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ABSTRACT: Inverted planar heterojunction perovskite solar cells employing
different polymers, poly{[N,N′-bis(2-octyldodecyl)-1,4,5,8-naphthalene diimide-
2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} (N2200), poly{[N,N′-bis(alkyl)-1,4,5,8-
naphthalene diimide-2,6-diyl-alt-5,5′-di(thiophen-2-yl)-2,2′-(E)-2-(2-(thiophen-
2-yl)vinyl)thiophene]} (PNVT-8), and PNDI2OD-TT as electron-transporting
material (ETM) have been investigated for the first time. The best device
performance was obtained when N2200 was applied as the ETM, with JSC of
14.70 mA/cm2, VOC of 0.84 V, and fill factor (FF) of 66%, corresponding to a
decent power conversion efficiency (PCE) of ∼8.15%. Which is very competitive
to the parameters (JSC 14.65 mA/cm2, VOC 0.83 V, FF 70%, and PCE 8.51%) of
the reference device employing conventional PCBM as the ETM. The slightly
lower FF could be mainly accounted for by the increased recombination in the
polymer contained devices. This work demonstrated that polymeric materials can
be used as efficient ETM in perovskite solar cells, and we believe this class of polymeric ETMs will further promote the
performance of perovskite photovoltaic cells after extended investigation.
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1. INTRODUCTION

As light absorbers, compared to other conventional photo-
voltaic active materials, perovskite organo-lead halide com-
pounds (e.g., CH3NH3PbX3, X = I, Br, and Cl) possess the
following advantages: direct optical band gap, broad range of
light absorption extending over visible to near-infrared region,1

and high extinction coefficient,2 as well as low exciton bonding
energy3 and long diffusion length.4,5 Moreover, organo-lead
halide perovskite can behave in ambipolar characteristics for
carrier transport and work well with organic carrier transporting
materials to form a hybrid heterojunction (i.e., perovskite
functions as “donor” material like in donor−acceptor polymer/
organic planar and bulk-heterojunction solar cells) and generate
an efficient photovoltaic effect.6 Hence, organo-lead halide
perovskite solar cells have shown promising performances7−10

and are increasingly becoming the focus of photovoltaic
research.
In 2009, Miyasaka et al.11 pioneered the first perovskite solar

cell based on mesoporous TiO2 photoanode where the
CH3NH3PbX3 (X = I, Br) was used as sensitizer. Only
moderate performance (η = 3.81%) and poor stability of device
were obtained due to the dissolution issues of perovskite in the
electrolyte. To overcome the stability problem, in 2012, Park et
al.1 reported a new solid-state mesoscopic solar cell employing
(CH3NH3)PbI3 perovskite as the light absorber and spiro-
MeOTAD film as the hole-transporting layer, and dramatically
improved the device stability compared to the (CH3NH3)PbI3-

sensitized liquid7 junction cells. With similar device fabrication,
many efforts7−9,12−16 mainly focused on the absorber layer,
such as two-step process7 and vapor deposition8 have been
reported, which led to high power conversion efficiency (PCE)
over 15% and good reproducibility of planar heterojunction
perovskite solar cells. In addition, at the beginning of 2014,
solvent-engineering technology17 was developed to form
uniform and dense perovskite film, and PCE of 16.15% was
certified for solution-processed perovskite solar cell. Very
recently, by using modified ITO substrate and yttrium-doped
TiO2 as ETM, Yang et al.18 achieved a new PCE record of
∼19.3%, with a planar geometry.
Since Park et al.1 and Snaith et al.19 reported the new solid-

state mesoscopic perovskite solar cell in 2012, it has attracted
great attention, achieved much progress, and shown great
potential as a renewable energy strategy for real application.
However, big issues are still there, and huge efforts are still
needed to simplify the fabrication and further promote device
performance and stability. For example, most of the above-
mentioned perovskite devices require high temperatures (up to
500 °C) to sinter compact or mesoporous TiO2 (or other
similar metal oxides), which makes the fabricating process
complicated and infeasible for flexible/plastic substrate. And the
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existence of mesoporous structure of the TiO2 (or Al2O3 and
ZrO) coated substrates can cause the pore-filling problem,
which could degrade the performance, lower the stability and
even damage the device.8,19

To overcome those issues for perovskite solar cells to
approach the practical application target, some efforts have
been made by researchers. As part of it, and inspired by the
concepts, ideas, and achievements in OPV studies, in 2013,
Jeng et al.20 presented a hybrid perovskite solar cell using ITO/
PEDOT:PSS substrate as the anode, a planar heterojunction
(PHJ) CH3NH3PbI3 perovskite/fullerene (C60) as the active
layer and aluminum as the cathode (which is later termed as
inverted structure by Snaith21). Promising device performance
with PCE of 1.6% was obtained, and which was elevated to 2.1
and 2.4% when PCBM and ICBA were used respectively to
replace the fullerene as their higher lowest unoccupied
molecular orbital (LUMO). It demonstrated the formation of
the donor−acceptor interface at the CH3NH3PbI3 perovskite/
organic-material contact, and the modulation of the perform-
ance by varied LUMO levels of the acceptor. Almost at the
same time, by using the similar architecture, Lam et al.22

reported a PCE of 7.4%, with a sequential-deposition/two-step
method fabricated perovskite film. After that, Snaith et al.21

introduced a thin compact TiOx film to modify the interface
between PC61BM and Al electrode and used CH3NH3PbI3−xClx
as the absorber, and achieved a high PCE of 9.8%. By
coevaporating PbI2 and MAI to prepare the perovskite film and
inserting an electron blocking (polyTPD) layer between
perovskite and PEDOT:PSS, Bolink et al.10 pushed the PCE
to 12% and with high open circuit voltage (VOC) of 1.05 V.
With similar device configuration, some other works focusing
on the interface modification,23 additives,24,25 controlling of the
growth and crystallization of perovskite,26−29 and so on, have
also delivered decent efficiencies over 10%. And very recently,
even higher PCE (over 16%) for inverted perovskite solar cell
has been achieved.30

However, until now, only a few organic small molecules, such
as fullerene, PCBM and ICBA, have been demonstrated to be
effective as ETMs in perovskite solar cells with this inverted/or
similar architecture, which is still in a very beginning stage.
Organic polymers, as far as we know, have never been used as
ETM in such perovskite solar cells or with similar
configurations, although huge amount of organic polymers as
ETM or acceptor in organic solar cell have been confirmed and
excellent results have been achieved. Given the abundant
acceptor polymer materials, their easy tunable properties,
flexible fabrication processes, and potential ability to generate
extra current density for perovskite solar cell, it is worth
exploring and making use of ideal polymeric materials as ETM

in perovskite solar cells to promote the perovskite solar cell
technology.
In the present work, we introduce polymer N2200 as the

ETM in inverted solid state hybrid perovskite solar cells
employing CH3NH3PbI3−xClx as the light absorber and
PEDOT:PSS as the hole-transporting material (HTM). As
polymer N2200 possesses high electron mobility, strong light
absorption extending to near-infrared regime31 and compatible
HOMO/LUMO levels to the perovskite.32−34 The obtained
perovskite solar cells display fair performances, with PCE over
8% and even approaching 9%, under simulated AM 1.5G
irradiation (100 mW/cm2). In addition, to further examine the
universality of the class of polymeric materials as ETM in such
perovskite solar cells, two other polymers PNVT-833 and
PNDI2OD-TT34 have also been investigated with the same
device configuration and decent device performances are
obtained as well (PCE 7.47%, and 6.47%, respectively). The
model organic small molecule PCBM is used to fabricate the
reference devices. As far as we know, this is the first report to
introduce organic polymer as ETM in inverted perovskite solar
cell since small molecule materials have been used as ETM in
perovskite solar cells. We hope this provides a new direction to
utilize organic polymers in inverted perovskite solar cell to
improve this photovoltaic technique.

2. RESULTS AND DISCUSSION

Inverted planar heterojunction perovskite solar cell config-
uration: ITO/PEDOT:PSS/CH3NH3PbI3−xClx/Polymer/
ZnO/Al (Figure 1a) was employed, with PEDOT:PSS as the
HTM, perovskite CH3NH3PbI3−xClx as the absorber, polymer
as the ETM and aluminum as the cathode. A thin ZnO film
(∼20 nm) mainly as electron transport layer was applied as it
could further improve the device performance. According to
the previous reports,31 the LUMO level of the three polymers
are around −3.9 eV, while the HOMO levels are from −5.6 to
∼ −5.8 eV, which are similar to the LUMO/HOMO levels of
PCBM and matched well with the energy levels of the prepared
perovskite CH3NH3PbI3−xClx, indicating that they can be used
as suitable ETMs for this pervoskite solar cell. Together with
PEDOT:PSS and electrodes, the energy level alignment was
depicted in Figure 2. Perovskite CH3NH3PbI3−xClx film was
prepared by a one-step procedure according to reference 21.
Crystallization of the perovskite film at different annealing
temperatures (80, 90, and 100 °C) was investigated separately.
Dark brown films were obtained after annealing for 30 min.
The optimized result was obtained at an annealing temperature
of 90 °C as tetragonal perovskite phase without seeing the PbI2
diffraction peak. The X-ray diffraction (XRD) pattern is shown
in Figure 3. The strong diffraction peaks at 14.22 and 28.53°
can be assigned to planes (110) and (220) of the CH3NH3PbI3

Figure 1. (a) Schematic of the inverted planar perovskite solar cell configuration consisting of a structure of ITO/PEDOT:PSS/CH3NH3PbI3−xClx/
ETM/ZnO/Al. Cross-sectional SEM images of the optimized device configuration with (b) PCBM and (c) N2200 as ETM.
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phase, indicating the formation of perovskite structure. When
annealed at a temperature of 80 or 100 °C for 30 min, a weak
diffraction peak appears at 12.44°, corresponding to the
existence of PbI2. This is consistent with the previous report35

that at lower temperature, the existence of PbI2 results from the
incomplete reaction, while at higher temperature the formation
of additional PbI2 is due to the reaction PbCl2 + 3CH3NH3I →
PbI2 + CH3NH3I + 2CH3NH3Cl. Thus, the optimal annealing
temperature of 90 °C has been applied to all the perovskite
devices.
First, with a fixed perovskite layer (around 120 nm), the

optimized thickness of the polymeric ETM N2200 was
determined to be ∼80 nm (Table S1, Supporting Information).
Then we fixed this thickness (80 nm) for the N2200 ETM film,
and further optimized the perovskite layer again (Table 1). In
this way, the best device performance was observed when a 170
nm perovskite film and a ∼80 nm N2200 film were used, with a

current density (JSC) of 14.7 mA/cm
2, a VOC of 0.84 V and a fill

factor (FF) of 66%, corresponding to PCE of 8.15%. Other
perovskite films with thickness decreased or increased (typical
140 and 200 nm) provided lower device performance. In detail,
the 140 nm perovskite device provided slightly lowered PCE of
7.18% with reduced JSC of 13.74 mA/cm2. And the 200 nm
perovskite delivered a more depressed PCE of 6.61% as the
much lowered FF (55%), which could be partially attributed to
the increased carrier recombination and/or the rougher
interface surface in/of the thick perovskite layer cast by a low
spin-coating speed (Figure S1, Supporting Information). For
comparison, we fabricated a reference device with PCBM as the
ETM with the same architecture and with the same perovskite
film thickness (170 nm), which provided better device
performance with PCE of 8.51%, as the increased FF 70%,
compared to the N2200-based device. Similar results were
observed when the perovskite film thickness was changed, but
still a bit better than those relative N2200 ETM based device
(Table 1). The optimized J−V curves of the devices based on
N2200 and PCBM ETM are presented in Figure 4a. In
addition, we fabricated a device consisting of the same
perovskite film and N2200 film, but without the ZnO layer,
which delivered much lower device performance compared to
the corresponding device with the ZnO layer (Table 1). We
also fabricated a device without either the N2200 or the ZnO
layer; however, no working device was obtained (Table S2,
Supporting Information). It is worth noting that, occasionally,
maximum PCE values of 9.47 and 8.78% were recorded (Table
2) for the PCBM- and N2200 ETM-based devices, respectively,
in our experiment. All the above device parameters were
recorded with a conventional scan direction from negative to
positive bias at a scan rate of 0.1 V s−1. Opposite scan direction
was also applied to measure the J−V curves to analyze the
photocurrent hysteresis properties (Figure S4, Supporting
Information) and our perovskite solar cells do not show
photocurrent hysteresis.
The cross-sectional scanning electron microscope (SEM)

images of the optimal devices are shown in Figure 1. The SEM
images show that the thickness of the perovskite, PCBM, and
N2200 layer is about 170, 60, and 80 nm, respectively. The
external quantum efficiency (EQE) measurements were carried
out for the optimized devices using N2200 and PCBM ETM
respectively. The obtained curves are shown in Figure 4b. The
JSC calculated by integrating the EQE curve with an AM 1.5G
reference spectrum is within 5% deviation compared to the
measured JSC. Note that the JSC and VOC obtained from the
N2200 and PCBM-based devices are similar and the difference
between their PCEs is mainly caused by the different FFs.
Considering the tiny difference between the LUMO energy
levels of N2200 and PCBM (Figure 2), it should not account
much for the low FFs. However, the much lower HOMO level
of PCBM compared to N2200 could account for its high FF, to
some extent, because it is more effective for hole-blocking. And
the much larger series resistance (Table 2) observed for the
N2200 device could well explain the low FF.
To sum up, with polymer N2200 as the ETM in the inverted

planar heterojunction perovskite solar cell, decent device
performances have been delivered, demonstrating that organic
polymer N2200 can be an ideal alternative as a new class of
ETM in perovskite solar cells.
Moreover, to further demonstrate the universality of organic

polymers as a new class of ETM in perovskite solar cells, two
other polymers, PNVT-833 and PNDI2OD-TT,34 have also

Figure 2. Energy level alignment of the materials used in our devices.

Figure 3. XRD patterns of the perovskite films thermal annealed with
different temperature.

Table 1. Photovoltaic Performances of N2200 and PCBM
Devices with Different Thickness of Perovskite Film

ETM
perovskite thickness

(nm)
JSC

(mA cm−2)
VOC
(V)

FF
(%)

PCE
(%)

N2200 170a 14.23 0.80 62 7.05
200b 14.47 0.83 55 6.61
170b 14.70 0.84 66 8.15
140b 13.74 0.83 63 7.18

PCBM 200b 14.09 0.75 67 7.08
170b 14.65 0.83 70 8.51
140b 13.66 0.81 71 7.86

aITO/PEDOT:PSS/perovskite/ETM/Al. bITO/PEDOT:PSS/perov-
skite/ETM/ZnO/Al.
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been tested, and fair device performances have been achieved
(Table 2) with the similar inverted planar heterojunction
configuration. Very similar JSC values were recorded for
different ETM-based devices as they employed the same
perovskite layer with the same thickness. Compared to N2200,
competing VOC values were obtained (Tables 1 and 2), which is
consistent with the LUMO energy levels of the polymers
(Figure 2), that is close to the LUMO levels of the three
polymers would provide similar VOC when combined with the
same active material. However, relatively low FFs were
recorded, especially for the PNDI2OD-TT ETM based device,
resulting in depressed PCE of 7.74 and 6.47%, respectively.
Usually, it is complicated to explain for a low FF because many
aspects can account for this, like the interface barrier and the
carrier recombination rate according to the film quality of
different layers, electron mobility, film thickness, and so on. As
direct information for evaluating the device, the data of the
series and shunt resistance of the devices with ETMs are
summarized in Table 2. The lowered FF of the PNVT-8 device
is consistent with the increased series resistance. And both the
high series resistance and low shunt resistance should account

for the lowest FF of the PNDI2OD-TT device, compared to
the N2200 one.
To further understand the factors responsible for the low fill

factor of the polymer ETM-based solar cells, we experimentally
studied the impedance spectroscopy (IS) of the N2200 and
PCBM ETM-based devices, for example. The simplified
equivalent circuit of the devices is shown in the inset of Figure
5a. Impedance spectra of representative N2200 and PCBM
solar cells were recorded at different voltages over the
frequency range of 100 Hz to 120 MHz, and the simple
equivalent circuit corresponded well with the measurement
data throughout the bias voltage range (Figure S2, Supporting
Information).
Recombination in PCBM- and N2200-based solar cells was

investigated by the change in recombination resistance (Rrec,
which is inversely related to the recombination rate) with
voltage, as shown in Figure 5a. The Rrec of both perovskite solar
cells depends strongly on the bias voltage, following an
approximately exponential decrease with voltage, which is in
agreement with previous reports.36−38 The determined Rrec of
the N2200 device is generally 1 order of magnitude lower than
that of the PCBM device, indicating a much faster

Figure 4. (a) J−V characteristics of different ETM-based devices and (b) EQE curves of PCBM and N2200 devices.

Table 2. Photovoltaic Performances of Inverted Perovskite Solar Cells with Different ETMs

ETM JSC (mA cm−2) VOC (V) FF (%) PCE (%)a PCE (%)b RS (Ω cm2) RSh (KΩ cm2)

PCBM 14.65 0.83 70 8.51 9.47 27.9 11.19
N2200 14.70 0.84 66 8.15 8.78 47.6 10.58
PNVT-8 13.53 0.85 62 7.13 7.74 57.3 11.26
PNDI2OD-TT 13.71 0.81 55 6.11 6.47 77.2 7.18

aAverage PCEs of inverted perovskite solar cells with different ETMs. bMaximum PCEs of inverted perovskite solar cells with different ETMs.

Figure 5. (a) Summary of the recombination resistance Rrec; (inset) simplified equivalent circuit model of the inverted perovskite solar cells. (b)
Dark J−V characteristics of N2200 and PCBM devices.
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recombination rate for N2200 device than the PCBM device,
consequently the increased charge carrier recombination, and
hence the loss of JSC and FF. However, a very slight increase of
JSC was observed compared to the huge decrease in FF; we
consider the JSC could have been partially compensated by the
carriers generated by the polymer due to its good absorption
(Figure S3, Supporting Information). Again, similar results
were confirmed in their markedly different dark J−V character-
istics, as shown in Figure 5b. The PCBM device exhibits higher
rectification ratio and lower leakage current under reverse bias
than the N2200 one, as the improved diode characteristics due
to the larger parallel resistance and lower serial resistance.

3. CONCLUSIONS

We report the application of polymer N2200, PNVT-8, and
PNDI2OD-TT as ETM in inverted planar heterojunction
perovskite solar cells in this work. Decent and competitive
device performance with average parameters of JSC 14.7 mA/
cm2, VOC 0.84 V, FF 66%, and PCE ∼8.15% was achieved for
the ideal N2200 ETM-based device, compared to the
parameters (JSC 14.65 mA/cm2, VOC 0.83 V, FF 70%, and
PCE 8.51%) of the reference device employing model organic
small molecule PCBM as ETM. Decent device parameters were
obtained for the PNVT-8 and PNDI2OD-TT ETM based
devices as well. We consider that the tiny difference in LUMO
levels of the polymers compared to the PCBM should mainly
account for their similar VOC values, and the much lower
HOMO level of PCBM should partly account for its high FF.
Moreover, the IS investigations demonstrated that the N2200
device possess a much lower recombination resistance than the
PCBM device does, which should mainly account for its low
FF. We hope this work will provide new direction to utilize
organic polymers as a new class of ETM in inverted perovskite
solar cell to further promote this technique.

4. EXPERIMENTAL SECTION
4.1. Materials Synthesis. All chemicals, unless otherwise noted,

were purchased from Alfa or J&K Chemicals, and then used as
received. Colloidal ZnO nanocrystals were synthesized according to
literature procedures.9 Polymers (N2200, PNVT-8, and PNDI2OD-
TT) were prepared according to previous studies.33,34 CH3NH3I was
synthesized with the modified method published in literature.1

4.2. Device Fabrication. Precleaned indium−tin oxide (ITO)
substrates were treated with ultraviolet-ozone (UVO) for 20 min.
Then, the poly(3,4-ethylene-dioxy-thiophene):polystyrene (PE-
DOT:PSS) were spin-coated on the ITO substrates at 4500 rpm for
40 s and baked at 150 °C for 10 min in atmosphere. The deposition of
the other layers including perovskite layer, ETMs, ZnO layer and the
cathode electrode were finished in the N2 glovebox (H2O: <1 ppm and
O2: <1 ppm). In detail, a 30 wt % CH3NH3PbI3−xClx precursor
solution (which was prepared by dissolving CH3NH3I and PbCl2 in
anhydrous DMF at a molar ratio of 3:1, and stirred at 60 °C for 12 h)
was spin-coated on the PEDOT:PSS layer at different speeds (2000,
3000, and 4000 rpm) for 40 s. Then the perovskite films were
annealed on a hot plate at 90 °C for ∼30 min, by which the color of
the films converted from yellow to brown. After being cooled to room
temperature, the ETM layers were deposited onto the perovskite film
by spin-coating with their corresponding chlorobenzene solution (5
mg/mL for polymers, 30 mg/mL for PCBM). Subsequently, the ZnO
layers were formed by spin-coating a colloidal ZnO nanocrystal
solution (6 mg/mL) at 3000 rpm for 30s. Finally, the 100 nm-thick Al
cathode was formed by thermal vacuum evaporation through a shadow
mask (active area 7.25 mm2) under 10−6 Torr (Mini-SPECTROS,
Kurt J. Lesker Co.). The current density−voltage (J−V) parameters of
the devices were characterized by using a Keithley 2400 digital source

meter at dark or under simulated AM 1.5G solar irradiation at 100
mW/cm2 (Newport, Class AAA solar simulator, 94023A-U). The light
intensity was calibrated by a certified Oriel Reference Cell (91150 V)
and verified with an NREL calibrated Hamamatsu S1787−04 diode.
The EQE was performed using a certified IPCE instrument (Zolix
Instruments, Inc., Solar Cell Scan 100).

4.3. Characterization. The photoluminescence (PL) measure-
ments were carried out on a FluoroMax-4 Spectrofluorometer
(HORIBA Scientific). SEM images were obtained from a field
emission scanning electron microscope (FEI Quanta 200). The
ultraviolet−visible spectroscopy (UV−vis) spectra were recorded on a
PerkinElmer model Lambda 750 instrument. Conventional XRD
measurement was conducted using a PANalytical (Empyrean)
equipment. In the characterizations, the needed layers in samples
were prepared just following the device fabrication procedure. For
optical and XRD measurements, the perovskite films were sealed by
spin-coating a layer of poly(methyl methacrylate) (PMMA) on top.
The impedance spectroscopy (IS) measurements were taken by a
Wayne Kerr 6550B precision impedance analyzer in a frequency range
from 100 Hz to 120 MHz, with a 15 mV perturbation oscillation
signal.
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