sun illumination. Inset shows the capacitance at
low frequency (1–10 Hz). (d) Complex plain impedance plots for the psSCs at open-circuit state under one sun illumination. Symbols are the measured results and dash-dot lines
correspond to the simulation results of fitting the equivalent circuit model as inset.

Table 1
Photovoltaic properties obtained at forward scan (FS) and reverse scan (RS) for the best performing devices with various electrode/ETL combinations (100 mW/cm2, AM1.5G, voltage
scan step=10 mV, delay time=50 ms).

Substrate Electrode/ETL Scan direction Jsc [mA/cm2] Voc [V] FF PCE [%] Hysteric indexa

Glass ITO/PEIE FS 0.66 0.398 0.16 0.04 –

RS 0.68 0.584 0.20 0.08
ITO/C60 FS 18.7 1.011 0.39 7.4 0.085

RS 18.8 1.011 0.43 8.2
ITO/PEIE/C60 FS 19.9 1.009 0.73 14.7 0.029

RS 20.1 1.017 0.70 14.4
PEN ITO/PEIE/C60 FS 18.0 1.016 0.70 12.8 0.016

RS 17.9 1.020 0.73 13.3

a The hysteric index was calculated by (JRS−JFS)/JRS at V=0.5 Voc [49].
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Fig. 6. (a) J-V characteristics of the best performing psSC on ITO/PEIE/C60 structure with reference glass and flexible PEN substrate as inset photograph. (b) EQE characteristics of
flexible psSC with inset graph of total transmittance for reference glass/ITO and flexible PEN/ITO substrates. (c) Photograph of the proposed flexible psSC placed on a custom-made
cyclic bending tester under tensile strain. (d) Normalized PCE of the flexible psSCs devices as a function of bending cycles with bending radii of 7.5 and 10 mm as inset photograph. Data
points in at a given cycle correspond to the values obtained from the devices (up to five in total) from a given 1″-by-1″ sample. (For interpretation of the references to color in this figure,
the reader is referred to the web version of this article.)

Table 2
Summary of the recent works on flexible perovskite solar cells.

Geometry Substrate Selective contact Perovskite layer PCE Article

Normal (n-i-p) PET/ITO TiO2 ALD/TiO2 UV and spiro-OMeTAD MAPbI3−xClx 7.4% [21] Giacomo et al. Adv. Energy Mater. (2015)
PEN/ITO bl-TiO2/PCBM and PTAA MAPbI3 11.1% [22] Ryu et al. J. Mater. Chem. A. (2015)
PEN/ITO TiOx and spiro-MeOTAD MAPbI3−xClx 12.2% [20] Kim et al. Energy Environ. Sci. (2015)
PEN/ITO Li:SnO2 and spiro-MeOTAD MAPbI3 14.8% [60] Park et al. Nano Energy (2016)
PET/ITO am-TiO2 and spiro-OMeTAD MAPbI3−xClx 15.1% [61] Yang et al. Energy Environ. Sci. (2015)
PEN/ITO C60 and spiro-MeOTAD MAPbI3 15.5% [30] Yoon et al. Energy Environ. Sci. (2016)
PEN/ITO ZnO and PTAA MAPbI3 15.6% [62] Heo et al. J. Mater. Chem. A. (2016)
PET/ITO ss-IL and spiro-OMeTAD MAPb(I0.85Br0.15)3 16.1% [63] Yang et al. Adv. Mater. (2016)
PEN/ITO ZSO ECL and PTAA MAPb(I0.9Br0.1)3 16.5% [19] Shin et al. J. Phys. Chem. Lett. (2016)
PEN/ITO PEIE/C60 and spiro-OMeTAD MAPbI3 13.3% This work

Inverted (p-i-n) PET/ITO SOHEL2 and PCBM MAPbI3 8.0% [13] Lim et al. Adv. Mater. (2014)
PET/ITO PEDOT:PSS and PCBM MAPbI3−xClx 9.2% [16] You et al. ACS Nano (2014)
PEN/ITO NiOx and PCBM MAPbI3 13.4% [64] Yin et al. ACS Nano (2016)
PET/Ag-mesh/PH1000 PEDOT:PSS and PCBM MAPbI3 14.2% [65] Li et al. Nat. Commun. (2016)
PEN/ITO PhNa-1T and PCBM MAPbI3 14.7% [66] Jo et al. Adv. Funct. Mater. (2016)
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4. Conclusions

In this study, efficient CH3NH3PbI3-based perovskite solar cells
(psSCs) were demonstrated by adopting C60 evaporated onto PEIE-
coated ITO as an electron transporting layer (ETL) instead of meso-
porous TiO2. The PEIE layer not only served as an interfacial electron
collecting layer, but also played a key role by preventing the integrity of
C60 films from being undermined during the perovskite formation via
the two-step spin-coating process. This additional benefit allowed for
the growth of uniform perovskite layers free from unreacted PbI2
impurities. This led to efficient, low-hysteresis solar cells with sig-
nificantly improved reproducibility. We then took advantage of the
opportunity provided by the low process temperature of the proposed
structure to demonstrate efficient flexible psSCs that exhibited PCE as
high as 13.3%, which differed from the PCE of glass-based control cells
essentially by difference in the transmittance of the substrates. Given
its simplicity and compatibility with the relatively well-established two-
step perovskite forming process, the proposed method is likely to speed
up the realization of highly efficient flexible solar cells.
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