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a b s t r a c t

The polymer solar cell (PSC) with Ca/Al electrode always suffers from low stability mainly due to the
incorporation of oxygen and moisture-sensitive Ca electron-transport interlayer (ETL). To alleviate this
problem, air-stable alternatives to Ca ETL are highly desired. Herein, we report two solution-processable,
air-stable, effective and inexpensive ETLs based on potassium-neutralized perylene tetracarboxylic de-
rivative (K4PTC) and its rGO composite (rGO-K4PTC), respectively. These ETL materials were facilely
prepared and characterized by means of UV-vis, FL, FTIR, XPS and UPS. Importantly, both ETLs exhibited a
low work function (WF) of 4.0 eV, which well matches the LUMO level of fullerene acceptors and allows
their use as ETL in PSCs. As a result, the P3HT and PTB7-th-based devices with respective ETL remarkably
outperformed those without ETL yielding increases of ~35% in power conversion efficiencies (PCEs),
which indicates good electron-transporting capabilities of K4PTC and rGO-K4PTC interlayers. The high-
performance PSCs with the ETL gave average PCEs of 6.17e6.18% (for PTB7-th:PC61BM-based devices)
and 7.26% (for PTB7-th:PC71BM-based devices), respectively, fairly comparable to those of Ca/Al devices
(6.50% and 7.50%). Furthermore, the rGO-K4PTC device exhibited stability higher than that of the K4PTC
device probably due to the fact that the rGO-K4PTC layer can provide more efficient protection for the
active layer against degradation. Thus, rGO-K4PTC layer might be more suitable for real applications as
compared to the K4PTC layer.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Polymer solar cells (PSCs) have been of continuous interest in
recent years because of their ease of fabrication, low cost, light
weight and promising flexibility [1e4]. Very recently, both single-
junction and tandem PSCs announced power-conversion effi-
ciencies (PCEs) exceeding 10%, showing a promising potential for
commercialization [5e7]. However, there are so far several draw-
back issues retarding the real applications of PSCs. For example,
PSCs generally surfer from low stability, especially, in the presence
of oxygen and humidity [8e11]. This might be attributed mainly to
the use of moisture and oxygen-sensitive cathode such as Ca/Al. To
overcome this drawback issue, one approach is to replace the active
Ca interlayer by alternative materials, allowing not only the pro-
motion of device stability but also the efficient electron transport
from the active layer to the cathode.

Up to date, the state-of-art materials used for electron transport
layer (ETL) include metal fluorides [12,13], n-type metal oxides
[14e17] and n-type organic compounds [18e29]. All of them
showed improved stabilities against oxygen and humidity. In
particular, recent efforts have been devoted to developing various
organic ETL materials which are solution processable and
compatible with the high-throughput roll-to-roll process of PSCs.
For example, the ETLs based on conjugated polyelectrolytes
[18e20], perylene diimide derivatives [21], fullerene and graphene
derivatives [22e29] displayed comparable or even better
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performance with respect to the conventional Ca interlayer. How-
ever, many of organic ETL materials require multi-step synthesis
and purification. The high-cost production might limit their ap-
plications in cost-effective PSCs. This motivates us to search for
low-cost but efficient organic ETL materials.

Herein, we first report the use of potassium-neutralized per-
ylene tetracarboxylic derivative (K4PTC) and its rGO composite
(rGO-K4PTC) as effective and low-cost interfacial ETLs. Importantly,
both K4PTC and rGO-K4PTC exhibit low work functions (WF) of ca.
4.0 eV (vide infra), which well matches the LUMO of fullerene
acceptor [29,30], in favor of the electron transport process. As a
proof of concept, we applied these ETLs to various PSCs based on
poly(3-hexylthiophene) (P3HT) and low bandgap polymer poly
[(ethylhexyl-thiophenyl)-benzodithiophene-(ethylhexyl)-
thienothiophene] (PTB7-th) [31], respectively. As compared to the
reference device without ETL, the device with respective ETL gave
remarkable PCE enhancements of ~35%. Moreover, rGO-K4PTC ETL
provides better device stability in air, thus suggesting its superiority
relative to the K4PTC ETL.

2. Experimental

2.1. Preparation of K4PTC (potassium salt of perylene-3,4,9,10-
tetracarboxylate)

K4PTC was prepared according to the previously reported
method [32]. In details, perylene p-dianhydride (5.0 g, 0.013 mol)
was mixed with a 2 M aqueous KOH solution with a molar ratio of
ca. 1:4.5. The resulting mixture was refluxed overnight, yielding a
luminescent yellow solution. This solution was dropwise added to
acetone to form yellow participate, which can be collected by
centrifugation and washed by water/acetone mixture. Finally, the
resulting yellow power was vacuum-dried at room temperature.

2.2. Preparation of the composite of rGO-K4PTC

Graphene oxide (GO) was prepared using modified Hummers
method [33]. To prepare rGO-K4PTC composite, the as-prepared GO
(5 mg) was dispersed in 10 mL water solution containing
7.5 mg K4PTC by ultrasonication. The mixture was then stirred at
50e60 �C for 12 h, followed by adding NaBH4 (6 mg) and refluxing
for additional 3 h. Finally, the resulting solution was subjected to
multiple centrifugations or dialysis for two days to remove inor-
ganic salts and most unreacted K4PTC from the composite of rGO-
K4PTC.

2.3. Characterizations

UV-Vis absorption and fluorescence spectra were obtained on a
Shimazu UV2600 UV-vis spectrometer and a Hitachi F-4600 spec-
trophotometer, respectively. Micro-fourier transform infrared
(FTIR) spectra were recorded on a Nicolet Magnaestimated-750
(fitted with a Nic-plan Microscope IR) spectrometer. Raman
spectra were measured by an instrument of Horiba Jobin Yvon
using an Arþ ion CW laser of 633 nm as an excitation source. X-ray
diffraction (XRD) patterns were obtained on a Bede D1 X-ray
diffractometer (UK, Bede Scientific Ltd.). X-ray photoelectron
spectroscopy (XPS) studies were carried out with an ESCALAB 250
spectrometer using a monochromated Al Ka excitation source. The
ultraviolet photoelectron spectroscopy (UPS) spectrawere obtained
on an AXIS Ultra-DLD using HeI irradiation with hv ¼ 21.23 eV.
Morphology of the active layers was studied using MFP-3D-BIO
(Asylum Research) atomic force microscopy (AFM) in tapping
mode. Scanning electron microscopy (SEM) images were obtained
with a Hitachi SU8010 instrument.
2.4. Device fabrication and measurements

P3HT, PTB7-th and [6,6]-phenyl C61-butyric acid methyl ester
(PC61BM), PC71BM were purchased from Solarmer Material Inc. The
indium tin oxide (ITO) glass was cleaned through a multi-step
ultrasonication process (in deionized water with detergent,
acetone and isopropanol). The standard PSCswere fabricatedwith a
configuration of the traditional sandwich structure (i.e., ITO/
PEDOT:PSS/active layer/Ca/Al). Firstly, a thin layer (40 nm) of
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) (Baytron PVP Al 4083 Germany) was spin-coated on
an ITO glass, followed by baking at 150 �C for 30min in air. Then, for
common PSCs, the active layer was deposited on the top of the
PEDOT:PSS layer by spin-coating a dichlorobenzene solution (o-
DCB, 0.5 mL) containing a mixture of P3HT:PC61BM (10 mg:10 mg)
at 800 rpm for 40 s. Next, a slow evaporation of active-film was
carried out by keeping the film in a petri dish fill with a drop of o-
DCB overnight, followed by thermal treatments (150 �C for 10 min).
For high-performance PSCs, a o-DCB solution (1 mL) containing a
mixture of PTB7-th:PC61BM (10 mg:15 mg) and 1,8-diiodooctance
(3 vol %) was spin-cast on the prepared substrate at 1000 rpm for
90 s. Finally, a Ca/Al (20/80 nm) electrode was deposited on the
active layer with a shadow mask via thermal evaporation under a
vacuum of ca. 10�5 Pa. Alternatively, ETL with the thickness of
~5 nm was deposited on the active layer by spin coating a water/
ethanol (1:4, v:v) solution containing K4PTC or composite of rGO-
K4PTC (0.2 mg mL�1) at 800 rpm for 60 s. Additional thermal
annealing process at 80 �C for 1 min was performed for the P3HT-
based system. The thicknesses of the ETLs were measured by a
spectroscopic ellipsometry alpha-SE (J. A. Woollam CO., Inc., USA)
and analyzed from the companying software Complete EASE 4.68 (J.
A. Woollam CO., Inc., USA). The active area of the device was 4mm2.
The current densityevoltage (JeV) measurement of the device was
performed with a Keithley 2400 SourceMeter under simulated Air
Mass 1.5 Global (AM. 1.5 G) solar illumination with an intensity of
100 mW cm�2. The light source was calibrated using a standard
silicon solar cell before use. The incident photon-to-current con-
version efficiency (IPCE) was measured by a solar cell spectral
response measurement system QE-R3011 (Enli Technology Co.,
Ltd.). The light intensity was calibrated using a single-crystal silicon
photovoltaic cell before measurement. The degradation tests were
performed under moisture condition (ca. 60% relative humidity)
without any encapsulation. The photovoltaic degradation perfor-
mances of the 3 tested cells were averaged.

The electron-only devices were fabricated with a configuration
of ITO/Cs2CO3/P3HT:PC61BM/with or without ETL/Al. The Cs2CO3
layer (~10 nm) was firstly spin-coated on an ITO glass substrate.
Then, an active layer (~150 nm), an ETL (~5 nm) and Al cathode
(~100 nm) were deposited in sequence on the Cs2CO3 layer. J-V
curves were measured in dark using Keithley 2400 SourceMeter.

3. Results and discussion

3.1. Preparations and characterizations

In a typical experiment, K4PTC was readily synthesized via a
simple hydrolysis reaction [32]. rGO was produced by reducing GO
that was prepared using the modified Hummers method [33]. The
rGO-K4PTC composite (Scheme 1) was prepared via a non-covalent
functionalization approach. The resulting K4PTC and rGO-K4PTC
were characterized via a series of spectroscopic methods to confirm
their compositions and to investigate their electrical natures.

Fig.1a provides the UV-vis absorption spectra of K4PTC and rGO-
K4PTC. Specifically, K4PTC shows feature absorptions at 219, 261,
438 and 467 nm, in agreement with the previous reports [34]. rGO-



Scheme 1. Schematic structures of K4PTC and rGO-K4PTC.

Fig. 1. (a) UV-vis absorption spectra of K4PTC and rGO-K4PTC in comparison with rGO in water solution. The inset shows their photo. (b) Fluorescence spectra of K4PTC and rGO-
K4PTC in water solution, photoexcited at 438 nm after the absorption normalization at the excitation wavelength.
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K4PTC displays the characteristic absorption peak of rGO at 255 nm
along with two broad absorptions at 518 and 548 nm, which can be
attributed to the 0/ 1 and 0/ 0 transitions of the K4PTCmoieties
that are noncovalently grafted with the rGO nanosheets. These
absorptions are red shifted by 80 nm relative to those of the free or
ungrafted K4PTC moieties, implying the significant p-p stacking
interactions between the K4PTC moieties and rGO nanosheets [35].
Besides, additional absorptions at 438 and 467 nm were also
observed for rGO-K4PTC, suggesting the presence of residual
ungrafed K4PTC in the composite. The inset photography included
in Fig. 1a presents a red-brown solution of rGO-K4PTC, which is
unlike the luminescent solution of K4PTC as well as the deep gray
solution of rGO, indicating the formation of new composite. The
florescence assays (Fig. 1b) reveal a rather strong quenching of the
K4PTC florescence for the composite of rGO-K4PTC, thus confirming
the significant p-p interaction between the individual components.
Raman spectroscopy was further used to probe the interaction
between individual components of rGO-K4PTC. As shown in Fig. S1,
no evident shift can be observed in G and 2D bands (1589 cm�1 and
2650 cm�1) of rGO-K4PTC, as compared with those of rGO, indi-
cating negligible charge-transfer between the rGO and grafted
K4PTC [36]. On the other hand, the samples of K4PTC and rGO-
K4PTC drop-casting on silicon wafer were investigated by scanning
electron microscope (SEM). As shown in Fig. S2, fine powders are
seen for K4PTC, while multiple rGO nanosheets along with attached
K4PTC powders can be clearly detected in rGO-K4PTC. This result
thus directly demonstrates the hybrid nanostructure of the com-
posite. Fig. S3 shows the XRD patterns of K4PTC and rGO-K4PTC. For
rGO-K4PTC, only a broad diffraction peak at ca. 24� corresponding
to rGO can be clearly observed while the characteristic peaks of the
crystalline K4PTC disappear completely. This result might suggest
that the K4PTC molecules grafted on the rGO are random-oriented.

For insight into the surface chemical compositions of K4PTC and
rGO-K4PTC, XPS analyses were conducted. In particular, K4PTC and
rGO-K4PTC present very similar XPS profiles (Fig. 2) which differ
from that of rGO. Both spectra exhibit the signals corresponding to



Fig. 2. XPS profiles of K4PTC, rGO-K4PTC and rGO.
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C1s, O1s, K2s and K2p orbitals, in good agreement with the
composition of K4PTC. Nevertheless, the high-resolution C1s
spectrum of rGO-K4PTC is found to be slightly different from that of
K4PTC (see Fig. S4). The former spectrum can be well fitted by four
peaks, corresponding to not only the K4PTC carbons (in C]C and
COO-Kþ groups) but also the rGO-related carbons (in C-OH/C-O and
COOH groups). In addition, by comparing the FT-IR spectra of rGO-
K4PTC and rGO (Fig. S5), one of common peaks was found at
~1200 cm�1, corresponding to the C-O-C stretching vibrations,
which is otherwise unseen in the spectrum of K4PTC. Thus, the
combined studies of XPS and FT-IR confirm the hybrid composi-
tions of rGO-K4PTC.

The work functions (WFs) of the K4PTC and rGO-K4PTC layers
Fig. 3. UPS spectra of K4PTC, rGO-K4PTC and rGO films with ITO as substrate around
the secondary-electron threshold region, in comparison with the bare ITO electrode.
were determined by ultraviolet photoelectron spectroscopy (UPS).
Fig. 3 illustrates their secondary electron cutoff spectra, in com-
parisonwith those of the rGO layer and ITO electrode. In particular,
the WF of ITO was calculated to be 4.76 eV from the secondary
electron energy threshold (see Fig. S6), in good agreement with the
previously reported data (i.e., 4.7e4.8 eV) [37,38]. Likewise, theWFs
of the K4PTC and rGO-K4PTC layers were determined as 4.03 and
3.99 eV, respectively. These values are lower than that measured for
rGO (4.38 eV) or Al cathode (4.3 eV), displaying perfect match with
the LUMO level of fullerene acceptor (3.91 eV) [29,30]. Since an
ideal electron transport requires the LUMO level of the acceptor
material being equal to the WF of the ETL [39], in the present work
the energy level alignment at the active layer/ETL/Al interfaces may
facilitate the electron transport from the fullerene acceptor to the
ETL modified cathode (see Fig. 4a). Thus, these results trigger the
use of K4PTC and rGO-K4PTC as an interlayer between the Al
cathode and the active layer for efficient electron transport.

3.2. Solar cells

To assess the electron transport capabilities of K4PTC and rGO-
K4PTC, P3HT:PC61BM-based PSCs with the respective ETLs were
fabricated (see Fig. 4b). Fig. 5 shows their J-V curves, in comparison
with those of reference devices. The averaged photovoltaic char-
acteristics obtained from ten identical devices in each case are
summarized in Table 1. The reference device with only the Al
cathode showed a PCE of 2.24% with a Jsc of 7.25 mA cm�2, a Voc of
595 mV and a FF of 51.9%. Incorporation of K4PTC or rGO-K4PTC as
an ETL between the active layer and the Al cathode increased the
PCE by ca. 35%. In particular, the devices with the ETL yielded a PCE
of 3.03/3.05%, with a Jsc of 8.37/8.52 mA cm�2, a Voc of 620/640 mV
and a FF of 58.1/56.2%. Note that both the Jsc and FF are significantly
improved as compared to those of the Al-only device, which may
account for the major enhancement in PCE. As for the standard
device with Ca/Al electrode, a PCE of 3.26% was obtained, only
slightly higher than that of the device with K4PTC or rGO-K4PTC
ETL. These results suggest that K4PTC and rGO-K4PTC can be uti-
lized as efficient alternatives to the active Ca ETL for the
P3HT:PC61BM-based PSCs.

As shown in Table 1, the Rs of the device with ETL is remarkably
lower than that of the Al-only device, in good agreement with their
enhanced Jsc, FF and indicative of the electrical contribution from
the ETL. On the other hand, the AFM technique was employed to
study the surface morphologies of the P3HT:PC61BM-based active
layers with or without ETLs. The AFM height images are shown in
Fig. S7. The RMS roughness of the bare active layer was determined
as 12.7 nm, while the active layers with K4PTC and rGO-K4PTC ETLs
exhibited the surfaces with smaller roughnesses of 6.5 nm and
9.2 nm, respectively. The smoother surface of the P3HT:PC61BM/ETL
system may facilitate the Al-coating, leading to better interfacial
contact between the active layer and the cathode. These results also
agree well with the reduced Rs in the devices with ETLs compared
to that without ETL. In addition, IPCE measurements reveal that the
device with K4PTC or rGO-K4PTC ETL yielded generally higher IPCE
from 400 to 650 nm relative to that without ETL (see Fig. S8a),
confirming the improved Jsc due to the incorporation of ETL.

To better understand the PCE increase in the PSC with ETL, we
studied the electron mobilities in PSCs by using the space charge
limited current (SCLC) technique [40,41]. Fig. 6 presents dark J-V
curves of the devices with structure ITO/Cs2CO3/P3HT:PC61BM/with
or without ETL/Al. In particular, the data obtained in high-voltage
region can be described using the Mott-Gurney equation:
JSCLC ¼ 9ε0εtme(V-VBI)2/(8 L3), where ε0 is the free space permittivity,
εt is the dielectric constant of the material, V is the applied voltage,
VBI is the build-in voltage, L is the thickness of the active layer and



Fig. 4. (a) Energy level diagram for K4PTC and rGO-K4PTC determined from UPS and taken from the literature for other materials: P3HT, PTB7-th, PEDOT:PSS, PC61BM, PC71BM and
Al [27,29,30]. (b) Schematic structure of the PSC device with ETL.

Fig. 5. JeV curves of the PSCs based on P3HT:PC61BM under the illumination of AM
1.5 G, 100 mW cm�2.

Table 1
Device performancea based on P3HT:PC61BM under 100 mW cm�2 AM 1.5G illu-
mination with various ETLs.

ETL Jsc (mA cm�2) Voc (mV) FF (%) PCE (%)b Rs
c (U cm2)

w/o 7.25 595 51.9 2.24 (2.35) 21.8
K4PTC 8.37 620 58.1 3.03 (3.07) 14.3
rGO-K4PTC 8.52 640 56.2 3.05 (3.08) 16.9
Ca 8.58 628 60.5 3.26 (3.34) 14.0

a Averaged photovoltaic characteristics were obtained from 10 identical devices.
b The best PCE values are in brackets.
c Series resistance Rs was defined from the J�V curves of the best devices, using

the method demonstrated in the literatures [21,22,28].

Fig. 6. J-V characteristics of the electron-only devices with or without ETL. The sym-
bols represent experimental data, and the solid lines are obtained by fitting the
experimental data with the SCLC model.
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me is the electron mobility. Accordingly, the electron mobilities in
the devices with and without ETLs were calculated to be
9.52 � 10�4 cm2V�1 s�1 (with K4PTC ETL), 1.06 � 10�3 cm2V�1 s�1

(with rGO-K4PTC ETL) and 3.89 � 10�4 cm2V�1 s�1, respectively
(see Supplementary file for calculation details). The higher electron
mobility of the device with ETL might indicate better interfacial
electron transfer between the active layer and the Al electrode. As a
result, we rationally propose that the incorporation of ETL leads to
an improved ohmic contact between the active layer and the Al
cathode, and therefore gives rise to an enhanced PCE.

3.3. High-performance solar cells

To investigate the viability of K4PTC and rGO-K4PTC ETLs in
high-performance PSCs, we applied them to PTB7-th:PC61BM de-
vices, in which a low bandgap polymer PTB7-th was used as the
electron donor. Table 2 summarizes the photovoltaic parameters of
the PTB7-th:PC61BM-based devices and their J-V curves are shown
in Fig. 7. The incorporation of K4PTC or rGO-K4PTC as an interlayer
between the active layer and the Al cathode significantly improved
the PCE by ca. 28% as compared to that without ETL. In particular,
the average PCE increases to 6.17/6.18% from 4.81% mainly due to
the remarkably enhanced Jsc and FF. The best PCEs of 6.34% and
6.36% are slightly higher than that (6.05%) reported for the device



Table 2
Device performancea based on PTB7-th:PC61BM under 100 mW cm�2 AM 1.5G
illumination with various ETLs.

ETL Jsc (mA cm�2) Voc (mV) FF (%) PCE (%)b Rs
c (U cm2)

w/o 10.66 771 58.8 4.82 (4.88) 11.6
K4PTC 11.98 809 63.6 6.17 (6.34) 6.1
rGO-K4PTC 12.34 808 62.0 6.18 (6.36) 6.2
Ca 12.63 802 64.2 6.50 (6.63) 6.5

a Averaged photovoltaic characteristics were obtained from 10 identical devices.
b The best PCE values are in brackets. Series resistance.
c Series resistance Rs was defined from the J�V curves of the best devices, using

the method demonstrated in the literatures [21,22,28].

Fig. 7. JeV curves of the PSCs based on PTB7-th:PC61BM, under the illumination of AM
1.5 G, 100 mW cm�2.

Fig. 8. JeV curves of the PSCs based on PTB7-th:PC71BM, under the illumination of AM
1.5 G, 100 mW cm�2.
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with identical structure and a PDIN (a perylene diimide derivative
with amino substituent) ETL [42], suggesting the superior electron
transport capabilities of the K4PTC and rGO-K4PTC ETLs. Another
reference device with Ca/Al cathode gave only slightly better
average PCE of 6.55% with slightly higher Jsc, FF and comparable Voc.
The PTB7-th:PC61BM-based devices with ETL also display higher
IPCE plateau spectra from 350 to 750 nm in comparison with that
without ETL (Fig. S8b), supporting the increase in Jsc.

In addition, K4PTC and rGO-K4PTC ETLs were also tested in
another high-performance devices based on PTB7-th:PC71BM. As
listed in Table 3 and shown in Fig. 8, the device with K4PTC or rGO-
K4PTC ETL gave an average PCE of 7.26%, with a Jsc of 14.19/
14.59 mA cm�2, a Voc of 807/808 mV and FF of 63.4%/61.4%, which
are all much better than those of the device without ETL (an
average PCE of 5.52%, a Jsc of 12.05 mA cm�2, a Voc of 760 mV and FF
of 60.3%) and fairly comparable to those of Ca/Al device (an average
Table 3
Device performancea based on PTB7-th:PC71BM under 100 mW cm�2 AM 1.5G
illumination with various ETLs.

ETL Jsc (mA cm�2) Voc (mV) FF (%) PCE (%)b Rs
c (U cm2)

w/o 12.05 760 60.3 5.52 (5.62) 9.5
K4PTC 14.19 807 63.4 7.26 (7.32) 5.6
rGO-K4PTC 14.59 808 61.6 7.26 (7.30) 5.6
Ca 14.49 795 65.1 7.50 (7.60) 5.5

a Averaged photovoltaic characteristics were obtained from 5 identical devices.
b The best PCE values are in brackets. Series resistance
c Series resistance Rs was defined from the J�V curves of the best devices, using

the method demonstrated in the literatures [21,22,28].
PCE of 7.50%, a Jsc of 14.49 mA cm�2, a Voc of 795 mV and FF of
65.1%). Thus, these results confirm the possible use of K4PTC and
rGO-K4PTC ETLs in PTB7-th-based devices.

3.4. Device stability

Since it has been reported that graphene showed resistance to
oxygen and moisture [43,44], we thus expected that the incorpo-
ration of rGO-K4PTC as the ETL would affect the device stability. To
confirm this, degradation behaviors of the PSCs with ETL were
studied under ca. 60% humidity without any encapsulation, which
allows humidity directly affecting the device performance. Fig. 9
shows the PCE variation as a function of exposure time. The
P3HT:PC61BM-based device with rGO-K4PTC ETL preserved 70% of
the initial PCE in 8 h, almost comparable to that of the device with
rGO as ETL (i.e., 65% of the initial PCE retained in 8 h, see Fig. S10). In
comparison, the device with K4PTC ETL showed a faster decay in
PCE exhibiting only 27% PCE in 8 h, while the PCE of the Ca/Al
declined sharply and dropped to 0 within 2 h. Thus, the tests
demonstrate that utilizing rGO-K4PTC as the ETL in P3HT:PC61BM-
Fig. 9. Degradation of PCE with the exposure time for PSCs with various ETL materials
and without encapsulation under ambient condition with relative humidity around
60%.
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based PSC remarkably improved the device stability, which out-
performed that with K4PTC ETL. This resultmight indicate that rGO-
K4PTC can additionally act as an oxygen and moisture barrier,
protecting the active layer against degradation.

4. Conclusions

In summary, we developed two solution-processable, air-stable,
effective and inexpensive ETLs based on K4PTC and rGO-K4PTC,
respectively. These ETLs have been applied to various PSCs that
outperformed the reference devices without ETL, yielding increases
of ~35% in PCEs. Particularly, the P3HT:PC61BM based PSCs with
respective ETL showed an average PCE of 3.03e3.05%, while the
PTB7-th:PC61BM and PTB7-th:PC71BM-based PSCs gave average
PCEs of 6.17e6.18% and 7.26%, respectively. These PCE values are
even fairly comparable to those obtained from standard Ca/Al de-
vices, indicating good electron extraction or transport capabilities
of K4PTC and rGO-K4PTC-based interlayers. These have been
attributed principally to the low WFs of K4PTC and rGO-K4PTC
(4.0 eV), which perfectly matches the LUMO level of fullerene
acceptor, ensuring an improved ohmic contact at the acceptor-
cathode interface. Furthermore, we demonstrated that rGO-
K4PTC-based ETL could additionally serve as a shielding layer
against the oxygen and humidity, protecting the active layer and
leading to better device stability in air. We thus anticipate that the
rGO-K4PTC-based ETL is more suitable for real applications relative
to the K4PTC-based ETL.
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