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ABSTRACT: In the application of traditional bulk heterojunction polymer solar cells, to prevent the etching of ITO by the
acidic poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and thereby improve the device stability, pH-
neutral PEDOT:PSS is introduced as the hole transport layer (HTL). After treating the neutral PEDOT:PSS with UV-ozone and
with an oxygen plasma, the average power conversion efficiency (PCE) of the device increases from 3.44% to 6.60%. Such surface
treatments reduce the energy level offset between the HTL and the active layer, which increases the open circuit voltage and
enhances hole transportation, leading to the PCE improvement. Moreover, the devices with the neutral PEDOT:PSS HTL are
more stable in air than those with the acidic PEDOT:PSS HTL. The PCE of the devices with the acidic PEDOT:PSS HTL
decreases by 20% after 7 days and 45% after 50 days under ambient conditions, whereas the PCE of the devices with the pH-
neutral PEDOT:PSS HTL decreases by only 9 and 20% after 7 and 50 days, respectively. X-ray photoelectron spectroscopy
shows that the acidic PEDOT:PSS etches the indium from the indium−tin−oxide (ITO) electrode, which is responsible for the
degradation of the device. In comparison, the diffusion of the indium is much slower in the devices with the pH-neutral
PEDOT:PSS HTL.
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■ INTRODUCTION

The bulk heterojunction (BHJ) polymer solar cell (PSC) has
attracted much attention as a renewable energy source in both
academic institutions and industry because of its easy
fabrication, low cost, light weight, and capacity for fabrication
on flexible substrates.1−3 Considerable effort has been made to
obtain a high power conversion efficiency (PCE),4−10 which
has exceeded 8% in a single-junction device.11−14

Traditional BHJ polymer solar cells consist of a transparent
indium−tin−oxide (ITO) anode, a hole transport layer (HTL),
a photoactive layer, and a top cathode. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) is commonly used as the HTL in organic
photovoltaic (OPV) devices. Additionally, various conducting
polymers15 and metal oxides,16−19 such as NiO, MoO3, V2O5,
and WO3, have been introduced as HTLs in OPVs. Recently,
metal oxides have been deposited onto an ITO substrate using
a solution process, which makes them potential candidates for

the HTL in solution-processed polymer solar cells.20−22

Nevertheless, PEDOT:PSS is still widely used as a robust
solution-processed HTL to achieve a high PCE. Because of its
high stability and water solubility, which allow facile preparation
of the HTL through a conventional solution process,
PEDOT:PSS is a better HTL material than other conducting
polymers. However, the widely adopted PEDOT:PSS (AI
4083) has a pH value between 1 and 3 at 20 °C, which makes
the interface between the ITO and the PEDOT:PSS unstable.23

The acidic PEDOT:PSS etches the ITO, and the diffusion of
the indium into the photoactive layer induces a fast degradation
of the active layer.24,25 Different approaches have been
attempted to reduce the corrosion of the ITO by the acidic
PEDOT:PSS. Inserting a self-assembled monolayer between
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the ITO anode and the HTL stopped the indium from
penetrating into the HTL.26 Kim et al. achieved a 25%
improvement in lifetime by adding 0.2 M NaOH to the
PEDOT:PSS solution to adjust the pH value.27 The pH-neutral
PEDOT:PSS has been successfully employed as a hole injection
layer in the application of organic light emitting diodes.28

However, a study on using pH-neutral PEDOT:PSS in OPVs
has not been reported.
We replace the acidic PEDOT:PSS (AI 4083) HTL with a

pH-neutral PEDOT:PSS (Jet N) in a BHJ device with a
photoactive layer of poly[N-9″-hepta-decanyl-2,7-carbazole-alt-
5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT)
that is doped with [6,6]-phenyl C71 butyric acid methyl ester
(PC71BM). Because of the limitations of our evaporation
system, and to achieve a good device performance, we treated
the active layer with methanol before the cathode deposi-
tion.29−32 Without any surface treatment, the device with the
pH-neutral PEDOT:PSS HTL has a PCE of only 3.44%, which
is much less than that of the device with the acidic PEDOT:PSS
HTL (6.28%). After treating the surface of the pH-neutral
PEDOT:PSS with both UV-ozone and an oxygen plasma, the
PCE increases to 6.60%. The improvement is attributed to the
reduction of the energy level offset between the HTL and the
active layer. The pH-neutral PEDOT:PSS stops the etching of
the indium species in the ITO, which effectively protects both
the ITO anode and the active layer. After 7 days of storage
under ambient conditions, the PCE of the device with the
acidic PEDOT:PSS decreases by 20%, whereas the PCE of the
device with the pH-neutral PEDOT:PSS decreases by only 9%.
After 50 days, the PCE of the device with the pH-neutral
PEDOT:PSS decreases by 20%, whereas the PCE of the device
with the acidic PEDOT:PSS decreases by 45%. The improve-

ment in the lifetime caused by using the pH-neutral
PEDOT:PSS is more than double.

■ RESULTS

In our experiment, 6 sets of 10 devices each were fabricated
with an identical device structure of ITO/PEDOT:PSS/
PCDTBT:PC71BM/Al using the same fabrication process
except for the surface treatments on the PEDOT:PSS films.
The reference device (Device A) with the acidic PEDOT:PSS
(AI 4083) as its HTL has an average PCE of 6.28% and a VOC
of 0.90 V. Replacing the acidic PEDOT:PSS with the pH-
neutral version (Jet N) severely impacts the device perform-
ance. Device B with the Jet N HTL has an average PCE of
3.44% with a VOC of 0.59 V. The fill factor (FF) is 49.1%
compared with the FF of 62.9% of Device A. To improve the
device performance, different surface treatments were applied
to the Jet N films before depositing the active layer.
With five minutes of UV-ozone treatment (Device C), the

device performance further drops. Though the VOC recovers to
0.86 V, the average PCE drops to 3.06% with a FF of 36.6%. In
contrast, treating the Jet N HTL with five minutes of oxygen
plasma treatment (Device D) significantly enhances the device
performance. The average PCE increases to 6.11%, and the FF
increases to 58.9%. Applying both surface treatments, five
minutes of UV-ozone followed by five minutes of oxygen
plasma, provides the best result. Device E has an average PCE
of 6.60%, a VOC of 0.92 V, and a FF of 63.1%. This performance
is even better than that of the reference, Device A. To examine
the effects of the surface treatments on the acidic PEDOT:PSS
HTL, Device F went through the same surface treatments as
Device E. However, the double-treated AI 4083 deteriorates the
device performance; Device F’s average PCE is only 2.94%, and
its FF is 37.0%.

Figure 1. (a) Schematic illustrations of the energy levels of the devices. The units is eV. (b) J−V characteristics of the best-performance devices with
different HTLs under 100 mW cm−2 air mass 1.5 global (AM 1.5G) illumination. (c) External quantum efficiency spectra of the devices with
different HTLs. (d) J−V curves for different PEDOT:PSS layers in the device structure of ITO/PEDOT:PSS/Al.
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Figure 1a illustrates the energy diagrams of the devices. The
current density−voltage (J−V) characteristics of the devices are
presented in Figure 1b with the device performances
summarized in Table 1. Figure 1c shows the external quantum
efficiency (EQE) spectra of the devices. An increase in the EQE
at wavelengths between 350 and 700 nm is observed in Device
B, Device D, and Device E compared with Device A. The EQE
enhancement contributes to an increase in the short circuit
current density JSC from 11.0 mA cm−2 in Device A to 11.9,
11.5, and 11.4 mA cm−2 in Devices B, D, and E, respectively.

■ DISCUSSION

Without a surface treatment, Jet N does not succeed as a good
HTL in PSCs. The poor device performance can be attributed
to the large energy level offset between the HTL and the active
layer. As shown in Figure 1a, the energy barrier between the Jet
N and the PCDTBT:PC71BM is substantially larger than that
between the AI 4083 and the PCDTBT:PC71BM. It is well
known that the UV-ozone and oxygen plasma treatments can
effectively enhance the work function.33,34 To modify the
interface between the Jet N layer and the active layer, we
applied UV-ozone and oxygen plasma treatments to the Jet N
layer. Scanning Kelvin probe measurements verify that after the
UV-ozone treatment, the work function of the Jet N increases
to 4.90 from 4.75 eV. After the oxygen plasma treatment, the
work function increases to 5.03 eV, and after both treatments,
the work function reaches 5.08 eV. The high work function of
the HTL increases the built-in potential, which induces a larger
internal electric field across the BHJ layer.35,36 The enhanced
internal field facilitates the separation of the photo-excited
excitons and the extraction of both types of carrier and
suppresses the charge recombination,37,38 which leads to the
improvement in the device performance.
In BHJ OPVs, the upper limit of the VOC depends on the

difference between the highest occupied molecular level of the
donor and the lowest unoccupied molecular level of the
acceptor when ohmic contacts are formed between the
electrodes and the organic functional layers.39 When a Schottky
contact is formed, the VOC is determined by the difference
between the work functions of the electrodes.40,41 Without any
surface treatment, the VOC of Device B is only 0.59 V in accord
with the low work function of the Jet N. After surface
treatments, the VOC increases to 0.86 V, 0.91 V, and 0.92 V in
the UV-ozone-treated device, the oxygen-plasma-treated device,
and the double-treated device, respectively (Table 1). The
improvements in the VOC are consistent with the improvements
in the work functions of the Jet N with the different surface
treatments.
Another factor that enhances the performance is interface

improvement. A large surface energy of the HTL could align
the acceptor at the bottom of the active layer close to the HTL,
which is not a preferable phase separation in carrier extraction.
The desirable vertical phase separation has the acceptor close to

the cathode to facilitate electron extraction and the donor close
to the anode to facilitate hole extraction.42 Therefore, it is
necessary to reduce the surface energy of the HTL. The
wettability of the HTLs was studied using contact angle
experiments. The water contact angles on the AI 4083 and Jet
N layers are 52 and 29°, respectively. After the surface
treatments, the water completely wets the Jet N surface, which
indicates that the surface energy of the double-treated Jet N is
larger than that of the AI 4083. The large surface energy of the
Jet N should degrade the device performance because of the
non-ideal vertical phase separation. However, the double-
treated Jet N device exhibits the best device performance.
Therefore, we conclude that the enhancement of the device
performance is not due to the change in the surface energy of
the HTL.
In the case of the AI 4083 device, although the double-

treatment increases the work function of the AI 4083 to 5.36
eV in Device F from 5.01 eV in Device A, Device F exhibits the
worst device performance among all the devices. In addition,
although the UV-ozone treatment improves the Jet N work
function in Device C, Device C has an inferior performance in
terms of PCE and FF compared with Device B. We believe that
the poor device performance results from the large Rs. From
Figure 1b, the Rs of Device C is 48.2 Ω cm2 and the Rs of
Device F is 76.3 Ω cm2, which are one order of magnitude
higher than the Rs values of the other devices (e.g., 4.90 Ω cm2

in Device A and 3.75 Ω cm2 in Device B). To investigate the
root cause of the large Rs values, the electrical conductance of
the PEDOT:PSS films with and without the surface treatments
were measured with the device structure of ITO/PEDOT:PSS/
Al. The J−V characteristics are shown in Figure 1d. The
electrical conductance of the PEDOT:PSS film is highest in the
Jet N followed by the plasma-treated Jet N, the double-treated
Jet N, the AI 4083, the UV-ozone-treated Jet N, and the
double-treated AI 4083 (the lowest), which is the same trend
seen in the short circuit current density JSC of the devices
(Table 1). Although the UV-ozone treatment increases the
work function of the Jet N and the double surface treatment
increases the work function of the AI 4083, the sharp decreases
in the electrical conductance lead to the significant increases in
Rs that substantially degrade the device performances.
The resistance of the HTL depends on its thickness. On one

hand, increasing the thickness of the double-treated Jet N film
increases its resistance and thereby Rs, which degrades the
device performance. On the other hand, because PEDOT:PSS
is a hole-transporting material with poor electron-blocking
properties, a very thin layer of AI 4083 cannot suppress the
dark current effectively (Figure S1 in the Supporting
Information),43 which also degrades the device performance.
Therefore, the optimized thickness of the HTL needs to
achieve a balance between Rs and dark current (Table S1 in the
Supporting Information). As a result, the optimal thicknesses of

Table 1. Performance of the OPV Devices with Different HTLs (measured under 100 mW cm−2 AM 1.5 G illumination)

device HTL Jsc (mA cm−2) Voc (V) FF (%) PCE (%)

A AI 4083 11.0 ± 0.41 0.90 ± 0.01 62.9 ± 1.07 6.28 ± 0.05
B Jet N 11.9 ± 0.39 0.59 ± 0.01 49.1 ± 1.50 3.44 ± 0.15
C UV-ozone-treated Jet N 9.71 ± 0.07 0.86 ± 0.01 36.6 ± 1.03 3.06 ± 0.06
D plasma-treated Jet N 11.5 ± 0.24 0.91 ± 0.01 58.9 ± 1.34 6.11 ± 0.05
E double-treated Jet N 11.4 ± 0.28 0.92 ± 0.01 63.1 ± 1.69 6.60 ± 0.06
F double-treated AI 4083 8.80 ± 0.07 0.89 ± 0.01 37.0 ± 1.93 2.94 ± 0.16
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the AI 4083 and of the double-treated Jet N are 40 and 10 nm,
respectively.
The oxygen-plasma-treated Jet N (Device D) has a work

function and conductivity similar to those of the double-
surface-treated Jet N (Device E), and both devices have the
same VOC and JSC. However, the PCE of Device D is slightly
lower than the PCE of Device E. We carefully examined the
surface morphologies of the double-treated and plasma-treated
Jet N films using atomic force microscopy (AFM) and found
that the oxygen-plasma-treated Jet N film has a rougher surface.
As shown in Figure 2, the surface roughness of the double-
treated film is 2.01 nm, whereas the surface roughness of the

oxygen-plasma-treated film is 3.73 nm. A rough interface
between the HTL and the active layer is likely to induce a
leakage current and to form trap states, thereby lowering the fill
factor and the power conversion efficiency.19,30

The AFM topographic images of the PCDTBT:PC71BM
active layer on the AI 4083, the Jet N and the double-surface-
treated Jet N show similar surface morphologies (see Figure S2
in the Supporting Information). The surface roughnesses are
0.67, 0.87, and 0.78 nm, respectively. Moreover, the absorption
spectra of the PCDTBT:PC71BM active layers on different
HTLs are consistent with each other (see Figure S3 in the
Supporting Information), which indicates that the molecular

Figure 2. AFM topographic images of (a) double-surface-treated Jet N, and (b) oxygen-plasma-treated Jet N. The scan area is 3 μm × 3 μm.

Figure 3. Dependence of the normalized device characteristics on storage time. (a) AI 4083 HTL device, and (b) double-surface-treated Jet N HTL
device.
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orientation of the bulk active layer has not been affected by the
different HTLs.

■ DEVICE STABILITY
The main goal of replacing the acidic PEDOT:PSS with the
pH-neutral PEDOT:PSS is to improve the device lifetime. The
stabilities of the devices were evaluated using a shelf-life
method in which, after encapsulation, the devices were stored
in a drybox in the dark under an ambient atmosphere at room
temperature. The humidity inside the drybox was controlled at
50% RH during the entire experiment. Degradations of the
active layer and of the top electrode by water and oxygen that
permeated through the encapsulation clearly contribute to the
overall stability of the device.44,45 However, those factors are
expected to be similar in all the devices and are beyond the
scope of this study.
The normalized lifetime data are shown in Figure 3. The

double-surface-treated Jet N device degrades much more slowly
than the AI 4083 device. The PCE of the acidic PEDOT:PSS
device decreases to 80% after 7 days, whereas the PCE of the
pH-neutral PEDOT:PSS device decreases to 91%. After 50
days, the PCE of the acidic PEDOT:PSS device drops by 45%,
whereas the PCE of the pH-neutral PEDOT:PSS device drops
only by 20%. The improvement in the lifetime of the pH-
neutral PEDOT:PSS is more than double. As illustrated in
Figure 3, the trend in decreasing JSC is the same as the trend in
the PCE, which indicates that the reduction in the hole
extraction efficiency at the interface of the HTL and the active
layer substantially contributes to the loss of device performance.
After 50 days, the JSC of the acidic PEDOT:PSS device
decreases by 34%, whereas the JSC of the pH-neutral
PEDOT:PSS device decreases only by 10%. In comparison,
the VOC of the acidic PEDOT:PSS device decreases by less than
10%, whereas the VOC of the pH-neutral PEDOT:PSS device
remains almost constant. Although the degradation is partly
due to the chemical and morphological instability of the active
layer and the corrosion of the metal cathode, the difference in
the rate of degradation between the two devices is obvious.25

Because the only difference between the devices is the HTL, we
suspect that the acidic AI 4083 etches the ITO and causes the
diffusion of indium into the HTL and the active layer, which
destabilizes the device.
To verify this assumption, we conducted X-ray photoelectron

spectroscopy (XPS) measurements on ITO/PEDOT:PSS
samples and ITO/PEDOT:PSS/PCDTBT:PC71BM samples
to detect the atomic concentration of indium. The XPS spectra
are shown in Figure 4. On the bare ITO substrate, the atomic

concentration of indium reaches 29.8%. As listed in Table 2, in
the freshly prepared samples, 0.49% In is observed in the ITO/

AI 4083 device, 0.08% In is detected in the ITO/double-treated
Jet N device, and no trace of In is found in either the ITO/AI
4083/PCDTBT:PC71BM device or the ITO/doubled-treated
Jet N/PCDTBT:PC71BM device. The data clearly show that
the diffusion of In into the HTL most likely starts during the
spin-coating process of PEDOT:PSS. By replacing the acidic
PEDOT:PSS with neutral PEDOT:PSS, the ITO etching effect
is dramatically reduced. After 15 days of storage under ambient
conditions, the In content in the AI 4083 increases to 0.87%,
and the In content in the Jet N increases to 0.40%. However,
there is still no In detected in the active layer on either
PEDOT:PSS sample. After 30 days of storage, the atomic
concentration of indium further increases to 1.91% and 1.20%
in the acidic PEDOT:PSS and pH-neutral PEDOT:PSS,
respectively. Accordingly, the XPS spectra of In 3d that are
shown in Figure 4a exhibit a more distinct peak profile in the AI
4083 sample than in the Jet N sample. In addition, 0.28%
indium is found in the active layer that is above the acidic
PEDOT:PSS, which suggests that the indium diffuses not only
into the HTL but also into the photoactive layer. In contrast,
no indium is detected in the active layer that is above the pH-
neutral PEDOT:PSS, which shows that the rate of indium
diffusion in the pH-neutral PEDOT:PSS is much lower than
that in the acidic PEDOT:PSS. The diffused indium introduces
gap states at the interface of the HTL and the active layer and
inside the active layer. The gap states function as trapping sites
of the photo-excited carriers, which leads to charge
recombination and the reduction of the extracted photo-
current.23,46,47 The faster diffusion of In that is observed in the
acidic AI 4083 devices induces more gap states, thereby causing
a more rapid degradation of the device.

Figure 4. XPS spectra of indium in (a) different PEDOT:PSS layers, and (b) active layer (PCDTBT:PC71BM) on different PEDOT:PSS layers after
0 days and 30 days storage in air.

Table 2. Atomic Concentration of Indium in Different
PEDOT:PSS Layers and Active Layer on Different
PEDOT:PSS Layers after 0 Days and 30 Days Storage in Air

atomic concentration (%)

ITO/AI
4083

ITO/
Jet N

ITO/AI 4083/
active layer

ITO/Jet N/
active layer

fresh sample 0.49 0.08 0.00 0.00
15 days
storage

0.87 0.40 0.00 0.00

30 days
storage

1.91 1.20 0.28 0.00
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■ CONCLUSIONS
The widely adopted HTL that is used in BHJ polymer solar
cells, i.e., acidic PEDOT:PSS, is replaced with a pH-neutral
PEDOT:PSS. UV-ozone and oxygen plasma treatments are
used to reduce the energy level offset between the HTL and the
active layer, which increases the open-circuit voltage, improves
carrier transportation, and prevents carrier recombination. The
performance of the devices with the pH-neutral PEDOT:PSS
after the surface treatments is slightly better than that of the
devices with the acidic PEDOT:PSS. The pH-neutral
PEDOT:PSS reduces the etching of indium from the ITO
substrate and slows down the penetration of indium into the
active layer. As the result, the lifetime of the device is more than
doubled. After 7 days of storage under ambient conditions, the
PCE of the device with the acidic PEDOT:PSS decreases by
20%, whereas the PCE of the device with the pH-neutral
PEDOT:PSS decreases by only 9%. After 50 days, the PCE of
the device with the acidic PEDOT:PSS decreases by 45%,
whereas the PCE of the device with the pH-neutral
PEDOT:PSS decreases by 20%.

■ EXPERIMENTS AND METHODS
Materials. The ITO glasses were purchased from the China

Southern Glass Holding Corp. The PEDOT:PSS (Clevios P VP AI
4083 and Clevios P Jet N) were purchased from H. C. Starck GmbH.
PCDTBT and PC71BM were purchased from 1-material Chemscitech
Inc. All the solvents used in the study were purchased from Aldrich. All
chemicals and materials were purchased and used as received unless
otherwise noted.
Device Fabrication. Patterned ITO glass substrates with a sheet

resistance of 15 Ω/□ were cleaned sequentially in ultrasonic bath of
acetone, isopropyl alcohol, detergent, deionized water, and isopropyl
alcohol. After cleaning, the substrates were dried overnight in an oven
at 80 °C. Prior to device fabrication, the substrates went through
oxygen plasma for 20 min. Devices with six different HTLs were made:
(A) AI 4083; (B) Jet N; (C) UV-ozone treated Jet N; (D) plasma-
treated Jet N; (E) UV-ozone and plasma-treated Jet N; and (F) UV-
ozone and plasma-treated AI 4083. The optimal HTLs’ thicknesses
are, respectively: (A) 40, (B) 20, (C) 10, (D) 10, (E) 10, and (F) 30
nm. Device A and B were prepared as follows: Clevios P VP AI 4083
and Clevios P Jet N were spin-coated on the substrates followed by 10
min annealing at 200 °C in nitrogen. For Device C, the Jet N film was
exposed to UV-ozone in a UV-ozone oven for 5 min. For Device D,
the Jet N film was treated with oxygen plasma for 5 min with a power
of 80 W at 200 sccm oxygen flow. For Deivce E and F, the Jet N film
and the AI 4083 film were treated with 5 min UV-ozone and 5 min
oxygen plasma sequentially.
The solution of the active layer was made by mixing PCDTBT and

PC71BM with a 1:4 weight ratio first, then dissolving the mixture in a
blended solvent of 1,2-dichlorobenezene and chlorobenzene (3:1 by
volume) and a concentration of 7 mg/mL. On top the PEDOT:PSS
film, the active layer solution was spin-coated with a thickness of 80
nm. Solvent treatment on the active layer was carried out by spin-
coating the a few drops of methanol. The aluminum electrode of 100
nm was deposited by thermal evaporation in a vacuum of about 3 ×
10−4 Pa.
Device Characterizations and Film Studies. J−V characteristics

of the devices were measured using a Keithley 2400 Source Measure
Unit and an Air Mass 1.5 Global (AM 1.5 G) solar simulator (SAN-EI
corporation, XES-40S1 150 W, AAA class, Japan) with irradiation
intensity of 100 mW cm−2. A shadow mask was attached to the device
to define the light exposure area of 15.0 mm2. EQE measurements
were conducted using a monochromator (Newport 74125 mono-
chromator equipped with 66984 ARC lamp). The incident light
intensity was calibrated with a silicon photodiode.
The surface potentials and the work functions of the PEDOT:PSS

films were obtained by Scanning Kelvin Probe Microscopy (Kelvin

Probe 5050 Technology) in nitrogen. Each data point is the average
value of 20 measurements on each sample. AFM images were obtained
by a NanoScope NS3A system (Digital Instruments). Top view XPS
analysis to determine the indium concentration at the samples’
surfaces were performed on a Kratos Analytical Axis Ultra DLD X-ray
Photoelectron Spectroscopy with a monochromated AlKα (1486.6
eV) X-ray source. All recorded peaks were corrected for electrostatic
effects by setting the C−C component of the C1s peak to 284.8 eV.
The base pressure in the XPS analysis chamber was about 5 × 10−9

Torr. The probing depth of XPS is 5−8 nm.
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