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ABSTRACT: Solar cells with a structure of ITO/ZnO/CH3NH3PbI3/
graphite/carbon black electrode were fabricated by spin coating at ambient
conditions. PbI2 thin films were converted into CH3NH3PbI3 perovskite by
reacting with CH3NH3I in solution. The incorporation of electrochemically
exfoliated graphite improved the fill factor, open circuit potential and short
circuit current density. The best device yielded 10.2% power conversion
efficiency.
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■ INTRODUCTION

To achieve broad application of solar cells as a significant
energy source, a balance between cost, stability and efficiency
must be reached. Rapid evolution of lead halide perovskite solar
cells, specifically by increasing power conversion efficiency,
brought new potentials for their practical applications.1−4 Lead
halide perovskite materials were first used as dyes in liquid dye-
sensitized solar cells in 2009.4 A breakthrough in perovskite
solar cells was achieved when the first solid-state mesoscopic
heterojunction perovskite solar cell was built in 2012.5,6 Planar
heterojunction perovskite solar cells were further developed in
2013.7,8 Power conversion efficiencies of mesoscopic hetero-
junction and planar heterojunction perovskite solar cells have
exceeded 18%, while the most recent, verified perovskite solar
cell efficiency is as high as 20.1%.9−12 An important problem
that needs to be addressed is how to decrease the
manufacturing cost as well as improve the stability of the
solar cells. Current perovskite solar cells often require high
temperature processed TiO2,

13 expensive fullerene derivatives,9

or other unstable organic materials as electron/hole collecting
layers,11,14 and expensive rare metals (eg, silver or gold) as
electrodes.9,11 Also, the manufacturing process often requires
high vacuum conditions and an oxygen free atmosphere. These
factors add to the high manufacturing cost and thus hinder the
widespread application of the solar cells.
Recent developments of carbon based perovskite solar cells

have significantly reduced the manufacturing cost.15−17 Carbon
black and graphite have suitable work functions (about −5.0
eV) and can serve as a hole collecting electrode.13,18 These
solar cells often employ FTO/TiO2 (dense layer)/TiO2 or

ZrO2 (mesoporous layer)/CH3NH3PbI3/carbon structures and
require high temperature processing of TiO2.

13,18 In contrast,
ZnO compact layers can be easily prepared by spin coating
ZnO nanoparticles at room temperature without heat treatment
steps. Currently, ZnO based planar perovskite solar cells have
achieved 15.7% efficiency.19 The manufacturing cost can be
further reduced by using ZnO as an n-type material in carbon
based perovskite solar cells.
Another way to reduce the manufacturing cost is to optimize

the solar cell structure. Perovskite solar cells utilize planar and
mesoporous structures. Mesoporous structures are more
favored because they prevent the direct contacts between
cathodes and anodes. These structures also improve the
electron injection, thereby minimizing the hysteresis effect.20

In contrast, planar structures are simpler to manufacture
because they do not need the additional mesoporous layer.
Further simplification can be achieved by eliminating a
dedicated hole transport layer. In this case, pinhole free
perovskite films are required to avoid short circuits. It is well
recognized that the quality of perovskite films plays an
important role in achieving high efficiency solar cells in both
planar and mesoscopic structures.7,21−23

In our previous work, a simple, reliable and scalable method
for the fabrication of high quality CH3NH3PbI3 thin films at
room temperature based on the reaction of PbI2 films with a
saturated solution of CH3NH3I in 2-propanol/cyclohexane was
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developed.24 Here, this method, together with other solution
processing methods were used to fabricate efficient planar
perovskite solar cells. A planar ITO/ZnO/CH3NH3PbI3/
carbon electrode structure was selected to minimize the
fabrication cost. These solar cells were built at ambient
conditions at room temperature without a vacuum and inert
atmosphere. This low cost method provides opportunities for
the development of commercially viable perovskite solar cells.

■ EXPERIMENTAL SECTION
Materials. Fluorine doped tin oxide (FTO) glass (∼7 Ω/sq) and

indium tin oxide (ITO) glass (8−12 Ω/sq) were received from Sigma
and Delta Technologies, LTD, respectively. Cyclohexane (Alfa Aesar,
HPLC grade), 2-propanol (J. T. Baker, HPLC grade), N,N-
dimethylformamide (DMF) (Sigma-Aldrich, 99.8%), sodium sulfate
(Fisher Scientific, certified ACS grade), ammonium sulfate (Sigma-
Aldrich, 99.0%), graphite rod (Alfa Aesar, 99%) and acetylene carbon
black (50% compressed) (Strem Chemicals) were used as received.
Methylammonium iodide, lead iodide and zinc oxide nanoparticles
were synthesized following previously reported methods.24

Instrumentation. UV−vis extinction spectra were measured using
a Shimadzu UV-2501 PC spectrophotometer. Electrochemical
exfoliated graphite flakes were further dispersed in a VWR 750D
ultrasonic cleaner. Powder X-ray diffraction (PXRD) data was
collected using a Rigaku Ultima IV X-ray diffractometer with Cu Kα
radiation (λ = 1.5418 Å) at 25 °C. Imaging and thickness
measurements were performed using a AIST-NT SmartSPM-1000
atomic force microscopy (AFM) instrument operating in AC mode.
Electron microscope images were obtained with an H-9500 trans-
mission electron and an S-4800 field emission scanning electron
microscopes (Hitachi). A Laurell WS-400B-6NPP-Lite Manual
Spinner was used for spin-coating. PXRD pattern simulation was
performed on Mercury 3.3 software by using a tetragonal
CH3NH3PbI3 single crystal structure (a = 8.849(2) Å, c = 12.642(2)
Å and space group I4cm).25 The current−voltage curves of solar cells
were measured by using an electrochemical workstation (CH
Instruments, CHI440) with linear sweep voltammetry. The solar
cells were illuminated by an in-house built solar simulator equipped
with a Mega-9 AM1.5G filter at a calibrated intensity of 100 mW cm−2.
The effective area of the solar cell was defined as 0.49 cm2 with a
nonreflective metal mask. The standard deviation was calculated from
the measurements of eight solar cells. The impedance measurements
were performed using Solartron analytical 1470E cell test system by
applying a 0.015 V sinusoidal signal over the constant applied bias and
the frequency range from 0.5 Hz to 100 kHz.
Electrochemical Exfoliation of Graphite. Mixtures of graphite

particles and graphene sheets (from here on called graphite
suspension) were obtained from electrochemically exfoliated (EE)
graphite by a modified literature method.26 Briefly, cathode and anode
graphite rods were placed into Na2SO4 or (NH4)2SO4 (0.50 mol L−1,
800 mL) electrolyte solution at a distance of 2.0 cm. Electrochemical
exfoliation was carried out at 5 °C by applying 10 V between the two
graphite rods. After complete disintegration of the anode, the EE
graphite was obtained in the form of a fluffy precipitate that was
collected via vacuum filtration. The EE graphite was then washed three
times with deionized water and two times with ethanol followed by
dispersing in ethanol (30 mL). NaBH4 (300 mg, 7.93 mmol) was
added to the above suspension, and the reaction mixture was stirred at
room temperature for 2 h. The EE graphite was collected by the
vacuum filtration followed by washing three times with deionized
water and two times with ethanol. A mixture of the EE graphite and 4-
methyl-2-pentanone was sonicated at room temperature for 40 min.
Following the centrifugation at 460g for 30 min to remove large
particles, the supernatant containing ∼0.8 mg mL−1 of graphite was
used to fabricate all solar cells.
Solar Cell Fabrication. Devices were fabricated under an ambient

environment. ITO coated glass substrates (1.5 cm × 2.5 cm) were
masked by Scotch tape and etched by a mixture of 2.0 mol L−1 HCl
and zinc powder. The substrates were then rinsed with 18 MΩ water

followed by sonication in acetone, ethanol and water for 15 min in
each solvent. The substrates were further cleaned by air plasma for 10
min. The substrates were coated with ZnO nanoparticles by spin-
coating from CHCl3/n-butanol suspension at 3000 rpm for 30 s. The
spin coating was performed three times to obtain uniform films.
Perovskite films were made according to previously described
procedure.24 PbI2 (3.0 g) was dried in a vacuum oven at 120 °C for
20 min and dissolved in anhydrous DMF (6.0 mL) at 70 °C without
stirring. It was found that stirring degraded the quality of the
CH3NH3PbI3 films by introducing pin holes, possibly from micro-
scopic debris produced during the stirring process. After cooling to
room temperature overnight, the PbI2 solution was heated again at 70
°C for 2 h and then cooled to room temperature. After the second
heating and cooling cycle, about 10 mg of insoluble precipitate was
formed at the bottom of the container and further removed and
discarded. The supernatant solution was used for spin coating. The
purification process of PbI2 solution reduced the formation of pin
holes in CH3NH3PbI3 films. 100 μL of PbI2 solution was dropped onto
glass/ITO/ZnO substrates multiple times until the solution
completely covered the surface. After waiting 2 min, the substrates
were spun at 3000 rpm for 3 min under a continuous flow of clean air.
After drying in air, the substrates were immersed for 5 h into
CH3NH3I saturated solution in 5/95 (v/v) 2-propanol/cyclohexane.
The graphite layer was fabricated by spin coating of the graphite
suspension in 4-methyl-2-pentanone. 100 μL of the suspension was
delivered drop by drop at the rate of one drop per 15 s onto a
substrate spinning at 1000 rpm. To make the direct electrical contact
to the ITO substrate, all layers were removed from a small area by
wiping with cotton swabs wetted in acetone and, separately, 2 M HCl
aqueous solution. Acetylene carbon black was used to improve
electrical contact between graphite layer and the top electrode that was
either FTO coated glass, copper or any other metal. For convenience
purposes, flat FTO coated glass was mainly used as the top electrode
for the devices reported here. The entire structure was mechanically
clamped together with two binder clips.

■ RESULTS AND DISCUSSION

Electrochemical exfoliation is an effective method for
disintegrating bulk graphite. The resultant EE graphite can be
dispersed in appropriate solvents to produce a suspension
containing a mixture of graphite particles and graphene
sheets.26 Graphene sheets prepared by this method were
shown to exhibit hole mobility of ∼310 cm2 V−1 S−1.26 The
high hole mobility supports the efficient hole extraction from
semiconductors, thereby increasing the power conversion
efficiency in solar cells. The electrochemical exfoliation of
graphite rods was performed in a two electrode system in
Na2SO4 and (NH4)2SO4 electrolytes. It was found that the
concentration of Na2SO4 affected the yield of EE graphite. After
various concentrations (0.10, 0.25, 0.50, 0.75 and 1.0 mol L−1)
were tested, 0.5 mol L−1 was found to be optimal and was used
throughout the studies. The same concentration of (NH4)2SO4
consistently yielded 4−5 times less graphite particles and
graphene sheets. The exfoliation at lower temperature
produced graphite suspensions with higher concentrations of
graphite particles and graphene sheets. Several solvents such as
dimethylformamide (DMF), acetone, ethyl acetate, chloroben-
zene, 1,2-dichlorobenzene, 2,4-dimethyl-3-pentanone, cyclo-
pentanone and 4-methyl-2-pentanone were tested to optimize
the graphite suspension. The EE graphite was dispersed in each
solvent by sonicating for 15 min at room temperature followed
by centrifuging at 460g. Only DMF and 4-methyl-2-pentanone
produced stable graphite suspensions after the centrifugation,
whereas the other solvents gave a clear supernatant and a black
precipitate. Even though the DMF suspensions contained
higher concentrations of graphite particles and graphene sheets,
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4-methyl-2-pentanone graphite suspensions were used in the
device fabrication, because DMF dissolved CH3NH3PbI3.
When this suspension was spin-coated onto CH3NH3PbI3

films and heated at 60 °C for 5 min, the color of the films
changed from deep brown to yellow. The graphite was not
expected to interact with CH3NH3PbI3, therefore the color
change was ascribed to the oxidation of I− to I2 by oxidizing
groups that were present on the surface of the graphite and
produced during the anodic exfoliation of graphite rods. The
oxidization reaction was confirmed in an independent experi-
ment, in which NaI solution exposed to EE graphite in 4-
methyl-2-pentanone produced a strong absorption peak at 358
nm due to I3

−.27

The stability of CH3NH3PbI3 films was significantly
improved after the EE graphite was treated with NaBH4 prior
to dispersing in 4-methyl-2-pentanone. The films remained
brown after heating for 15 min at 100 °C. SnCl2 was also tested
as a possible reductant for EE graphite, but this treatment
rendered graphite indispersible in 4-methyl-2-pentanone. To
characterize the morphology of the graphite after the treatment
with NaBH4, the suspension was drop-casted on a silicon wafer
and imaged with AFM. As can be seen in Figure 1, the majority

of graphite was in the form of nanoparticles with a small
amount of two-dimensional graphene sheets. The thickness of
the majority graphene sheets was measured to be less than 10
nm with less than 30 atomic layers in the sheet. This
morphology was quite different from that previously reported
in similar exfoliation experiments, in which the yield of
graphene (≤3 layers) in excess of 85% was observed.26 The
apparent discrepancy could be from the fact that graphite rods
were used in this study instead of graphite sheets used in the
referenced work.
The devices were fabricated by the sequential deposition of

ZnO, perovskite, graphite and carbon black layers on ITO
substrates, as described in Experimental Section. The thickness
of ZnO and CH3NH3PbI3 layers was previously optimized,19

and no further optimization was required in this study. The
formation of the perovskite films was confirmed by XRD
(Figure 2a).6 AFM and SEM images revealed compacted and
uniform films with 21 nm RMS roughness (Figure 2b and
Figure S2a of the Supporting Information). The band-edge

absorption for CH3NH3PbI3 was observed at 783 nm (Figure
2c). The total absorption of the glass/ITO/ZnO/
CH3NH3PbI3/graphite structure increased after spin-coating a
graphite layer and reached the instrument saturation level at
wavelengths shorter than 475 nm (Figure 2c). The graphite
layer completely covered the surface of the CH3NH3PbI3, as
was confirmed by AFM and SEM (Figure 2d and Figure S3a of
the Supporting Information).
Both forward and reversed scans of ITO/ZnO/

CH3NH3PbI3/carbon black/FTO solar cell (without graphite
layer) produced a short circuit current density (Jsc) more than
15 mA cm−2 but a low fill factor (FF) (Figure 3). The open
circuit potential (Voc) in the reverse and forward scans was
measured to be 0.91 and 0.80 V, respectively, indicating a
strong hysteresis effect previously also observed for planar
perovskite solar cells.28,29 Even though the mechanism of the
hysteresis effect is not completely understood, it is often
ascribed to the deficient extraction of carriers leading to
complex charging/discharging phenomena as well as the
residual polarization associated with structural changes in the
perovskite material.20,28−33 Wojciechowski et al. have mini-
mized the hysteresis effect by improving the electron injection
into TiO2 at the interface with CH3NH3PbI3−xClx.

29 In our
case, the hysteresis could be due to the phenomena at both
ZnO/CH3NH3PbI3 and CH3NH3PbI3/ (graphite) carbon black
interfaces; however, improving FF and the efficiency is more
important for the operation of the cell. Good efficiencies and
FF were previously demonstrated in perovskite solar cells with
ZnO as an electron extraction layer,19 Therefore, the low
efficiency and FF observed for ITO/ZnO/CH3NH3PbI3/
carbon black/FTO solar cell was ascribed to be due to the
interface between CH3NH3PbI3 and carbon black.
The optimization of the interface was made by inserting a

layer of graphite between CH3NH3PbI3 and the carbon black
electrode. In method B (Table 1), the thickness of the graphite
layer was increased relative to that in method A by spin-coating
twice the amount of the graphite suspension. No significant
improvement was observed of the cell characteristics including
the power conversion efficiency (PCE), indicating that the
charge collection efficiency of the thinner graphite layer was
already at its maximum. In method C, the graphite layer was
first deposited onto a PbI2 film followed by converting lead
iodide into perovskite to give an in situ converted device. It was
previously reported that the efficiency of perovskite solar cells
significantly increased when candle soot was deposited on PbI2
prior to converting into perovskite.18 The characteristics of our
in situ converted devices did not change significantly except of
the apparent decrease of the hysteresis. Voc, Jsc and FF for the
reverse and forward scans were consistently closer to each
other. In method D, the graphite suspension prepared by the
electrochemical exfoliation in (NH4)2SO4 electrolyte was used.
Not only the (NH4)2SO4 electrolyte produced lower yields of
the graphite suspension, the performance of the devices was
slightly inferior to that of devices made with Na2SO4 graphite
suspensions. The stability of the devices made by method A was
examined by storing them at the ambient atmosphere and in a
desiccator at room temperature for two months. The devices
stored at the ambient atmosphere exhibited yellowing and the
significant performance degradation. Storing in the desiccator
resulted in a slight decrease of the average PCE from 7.3 ±
0.8% to 6.7 ± 0.6% as measured in the reverse scan at 0.01 V
s−1. These results indicate that the structure is inherently stable
providing that moisture is eliminated. Additional packaging and

Figure 1. AFM image of graphite treated with NaBH4 and drop-casted
on a silicon wafer from 4-methyl-2-pentanone suspension. Inset:
height profile along the white line.
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sealing the devices is required when solar applications are
considered.
J−V curves of solar cells are commonly measured by applying

a compensating potential that is scanned from zero to a
potential slightly larger than Voc. The scan direction of the
compensating potential has a noticeable effect on the
performance of the devices reported here, but the effect was
smaller from that previously reported for the similar
structures.20,28−33 The hysteresis was studied as a function of
the scan rate and scan direction, revealing different hysteresis

for different structures (Figure 4 and Table 2). The apparent
performance of a device improved and the hysteresis decreased
as the scan rate increased. The short circuit current, Jsc, also
increased with the scan rate, especially in the reverse scan. The
best device fabricated in this work showed increased Voc to
0.960 V in the reverse scan from 0.915 V in the forward scan.
Also, reverse scans always yielded higher fill factors. On the
basis of these results, it seems more appropriate to report
device characteristics as measured in the reverse scan with a
slow scan rate starting from a potential close to Voc because the
system is expected to be more in equilibrium.
Electrochemical impedance spectroscopy (EIS) can poten-

tially provide insights into charge transfer processes across
interfaces in solar cells. EIS data is often fit into an equivalent
electrical circuit, and great effort is made to assign each element
in the circuit to a specific charge transfer process in the device.
Here, we took a different approach, in which EIS spectra from
two different structures, specifically devices with and without
graphite layer, are compared to each other using Nyquist plots
(Figure 5). Such relative comparison allowed us to focus only
on perovskite/graphite electrical contact that was determined
to have the largest effect on the overall performance of the
studied devices. The spectra were acquired at 0 and 0.550 V
forward potential bias from 0.5 Hz to 100 kHz with 0.015 V
potential modulation. The latter bias was selected because it
was in the same region where all tested devices produced the
maximum power. The devices without the graphite layer
(carbon black was directly deposited onto the perovskile layer)
exhibited two characteristic semicircle-like features. The radius
of the first, high frequency circle corresponded to the electron

Figure 2. (a) XRD spectrum of a CH3NH3PbI3 film on glass/ITO/ZnO substrate, XRD spectrum of the glass/ITO/ZnO substrate and simulated
XRD spectrum of tetragonal CH3NH3PbI3. Diffraction peaks at 14.02°, 19.97°, 24.55°, 28.52°, 31.68°, 40.51° and 43.11° were assigned as the (110),
(020), (022), (220), (222), (040) and (330) planes of tetragonal perovskite, respectively. (b) AFM image of a CH3NH3PbI3 film on glass/ITO/ZnO
substrate (c) UV−vis spectra of CH3NH3PbI3 and CH3NH3PbI3/graphite films on glass/ITO/ZnO substrates. (d) AFM image of the graphite film
on a glass/ITO/ZnO/CH3NH3PbI3 substrate.

Figure 3. J−V curves of a glass/ITO/ZnO/CH3NH3PbI3/carbon
black/FTO solar cell measured at 0.01 V s−1 scan rate. Forward scan
was from 0.0 to 1.0 V and the reverse scan was from 1.0 to 0.0 V.
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transfer resistance through ITO/ZnO/perovskite and carbon
black/back electrode (Figure 5). This assignment was made
based on largely unaltered Nyquist plots for all devices in this
frequency region as well as the fact that these layers were the
same for all devices. The electron transfer exhibited both
capacitive and resistive characters due to the polarization of the
corresponding interfaces and the finite electron transfer rates
through the interfaces and materials. The similar assignments
were previously made for other solar cells.34,35 As expected, the
overall electron transfer resistance dropped at 0.550 V bias
relative to that at zero bias for devices without the graphite
layer (Figure 5).
When the graphite layer was incorporated into devices,

dramatic changes in the Nyquist plots were observed in the low
frequency region. The overall electron transfer resistance
increased by more than an order of magnitude at zero bias

but dropped back to the previous values when 0.550 V bias was
applied. The increase of the resistance was likely due to the
initial formation of a poor electrical contact between the
perovskite and graphite layers. This contact was substantially
improved when the bias was applied. It is well-known that
electrical contacts could exhibit large resistance at low applied
potential differences but became highly conductive when the
potential difference is increased. Besides, the resistance at zero
bias is not important for the device operation because these
devices are intended to operate under internal bias around
0.550 V.
A region of the negative capacitance can also be seen in the

Nyquist plot at 0.550 V bias in the frequency range between 3
and 225 Hz (Figure 5). The region of the negative capacitance
implies the inductive-like behavior characterized by the current
lagging the applied potential. There is no firm consensus
among explanations of the negative capacitance observed in
solar cells. The ionic conductivity is often involved for the
explanation;34 it is also known that Schottky and p−n-junctions
can exhibit inductive-like behavior.34,36,37 A common factor in
these cases is the presence of nonohmic (nonlinear)
conductivity. The incorporation of graphite between the
perovskite and carbon black layers created two interfaces:
graphite/carbon black and perovskite/graphite. Both interfaces
acted as resistors and, when a bias was applied, the current
produced a potential drop and polarization across each
interface. Whereas the first interface is expected to behave as
a liner resistor, the second one could exhibit a nonlinear

Table 1. Device Characteristics for Solar Cells Prepared with Different Deposition Methods of the Graphite Layera

method scan direction Voc (V) Jsc (mA cm−2) FF PCE (%)

A reverse 0.94 ± 0.02 12.9 ± 2.0 0.61 ± 0.11 7.3 ± 0.8
forward 0.86 ± 0.02 20.1 ± 0.7 0.38 ± 0.04 6.7 ± 0.9

B reverse 0.95 ± 0.01 14.1 ± 1.4 0.54 ± 0.06 7.2 ± 0.3
forward 0.84 ± 0.01 21.4 ± 0.8 0.37 ± 0.01 6.6 ± 0.3

C reverse 0.91 ± 0.04 12.3 ± 2.1 0.58 ± 0.05 6.4 ± 0.8
forward 0.88 ± 0.02 15.2 ± 2.4 0.45 ± 0.03 6.0 ± 0.9

D reverse 0.92 ± 0.01 11.6 ± 0.7 0.54 ± 0.02 5.8 ± 0.6
forward 0.88 ± 0.01 17.9 ± 1.1 0.37 ± 0.01 5.8 ± 0.6

aSolar cell structure ITO/ZnO/CH3NH3PbI3/graphite/carbon black electrode. Na2SO4 was used as the electrolyte to exfoliate graphite in methods
A, B and C; (NH4)2SO4 was used as the electrolyte in D. 100 μL of graphite suspension was spin-coated on the CH3NH3PbI3 film in A and D; 200
μL of the suspension was used in B. In C, 100 μL of graphite suspension was spin-coated on a PbI2 film followed by converting to CH3NH3PbI3.
Device characteristics were measured at scan rate of 0.01 V s−1. Forward scan was from 0.0 to 1.0 V, reverse scan was from 1.0 to 0.0 V.

Figure 4. J−V curves of planar perovskite solar cell, ITO/ZnO/
CH3NH3PbI3/graphite/carbon black electrode, measured at scan rates
0.01 and 0.10 V s−1. Forward scan was from 0.0 to 1.0 V, reverse scan
was from 1.0 to 0.0 V.

Table 2. Best Device Performance under Different Scan
Conditionsa

scan rate
(V s−1)

scan
direction

Voc
(V)

Jsc
(mA cm−2) FF

PCE
(%)

0.01 reverse 0.945 13.6 0.67 8.6
0.10 reverse 0.960 21.3 0.50 10.2
0.01 forward 0.875 20.4 0.45 8.1
0.10 forward 0.915 20.5 0.50 9.4

aForward scan was from 0.0 to 1.0 V, reverse scan was from 1.0 to 0.0
V.

Figure 5. Nyquist plots of perovskite solar cells made with (method
A) and without a graphite layer as measured in dark at 0 and 0.550 V
forward bias. Inset: zoom in of the low impedance region. Arrows
indicate points, at which the corresponding curves start to deviate from
each other.
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resistance: the resistance becomes a function of the passing
current.36 This nonlinear resistance could result from ions in
perovskite moving in and out the interfacial region when the
polarization changed.38 It is expected that, when AC potential is
applied to such system, the current will lag the applied potential
leading to the inductive-like response and the negative
capacitance. It was previously shown that ions can move in
the perovskite under applied bias.38 The fact that the negative
capacitance was seen at low frequencies indicated a slow
process that could be associated with the ionic conductivity in
the perovskite.

■ CONCLUSION
A simple, potentially low cost method based on benchtop wet
chemistry for fabricating efficient perovskite solar cells with a
structure of ITO/ZnO/CH3NH3PbI3/graphite/carbon black
electrode is described. All films were deposited by spin coating
under ambient conditions without heat treatment. The
structures did not have a designated hole-transport layer;
instead an electrochemically exfoliated graphite layer increased
the power conversion efficiency by improving the electrical
contact between perovskite and the hole collecting electrode.
The best device demonstrated a PCE of 10.2%, Voc of 0.960 V
and Jsc of 21.3 mA cm−2 as measured at a 0.10 V s−1 scan rate.
The reported method presents more opportunities for
achieving a low cost perovskite solar cell.
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