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ABSTRACT: Poor stability of the perovskite solar cells (PSCs) under humid
conditions is always an obstacle to the practical applications of PSCs. Here, a
polymer-based strategy to enhance moisture and water resistance of PSCs is
presented. Poly(3-hexylthiophene) (P3HT) is used as an additive to be
introduced to the electron transport layer (ETL) of [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) to study moisture and water resistance of the ETL
film and the stability of the device under the humid conditions. The results
show that a small amount of P3HT does not result in decreased power
conversion efficiency (PCE), and it can improve the aggregation of PCBM,
leading to enhanced moisture and water resistance of ETL. The device based
on the P3HT/PCBM ratio of 1:30 exhibits a high PCE of 20.84%, with a
short-circuit current (Jsc) of 23.27 mA/cm2, an open-circuit voltage (Voc) of 1.10 V, and a fill factor of 81.47%, which is one of the
high performances of the inverted PSCs based on the CH3NH3PbI3 (MAPbI3) material. The PCE of the device modified with P3HT
can maintain 85.03% for 720 h [relative humidity (RH) 20%], 77.90% for 48 h (60 RH %), 44.31% for 1 h (90 RH %), and 17.43%
for 30 min (in water) of its initial PCE value, while the control device can only maintain about 69.41, 47.10, 9.00, and 0.18% of its
initial PCE under the same exposure conditions. This work proposes a strategy by using low-surface-energy conjugated polymers to
improve the moisture and water resistance of the inverted PSCs.
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■ INTRODUCTION

Organometallic halide materials have become promising
materials in the optoelectronic field because of their excellent
optical and electrical properties.1−3 Especially, perovskite solar
cells (PSCs) have attracted great attention, and the power
conversion efficiency (PCE) record is boosted to over 25%,
which is comparable with that of commercial silicon (Si) solar
cells.4 Despite the superior photovoltaic performance and the
low cost of the perovskite materials, the stability of the PSCs is
still the main issue to prevent it from moving forward to the
practical application.5,6 Thus, the degradation of the PSCs has
been extensively investigated, and the degradation caused by
moisture,7,8 light,9 heat,10 and oxygen11 has been confirmed.
Among these factors, moisture is the main factor leading to
device degradation.6,7 Moisture exposure can directly accel-
erate the perovskite materials to decompose to methylamine
halide salt and lead halide, which may destroy the crystal
structure, morphology, and optical and electrical properties of
the perovskite films, resulting in poor performance of the
PSCs.6 Therefore, it is very necessary to enhance the moisture
and water resistance of PSCs toward outdoor applications,
typically under harsh humidity conditions, for example, rain.12

Conventional structure (n−i−p) PSCs usually use a
triarylamine-based hole transport layer (HTL), 2,2′,7,7′-

tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene
(Spiro-OMeTAD)13,14 and poly[bis(4-phenyl)(2,4,6-124
trimethylphenyl)amine] (PTAA),15 which directly contact
with air. Some dopants, bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI), and tert-butylpyridine are required to
enhance the mobility of the HTL because of the lower hole
mobility of HTL materials.13,14,16 However, these dopants
absorb moisture from the air and destroy the structure of the
perovskite films, leading to the degradation of PSCs.17−19

Meanwhile, the high-temperature treatment in conventional
structure PSCs is not conducive to its mass production.20

Although the PCE of the inverted PSCs is not as high as those
of conventional planar devices, it shows great potential in the
preparation of stable PSCs without hygroscopic additives.21 In
addition, the inverted PSCs also exhibit attractive merits of a
low-temperature process and negligible hysteresis.22 Strategies
to further enhance the PCE and improve the moisture stability
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of inverted PSCs are urgently needed for the commercial
application of PSCs.
In inverted PSCs, phenyl-C61-butyric acid methyl ester

(PCBM) is widely used as an acceptor and a high PCE of over
20% has been achieved based on the MAPbI3/PCBM
heterojunction because of its high electron mobility and
good solubility in the non-polar solvent.23−25 Unfortunately, it
is difficult for PCBM to form a flat and dense film upon
perovskite films due to its low viscosity and solubility in the
organic solvents.23,26 The perovskite films cannot be fully
covered due to the poor film-forming properties of PCBM,
leading to the direct contact between Ag and perovskite films,
which may result in recombination loss and quick interface
degradation.23,27 Furthermore, the rough film with pinholes
may provide pathways for moisture to erode the perovskite
films. In order to overcome this issue, C60 and bathocuproine
(BCP) are usually inserted between PCBM and Ag to reduce
the recombination loss and prevent direct contact between Ag
and perovskite films.28−30 Recently, Tan et al. confirmed that
this strategy cannot efficiently solve this problem.31 Except

this, some additives are also introduced to improve the
morphology of PCBM, such as Triton X-100,23 poly(methyl
methacrylate),32 and 1,8-diiodooctane,33 while the impact of
most of the additives on the stability of the devices is still
unclear.
Although the traditional encapsulation technologies using

glass plates can efficiently protect the moisture, it cannot be
compatible with the flexible devices.34 Recently, the Al2O3
packing layer prepared by an atom-layer-deposition strategy
has been compatible with flexible devices, and it has achieved
great progress in improving the moisture resistance of the
perovskite films.35,36 However, the high cost will limit its
commercial applications.34 Moreover, there are also major
challenges for the complete isolation of water and oxygen
packaging,37 and the traditional encapsulation technologies
cannot completely overcome the interface degradation due to
ion migration or element diffusion between layers. Thus,
enhancing the moisture resistance of the device by interlayers
is of great significance to the production and application of
PSCs. Here, the efficient inverted PSCs based on the structure

Figure 1. (a) XRD patterns and SEM images (inset) of the MAPbI3 films. (b) UV−vis absorption spectrum of MAPbI3. (c) PCE of the inverted
PSCs versus the concentration of PTAA. (d) J−V curve of the best inverted PSCs based on the structure of ITO/PTAA/MAPbI3/PCBM/BCP/
Ag. (e) UV−vis absorption spectra of the MAPbI3 film at the initial state and exposure to air for 2 h (90 RH %). The inset shows the photograph of
the perovskite film when the water drops on it. (f) J−V curves of the PSCs at the initial state and exposure to air (90 RH %) for 1 h.
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of ITO/PTAA/MAPbI3/PCBM/BCP/Ag are fabricated by
optimizing the thickness of undoped PTAA. The PCE of
20.10% is achieved for the control devices. A strategy to
enhance moisture and water resistance by the polymer poly(3-
hexylthiophene) (P3HT) is presented. P3HT is used as an
additive to be doped into PCBM films. The moisture resistance
of the electron transport layer (ETL) film and the stability of
the device in the different humid environments are both
improved. The inverted PSCs based on P3HT exhibit a high
PCE of 20.84%, which is slightly higher than that of the control
devices. The PCE can maintain 85.03% [20 relative humidity
(RH) % for 720 h], 77.90% (60 RH % for 48 h), 44.31% (90
RH % for 1 h), and 17.43% (in water for 30 min), while the
control devices only can maintain about 69.41, 47.10, 9.00, and
0.18%. This work provides a facile way by using low-surface-
energy conjugated polymers to improve the moisture and
water resistance of the inverted PSCs.

■ EXPERIMENT
Materials. Lead(II)iodide (PbI2, 98%) and BCP (>98%)

were purchased from TCI America. Poly[bis(4-phenyl)(2,4,6-
trimethylphenyl) amine] (PTAA, >99%) was obtained from
Solaris Chem. (Canada). Methylammonium iodide (99.5%)
was purchased from Xi’an Polymer Light Technology Corp.
(China). P3HT (4002-E) was purchased from Rieke Metals
Inc. (USA). PCBM (>99%), N,N-dimethylformamide (Super
Dry, DMF), chlorobenzene (anhydrous, CB), and isopropyl
alcohol (anhydrous, IPA) were obtained from Sigma-Aldrich
(USA). Dimethyl sulfoxide (DMSO) and Ag wires (99.9%)
were purchased from Alfa Aesar (USA).
Device Fabrication. In this work, the inverted PSCs with

the structure of ITO/PTAA/MAPbI3/P3HT/PCBM/BCP/Ag
were fabricated. For the preparation of the devices, the ITO
glasses were used as the substrates and ultrasonically cleaned in
acetone, detergents, distilled water, and IPA for 15 min
sequentially. After that, they were dried with hot air and
treated with UV−ozone for 15 min. Then, the ITO substrates
were transferred into the glovebox (both H2O and O2 < 0.1
ppm). The HTL was prepared by spin-coating of the PTAA
solution (1−5 mg/mL in CB) onto the patterned ITO
substrates and dried on a hot plate at 100 °C for 10 min. The
thickness of HTL is controlled by the concentration of the
PTAA solution. Then, the perovskite films are prepared by the
anti-solvent method. First, the perovskite precursor (154 mg of
CH3NH3I, 446 mg of PbI2, 1 mL of DMF, and 71 μL of
DMSO) was spin-coated on the ITO/PTAA substrate at 4000
rpm for 30 s. A CB solvent (100 μL) was quickly dropped onto
the center of the substrate at the proper time. After that, the
film was immediately transferred to a hotplate and annealed at
100 °C for 10 min. In order to prepare the ETL, the P3HT/
PCBM (weight ratio of P3HT/PCBM = 30:1) solution (2 wt
% in CB) was spin-coated onto the MAPbI3 layer at 1500 rpm
for 30 s. Then, the PCBM films were annealed at 90 °C for 30
min. For the control devices, the PCBM (2 wt % in CB) was
also prepared with the same procedure. Then, the BCP
solution (0.5 mg/mL in IPA) was spin-coated on PCBM at
4000 rpm for 30 s. Finally, a bar-like defined Ag electrode (100
nm) by mask was deposited by thermal evaporation under a
vacuum of ∼4 × 10−4 Pa.
Characterization. The micromorphology of films was

characterized by atomic force microscopy (AFM) (Veeco
Dimension 3100 AFM) and using a field emission scanning
electron microscope (LYR3 XMH, Tescan). The crystallinity

of the perovskite film was examined using an X-ray diffraction
(XRD) system (Rigaku, MiniFlex 600). UV−visible (UV−vis)
absorption spectra were recorded using a UV−vis spectropho-
tometer (Cary 60, Agilent, USA). The current−voltage
characteristics were measured using a Keithley 2400
sourcemeter (Keithley Instruments Inc.) under AM 1.5G
simulated sunlight (100 mW/cm2) (Newport). The light
intensity was calibrated using a Si solar cell (91150V,
Newport). The incident photon-to-current efficiency (IPCE)
spectrum was recorded using the quantum efficiency measure-
ment system (IQE-200B, Newport). To test the stability of the
PSC exposure on a special humidity environment, the
environmental chamber (Electro-Tech Systems, 503, USA)
was used to control the moisture and atmosphere of the
devices.

■ RESULTS AND DISCUSSION
Figure 1a is the XRD pattern of the MAPbI3 film. Three main
XRD peaks located at 14.06, 28.40, and 31.79° and other small
peaks at 19.94, 23.45, 2.44, 34.96, 40.58, and 43.21° are
observed, which correspond to the different crystalline planes
of the cubic perovskite structure as labeled in the figure.38 The
dense and continuous film with stone-like perovskite grains is
formed upon the PTAA layer (inset of Figure 1a), which is
similar to the results reported by Tang et al.39 The UV−vis
absorption spectrum of the MAPbI3 film upon the ITO/PTAA
substrate shows an absorption onset at 780 nm (Figure 1b),
indicating that the MAPbI3 band gap is 1.59 eV, which is
consistent with our previous report.17 The investigations of the
corresponding inverted PSCs with different thicknesses of
PTAA are carried out. The thickness of PTAA is very difficult
to measure because of a very thin thickness; thus, we directly
label the concentration of the PTAA solution to distinguish the
thickness of the PTAA layer.
The performance of the PSCs is significantly influenced by

the concentration of PTAA. The typical J−V curves of the
inverted PSCs with different PTAA concentrations are shown
in Figure S1, and all parameters are summarized in Table S1.
The PCE values are summarized in Figure 1c. All parameters
[Voc, fill factor (FF), Jsc, and PCE] increase as the PTAA
concentration increases from 1 to 3 mg/mL and then decrease
as the PTAA concentration further increases to 5 mg/mL. The
PSCs based on 3 mg/mL PTAA exhibits the highest average
PCE of 19.52%, with a Jsc of 23.23 mA/cm2, a Voc of 1.08 V,
and an FF of 78.16%. The champion device shows a PCE of
20.10%, with a Jsc of 23.50 mA/cm2, a Voc of 1.08 V, and an FF
of 79.34% (Figure 1d).
It is known that MAPbI3 is very sensitive to water. When the

water is dropped onto the surface of the films, the color of
MAPbI3 immediately changes to yellow, which indicates that
MAPbI3 decomposes to PbI2 and some other compositions.40

Figure 1e shows the UV−vis absorption spectra of the MAPbI3
films at the initial state and exposure to air (90 RH %) for 2 h.
It is clear that the absorption intensity between 350 nm and
545 nm decreases after film exposure to air (90 RH %), which
is attributed to the MAPbI3 film decomposition after the
moisture exposure. The decomposed film absorption baseline
is slightly higher than the initial film, suggesting the high
roughness of the decomposed film. According to previous
reports, the perovskite material decomposition leads to serious
interface degradation and zero PCE.8,41 Figure 1f shows the J−
V curves of the device at the initial state and exposure to air
(90 RH %) for 1 h. The PCE quickly decays from 19.46 to
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3.15%, and all the photovoltaic parameters decrease when
exposed to air (90 RH %) for 1 h. In addition, even though
PCBM/BCP is coated upon MAPbI3, the water can still easily
penetrate the entire perovskite film (left of Figure 2a). Thus, it
is urgently needed to develop a method to improve the
stability of the inverted PSCs by preventing the devices from
moisture.
P3HT with lower surface energy has been confirmed with

excellent hydrophobic properties.42 The excellent moisture
resistance of the PSCs using P3HT as HTL has been reported
in conventional planar PSCs.43 Here, we introduce P3HT in
inverted PSCs via doping in the PCBM ETL to further study
the influence of P3HT on the device performance under severe
humidity conditions, such as 90 RH % and even soaking in
water. Figure 2a shows the photographs of ITO/PTAA/
MAPbI3/PCBM/BCP and ITO/PTAA/MAPbI3/P3HT/
PCBM/BCP films with a water drop on the surface of the
films aging for 1 min. The color of MAPbI3 coated by P3HT/
PCBM/BCP does not show any obvious change (right of
Figure 2a) compared to the yellow color of ITO/PTAA/
MAPbI3/PCBM/BCP (left of Figure 2a). The results show

that the P3HT introduction can efficiently prevent water
diffusion into the perovskite layer.
To investigate the impact of P3HT on the moisture

resistance of the ETL, the MAPbI3/PCBM and MAPbI3/
P3HT/PCBM films are exposed to air (90 RH %) for 2 h to
test their absorption properties (Figure 2b). The absorption
intensity between 400 and 545 nm decreases for both films.
The film without P3HT shows more decrease compared to the
film with P3HT, indicating the improved moisture resistance.
AFM measurements are carried out to further investigate the
reasons for this improvement. Figure 2c shows the AFM
images of the ITO/PTAA/MAPbI3/PCBM surface. From
Figure 2c, some large aggregation clusters are formed in the
PCBM film because of its low viscosity and solubility in a non-
polar solvent, CB, which results in a poor film formation upon
the MAPbI3 film. After P3HT introduction, the root-mean-
square (rms) value of the ETL reduces from 6.14 to 1.59 nm,
and the aggregation clusters are eliminated. Therefore, the
P3HT molecules distribute throughout the PCBM film as well
as the ETL layer, which prevents the perovskite film from
water diffusion (Figure 2e).

Figure 2. (a) Photographs of ITO/PTAA/MAPbI3/PCBM/BCP and ITO/PTAA/MAPbI3/P3HT:PCBM/BCP films with a water drop aging for
1 min. (b) UV−vis absorption spectra of the MAPbI3 films with different coating layers at the initial state and exposure to air (90 RH %) for 2 h.
(c.d) AFM images of the surface of ITO/PTAA/MAPbI3/PCBM and ITO/PTAA/MAPbI3/P3HT/PCBM films, respectively. (e) Schematic
diagram of the improved moisture resistance of the perovskite films by P3HT.

Figure 3. (a) Summary of the PCE of the devices based on different P3HT/PCBM ratios. (b) J−V curves of the best device with P3HT under
reverse and forward scan directions.
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In order to explore the influence of P3HT on device
performance, the inverted PSCs based on the structure of
ITO/PTAA/MAPbI3/P3HT/PCBM/BCP/Ag are fabricated
with different weight ratios of P3HT/PCBM. Figure 3a shows
the PCE as a function of weight ratio of P3HT/PCBM, and
the average performance parameters derived from six devices
are listed in Table 1. The average values of PCE of the devices

do not show evident vibration when the ratio of P3HT/PCBM
is below 1:30 and the PCE values maintain over 19%.
However, when the P3HT/PCBM is over 1:20, the decreased
PCE is observed. Excess P3HT in ETL may change the
electrical properties of the ETL, leading to a decreased PCE.
Thus, we fix the P3HT/PCBM ratio to be 1:30 to maintain the
high performance of the devices. Figure 3b shows the J−V
curves of the best device with P3HT measured with different
scan directions. The high PCE of 20.84%, with a Jsc of 23.27
mA/cm2, a Voc of 1.10 V, and an FF of 81.47%, is achieved
under the reverse scan. The PCE of 20.56% can be achieved
based on the forward scan, which shows very negligible
hysteresis. The IPCE spectrum of the best device is shown in
Figure S2, and the maximum value of 92% is achieved. The

PCE can maintain about 93% of its initial value after
continuous light illumination under 100 mW/cm2 for 1000 s
(Figure S3). The above results show that the device with
P3HT shows good photovoltaic performance.
To evaluate the impact of P3HT doping on the moisture

resistance of PSCs, the stability of the devices exposed to air is
investigated. The PCE of the devices with P3HT shows slow
decay when exposed to air at the humidity of 20 RH %. The
average PCE can maintain about 85.03% of its initial value,
while the control devices can only maintain 69.41% of its initial
value (Figure 4a) after 720 h exposure. The control devices
show faster decay after 360 h exposure compared to the
devices with P3HT. This may result from the fact that the H2O
molecules are completely diffused into the perovskite layer
after 360 h exposure, leading to serious damage to the
perovskite materials in control devices. The Voc and FF of the
control devices show evident degradation after 720 h exposure
and decrease by 8.80 and 14.39%, respectively, while the Voc
and FF of the devices with P3HT decrease by 1.69 and 5.35%,
respectively. In addition, the Jsc of the control devices quickly
decays after 120 h exposure and can only maintain 86.94% of
its initial value after 720 h. After P3HT introduction, the Jsc
almost exhibits no degradation at first 360 h exposure and can
maintain 91.41% of its initial value after 720 h exposure. These
results show that P3HT can efficiently act as a shield layer to
protect the perovskite from moisture-induced decay. The
improved device stability may also be related to the more
stable interface of PCBM/perovskite due to P3HT introduc-
tion.44

To further confirm the effect of P3HT introduction on the
enhancement of the moisture resistance of PSCs, the devices
are exposed to air with severe humid environments (60 and 90
RH %). In the 60 RH % environment, the PCE of the control
devices drops by 52.90% after exposure for 48 h, while the

Table 1. he Summary of the Performance Parameters of the
Inverted PSCs Based on Different Weight Ratios of P3HT/
PCBM

P3HT/PCBM Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

1:10 22.62 1.04 70.20 16.46
1:20 22.88 1.06 73.71 17.78
1:30 23.63 1.07 76.78 19.43
1:40 23.53 1.07 76.74 19.43
1:50 23.41 1.08 76.36 19.31
0:100 23.23 1.08 78.16 19.52

Figure 4. Degradation of normalized performance parameters of (a) PCE, (b) Jsc, (c) Voc, and (d) FF during 720 h in the air (20 RH %) for the
PSC devices without and with P3HT. Each average performance parameter point is derived from six devices.
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PCE drops by 22.10% of its initial value with P3HT
introduction (Figure 5a). The quick decay of control devices
can be attributed to all the quick decreased parameters during
exposure (Figure 5b−d). When P3HT is doped into PCBM,
the Voc, Jsc, and FF decrease by 2.34, 9.85, and 11.29%,
respectively, and the Voc, Jsc, and FF of the control devices
decrease by 16.85, 15.99, and 32.53%, respectively. Further-
more, the attenuation behavior of the device in a humidity
environment of 90 RH % is also studied. Figure 5e,f shows the

PCE of the PSCs with and without P3HT at the initial state
and exposed to air (90 RH %) for 1 h, and the detailed
performance parameters are listed in Table S2. The PCE of the
control device drops quickly in just 1 h. The average PCE
decreases by 91.00% from 18.01 to 1.62%, while the Jsc, Voc,
and FF decrease by 55.92, 75.00, and 48.57%, respectively.
P3HT can slow down this decay, and the PCE, Jsc, Voc, and FF
decrease by 55.69, 10.28, 22.94, and 36.54%, respectively.

Figure 5. Degradation of normalized performance parameters of (a) PCE, (b) Jsc, (c) Voc, and (d) FF during 48 h in the air (60 RH %) for the PSC
devices without and with P3HT introduction. Each average performance parameter point is derived from six devices. (e,f) PCE of PSCs with and
without P3HT at the initial state and exposed in the air (90 RH %) for 1 h, respectively. The PCE is derived from six devices.

Figure 6. J−V curves of (a) control devices and (b) devices with P3HT in water.
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These results further confirm that the introduction of P3HT
enhances the moisture resistance of the devices.
In order to test the water resistance of the devices, the

devices with and without P3HT are soaked in water directly.
The attenuation video of the two devices in water is shown in
the Supporting Information (Movie S1). From Movie S1, the
backside of the control devices immediately shows a color
change when the devices are put in water for 1 min. This result
confirms that the water can easily penetrate the device through
the PCBM/BCP layer, leading to the decomposition of the
perovskite active layer. In the device with P3HT, there are no
visible color changes in water for 1 min. Figure 6 shows the
evolution of the J−V curves of the control device and the
device with P3HT in water for 30 min, and the performance
parameters are summarized in Table S3. The PCE of the
control device decreases by 43.25% (from 17.11 to 9.71%)
after 1 min in water and completely loses its efficiency after 30
min (Figure 6a and Table S3). For the device with P3HT, the
PCE exhibits a slower decay rate with the PCE decay by
39.96% (from 18.77 to 11.27%) after 1 min in water (Figure
6b and Table S3). After 30 min in water, the PCE of devices
with P3HT is 3.26%.
According to the above statements, P3HT introduction can

improve the moisture and water resistance of the inverted
PSCs due to its lower surface energy and improved PCBM
film-forming properties. This work confirms the feasibility of
the donor polymer doping PCBM to improve the moisture and
water resistance of the inverted PSCs. More suitable materials
and related mechanisms need to be investigated in the future.

■ CONCLUSIONS
In summary, P3HT is doped into the PCBM film to enhance
the moisture and water resistance of the ETL and the
corresponding devices. P3HT introduction can improve the
surface morphology of PCBM and improve the moisture and
water resistance of the ETL. The performance and stability of
the device with P3HT under various humid conditions are
investigated. The devices with P3HT/PCBM (30:1) exhibit a
PCE of 20.84%, which belongs to high PCE in the inverted
PSCs based on MAPbI3 as an active layer. The PCE of the
devices with P3HT can maintain 85.03% (20 RH % for 720 h),
77.90% (60 RH % for 48 h), 44.31% (90 RH % for 1 h), and
17.43% (in water for 30 min) of their initial values, while the
control devices can only maintain about 69.41, 47.10, 9.00, and
0.18% of their initial values under the same exposure
conditions, respectively. This research provides a facile way
to use low-surface-energy conjugated polymers to improve the
moisture and water resistance of the inverted PSCs.
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