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ABSTRACT: A nonconjugated anionic polyelectrolyte, poly(sodium 4-
styrenesulfonate) (PSS-Na), was applied to the optoelectronic devices as an
interfacial layer (IFL) at the semiconducting layer/cathode interface. The
ultraviolet photoelectron spectroscopy and the Kelvin probe microscopy
studies support the formation of a favorable interface dipole at the organic/
cathode interface. For polymer light-emitting diodes (PLEDs), the maximum
luminance efficiency (LEmax) and the turn-on voltage (Von) of the device with
a layer of PSS-Na spin-coated from the concentration of 0.5 mg/mL were
3.00 cd/A and 5.5 V, which are dramatically improved than those of the
device without an IFL (LEmax = 0.316 cd/A, Von = 9.5 V). This suggests that
the PSS-Na film at the emissive layer/cathode interface improves the electron
injection ability. As for polymer solar cells (PSCs), the power conversion
efficiency (PCE) of the device with a layer of PSS-Na spin-coated from the
concentration of 0.5 mg/mL was 2.83%, which is a 16% increase compared to
that of the PSC without PSS-Na. The PCE improvement is mainly due to the enhancement of the short-circuit current (12%
increase). The results support that the electron collection and transporting increase by the introduction of the PSS-Na film at the
photoactive layer/cathode interface. The improvement of the efficiency of the PLED and PSC is due to the reduction of the
Schottky barrier by the formation of a favorable interface as well as the better Ohmic contact at the cathode interface.

KEYWORDS: nonconjugated anionic polyelectrolyte, interfacial layer, electron transporting/injecting layer, optoelectronic device,
interface dipole, electrical contact resistance

■ INTRODUCTION

Recently, the organic optoelectronic devices, such as polymer
light-emitting diodes (PLEDs) and polymer solar cells (PSCs),
have been extensively studied because of the possibility of their
application in flexible devices and low fabrication cost.1−4 The
charge transporting and injecting/collecting properties are
important factors for influencing the performances of the
devices. These are strongly related to the interfacial properties
between the emissive layer (EML) (or photoactive layer
(PAL)) and the cathode or the anode.5 A thin layer of PEDOT:
PSS,6 thermally curable arylamine derivatives,7−12 and self-
assembled monolayers (SAMs) modification13−15 were mainly
used for improving the interface properties between the EML
(or PAL) and the anode to achieve highly efficient devices. For
a cathode side, highly efficient devices are then achieved by the
introduction of low work function metal electrodes. However,
low work function metals are very sensitive to oxygen or
moisture under the ambient condition. The utilization of quite
stable metal electrodes, such as Al or Ag, seemed to be
unavoidable, although the devices based on Al or Ag show poor
performances. One of the potential methods to improve
interfacial property is the introduction of a buffer layer between
the EML (or PAL) and the metal electrode. The introduction
of a poly(ethylene oxide) (PEO),16 cationic π-conjugated
polymer electrolytes (CPEs) with quaternary ammonium

salt,17−20 alcohol-soluble neutral conjugated polymers (P-
OH),21 nonconjugated polymer electrolytes based on viologen
derivatives (PVs),22,23 or solution processable n-type metal
oxides, such as TiOx

24 and ZnO,25 have been reported as an
interfacial layer (IFL) to improve the performances of the
optoelectronic devices. The efficiency of the devices with these
materials as an IFL at the active layer/metal cathode interface
was dramatically improved by the formation of a favorable
interface dipole, which reduces the work function of the metal
as well as the electrical contact resistance.
The anionic CPEs with sulfonate26,27 and the nonconjugated

cationic polyelectrolytes22,23 were used as an electron trans-
porting and injecting/collecting layer for PLEDs and PSCs.
Therefore, a nonconjugated anionic polyelectrolyte, such as
poly(sodium 4-styrenesulfonate) (PSS-Na) (Figure 1c), might
be used as an IFL between the EML (or PAL) and the cathode.
PSS-Na is a well-known commercially available nonconjugated
anionic polyelectrolyte and very soluble in polar protic solvents,
such as water or water/alcohol mixtures. The solubility of PSS-
Na in polar protic solvents offers the options available for the
utilization of an IFL in the optoelectronic applications. A
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monolayer of PSS-Na can be absorbed on a substrate with a
positively charged surface; then the surface charge is reversed. A
layer of cationic polyelectrolyte can be absorbed on a reversed
charged surface. By repeating both steps successively,
alternating multilayer assemblies of both anionic and cationic
polyelectrolytes can be obtained.28 In this case, there is no
discernible permanent dipole. The surface of a thin layer of
PSS-Na coated EML (or PAL) will be negatively charged
because the hydrophobic EML (or PAL) will push away the ion
pairs from a surface of the EML (or PAL). As for anionic
conjugated polyelectrolytes for an IFL, the mobile counterions
will move to the cathode to form a strong favorable dipole and
the polymer with anionic charge will not move; then a double
layer between free counterions and the cathode is obtained to
make better electron injection.26 We believe that the similar
features are expected in PSS-Na. Therefore, the interface dipole
will be generated between the EML (or PAL) by the
permanent dipole moment. In this paper, we report the
characteristics of the optoelectronic devices with a very thin
layer of PSS-Na as an IFL between the EML (or PAL) and the
cathode. As illustrated in Figure 1d, a very thin layer of PSS-Na
will improve the electron transporting and injecting/collecting
property by the formation of a favorable interface dipole and
the reduction of electrical contact resistance. To the best of our
knowledge, the PLEDs and PSCs with the PSS-Na film as an
IFL have never been tested and reported before.

■ EXPERIMENTAL SECTION
Materials. Chemicals were purchased from Aldrich Chemical Co.

and Alfa Aesar and were used as received unless otherwise described.
Poly(sodium 4-styrenesulfonate) (Cat. No. 45851, Mw = 75 000 g/
mol) and poly(4-styrenesulfonic acid) were purchased from Alfa Aesar.
Regioregular P3HT (Cat. No. 4002-EE) and PCBM (Cat No. nano-
cPCBM-BF) were purchased from Rieke Metals Inc. and nano-C, Inc.,
respectively. PF9B was used as an EML and synthesized according to
the literature procedures.29 PF9B is a random copolymer based on 90
mol % of 9,9-dihexylfluorene and 10 mol % of 2,1,3-benzothiadiazole.

Measurements. The thickness of the film was measured by an
Alpha-Step IQ surface profiler (KLA-Tencor Co.). The work function
measurements were carried out using a UPS (VG Scientific Co.) with a
He I source (hν = 21.2 eV) at a pressure of 1 × 10−8 Torr. A −3 V was
applied to a sample during the measurements to distinguish between
the analyzer and the sample cutoff. We also performed the Kelvin
probe (KP) measurements (McAllister Technical Services, KP 6500)
of the contact potential difference between the sample and the KP tip
to confirm the effective work function. The KP tip work function was
5.203 ± 0.011 eV. The water contact angle was measured using a
KRUSS Model DSA 100. Atomic force microscope (AFM) images
were taken on a Digital Instruments (Multi ModeTM SPM). AFM
images were obtained by the tapping mode and at a scan rate of 2 Hz.
The J−V measurements under the 1.0 sun (100 mW/cm2) condition
from a 150 W Xe lamp with an AM 1.5G filter were performed using a
KEITHLEY Model 2400 source-measure unit. A calibrated Si
reference cell with a KG5 filter certified by the National Institute of
Advanced Industrial Science and Technology was used to confirm the
1.0 sun condition.

Fabrication of PLEDs and PSCs. For fabrication of PLEDs with a
structure of ITO/PEDOT/EML (PF9B)/PSS-Na/Al, a thickness of
40 nm of PEDOT:PSS (Baytron P, diluted with 2-propanol 1:2 v/v)
was spin-coated on a precleaned indium tin oxide (ITO) glass
substrate (sheet resistance = 15 ohm/sq). After being baked at 150 °C
for 10 min under the air, an emissive polymer solution (10 mg/mL in
toluene) was spin-coated onto the PEDOT:PSS layer at 2000 rpm for
60 s. Prior to spin-coating, the emissive polymer solution was filtered
through a 0.45 μm membrane filter. The typical thickness of the EML
was 60 nm. Before cathode deposition, the IFL of PSS-Na was
prepared by spin-coating with a different concentration of solution of
PSS-Na at 4000 rpm for 60 s. The typical thickness of a PSS-Na film
was less than 5 nm. The thickness of the PSS-Na layer was controlled
by the concentration of the PSS-Na solution. The Al layer was
deposited with a thickness of 100 nm through a shadow mask with a
device area of 0.13 cm2 at 2 × 10−6 Torr.

For fabrication of PSCs with a structure of ITO/PEDOT/PAL
(P3HT:PCBM)/PSS-Na/Al, the deposition of a PEDOT:PSS layer is
the same as the fabrication of PLEDs. After being baked at 150 °C for
10 min under the air of a PEDOT:PSS layer, the PAL was spin-cast
from the blend solution of P3HT and PCBM (20 mg of P3HT and 20

Figure 1. Device structures and the chemical structures of materials used in the device fabrications: (a) PLED, (b) PSC. (c) The chemical structure
of PSS-Na. (d) The proposed work function reduction scheme by the formation of a favorable interface dipole between the organic layer and the
cathode (Δ: the work function reduction (the reduction of a Schottky barrier) by the PSS-Na thin film. Φ: the work function of a thin film of PSS-
Na coated Al).
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mg of PCBM dissolved in 1 mL of o-dichlorobenzene (ODCB)) at
600 rpm for 40 s and then dried in a covered Petri dish for 1 h. Prior to
spin-coating, the photoactive solution was filtered through a 0.45 μm
membrane filter. The typical thickness of the PAL was 200 nm. The
deposition procedures of the IFL and cathode were the same as the
fabrication of PLEDs. After the cathode deposition, the device was
thermally annealed at 150 °C for 20 min in the glovebox (N2
atmosphere).

■ RESULTS AND DISCUSSION

Characterization of the Al/PSS-Na Interface. PSS-Na
has sodium sulfate salt on the side chain, which is a very polar
and has a permanent dipole. Therefore, as illustrated in Figure

1, the work function of a thin layer of PSS-Na coated Al (Φ)
cathode might be lower than that of the Al cathode without
PSS-Na because of the formation of a favorable interface dipole.
We performed ultraviolet photoelectron spectroscopy (UPS) to
measure the work function of the Al and the PSS-Na coated Al.
As shown in Figure 2, the work function was estimated from
the secondary cutoff energy and the Fermi level in the UPS
spectrum. The work functions of the PSS-Na coated Al and the
Al figured out from the UPS spectra were 4.22 and 4.32 eV,
respectively. The work function of a thin layer of PSS-Na
coated Al was smaller than that of Al. To crosscheck the work
function variation by the PSS-Na thin film, we performed the

Figure 2. UPS spectra of Al and PSS-Na coated Al.

Figure 3. (a) Current density−voltage, (b) brightness−voltage, and (c) luminance efficiency−current density curves and (d) electroluminescence
spectra (offset for clarity) of PLEDs (filled rectangle: without IFL; filled circle: a 0.5 nm thick LiF as an IFL; filled triangle: PSS-Na coated from the
solution of 0.1 mg/mL; filled reverse triangle: PSS-Na coated from the solution of 0.5 mg/mL; circle: PSS-Na coated from the solution of 1.0 mg/
mL).
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measurements of the work function by the Kelvin probe
microscopy (KPM), which is a very good instrumental analysis
for investigating the work function near the metal/organic
interface.30−34 The effective work function of a thin layer PSS-
Na coated Al obtained from the KPM was 4.16 ± 0.03 eV,
which is smaller than the effective work function of PSS-Na
coated Al (4.30 ± 0.02 eV). The KPM results also support that
the work function of the Al cathode is reduced by the formation
of an interface dipole. Generally, a large Schottky barrier
inhibits the facile transport/injection of electrons at the organic
(or polymer) semiconductor/Al interface. From the UPS and
KPM results, the reduction of a Schottky barrier was small (ca.
0.1 eV) compared to the case with the PEO, CPEs, P-OH, and
PVs as an IFL (higher than 0.2 eV).16−23,26,27 However, the
more efficient transport/injection of electrons is expected in the
device with the thin film of PSS-Na as an IFL. It is well-known
that the property of solvents for IFL materials and the wetting
property of an IFL on the semiconducting layer are important
factors for governing the performances of the optoelectronic
devices.22,35,36 From the our experience, the amount of water in
the solvent for IFL materials should be less than 30%.22,23

Fortunately, the solubility of PSS-Na in the water/methanol
mixed solvent (1:9 by volume) of was up to 2 mg/mL. The
static water contact angles of the active layer (P3HT:PCBM)
and the PSS-Na coated active layer were (107.9 ± 0.3)° and
(99.0 ± 0.2)°, respectively (see Figure S1, Supporting
Information). The PSS-Na coated active layer became more
hydrophilic than without PSS-Na. AFM was used to investigate
the surface morphology of the PAL with and without the PSS-
Na layer. The AFM image (Figure S2, Supporting Information)
of the PAL without the PSS-Na film showed clearly P3HT-rich
and PCBM-rich domains due to phase separation behavior. The
image of the PAL with PSS-Na showed quite different features.
This is due to that the PSS-Na layer covers the roughness of the
PAL surface. The surface roughness (Figure S2, Supporting
Information) of the PSS-Na coated active layer (P3HT:PCBM)
is smoother than that of the active layer wihout PSS-Na. This
means that the PSS-Na film can form uniformly on the active
layer.
PLED and PSC Properties. We fabricated a series of

PLEDs with the PSS-Na film at the EML/Al interface to
investigate the effect of the PSS-Na film on the devices. To
compare the performances of the devices with the PSS-Na as an
IFL, we also fabricated the PLEDs without IFL and with a 0.5
nm thick LiF film as an IFL. Figure 3 shows the characteristics
of a series of PLEDs with or without an IFL. The performances
of the PLEDs are summarized in Table 1. The typical diode
characteristics were observed in all the devices. As shown in
Figure 3d, the electroluminescent (EL) spectrum of the device
with IFL0.5 was almost identical to that of the device without
IFL. One can easily notice that the devices with the PSS-Na
film as an IFL exhibited better electron transporting ability than

that of the devices without IFL. We varied the thickness of the
IFL to optimize the device performances by varying the
concentration of PSS-Na solutions. We refer to the spin-coated
PSS-Na film from the concentrations of 0.1, 0.5, and 1.0 mg/
mL as IFL0.1, IFL0.5, and IFL1.0, respectively. However, we
could not measure the thickness of the PSS-Na film directly on
the EML or PAL by using a thickness monitor (Alpha-Step IQ
surface profiler) or an AFM because the surface roughness of
the PAL (see Figure S2, Supporting Information) is comparable
to the thickness of the PSS-Na film. Therefore, we measured
the thickness of films on silicon wafers by using ellipsometry.
The thickness of PSS-Na film was measured according to the
literature procedures.16 The PSS-Na films were prepared under
the same spin-coating condition as in the device fabrications.
The thicknesses of PSS-Na layers prepared from the
concentrations of 0.1, 0.5, and 1.0 mg/mL were 2.44 ± 0.04,
4.08 ± 0.05, and 4.68 ± 0.15 nm, respectively. Even though the
surface property of the PAL (or EML) is different from that of
the Si wafer, the thickness of the PVA film on the PAL (or
EML) would be similar to those on the Si wafer.
The device without an IFL (ITO/PEDOT/PF9B/Al)

showed a turn-on voltage (Von) of 9.5 V, a maximum
luminance efficiency (LEmax) of 0.316 cd/A, and a maximum
brightness (Bmax) of 476 cd/m2, respectively. Contrarily, the
device with an IFL0.5 exhibited a Von of 5.5 V, a LEmax of 3.00
cd/A, and a Bmax of 4348 cd/m2, respectively, which are
dramatically improved than those of the device without an IFL.
Besides, the Von and the LEmax are comparable to those of the
device with 0.5 nm thick LiF (Von = 6.0 V, LEmax = 3.64 cd/A).
As shown in Figure 3 and Table 1, the performances of PLEDs
were dependent on the concentration of the PSS-Na solution.
The LEmax of the devices with an IFL1.0 exhibited a relatively
high efficiency. The performances of the device with an IFL0.1
were very poor, which are close to the performances of the
device without an IFL. One possible reason for the poor
performances is that the EML is not fully covered with the PSS-
Na. As for the device with an IFL1.0, the PSS-Na film was too
thick, leading to decreased current density, Bmax, and increased
Von. The Von values of the devices with the PSS-film as an IFL
were smaller than that of the device without an IFL, indicating
that the electron injection process is facilitated by the PSS-Na
film. Even though the reduction of a Schottky barrier was small,
the electron transporting/injecting properties are improved by
the insertion of the PSS-Na film between the EML and the
cathode. The devices in this research seem to need to be
optimized further because the Von values of the devices were
higher than previously reported data.29 However, one can
notice that the performances (Von, LE, and B) of the devices
with the PSS-Na film are better than those of the device
without PSS-Na.
A series of PSCs with the PSS-Na film at the PAL/Al were

fabricated to investigate the effect of the PSS-Na film on the

Table 1. Performances of the PLEDs

Von
a (V) LEmax

b (cd/A) at V LE100
c (cd/A) Bmax

d (cd/m2) at V

without IFL 9.5 0.316 0.282 476 at 14.5
LiF (0.5 nm) 6.0 3.64 1.97 6518 at 11.5
IFL (0.1 mg/mL) 7.0 0.660 0.649 1436 at 14.0
IFL (0.5 mg/mL) 5.5 3.00 2.56 4348 at 12.5
IFL (1.0 mg/mL) 7.5 2.49 2.47 643 at 14.5

aTurn-on voltage is defined as the voltage at a brightness of 1 cd/m2. bMaximum luminance efficiency. cLuminance efficiency at a brightness of 100
cd/m2. dMaximum brightness.
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devices. To compare the performances of the devices, we also
fabricated the PSCs without an IFL and with a 1.0 nm thick LiF
film as an IFL. Figure 4a shows the photovoltaic characteristics

of the PSCs with the PSS-Na film as an IFL with a
configuration of ITO/PEDOT:PSS/PAL/IFL/Al. The photo-
voltaic parameters are summarized in Table 2. The power
conversion efficiency (PCE) of the device with an IFL0.5 was
2.83%, which is a 16% increase compared to that of the device
without an IFL. Most of the increase in the device efficiency
resulted from the 12% enhancement in the short-circuit current
(Jsc), while the fill factor (FF) was very close to that of the
device without an IFL. This result is not usually observed in the
previously reported results of the buffer layer based on PEO,16

CPEs,17−20 P-OH,21 and PVs,22,23 for which either the Jsc and
the FF increase simultaneously or only the FF increases along
with the increase of the Voc.
For the devices with an IFL0.1, the Jsc and the PCE were

−8.25 mA/cm2 and 2.69%, respectively, which is an increase of
8% of Jsc and a 10% of PCE compared to those of the device
without an IFL. The FF of the device with IFL0.1 shows a
similar feature with the device with IFL0.5. The performances
of the device with an IFL0.5 and IFL0.1 are improved than
those of the device without an IFL, while the PCE of the device
with an IFL1.0 is comparable to that of the device without PSS-
Na. The PCE of the device with an IFL0.5 was very comparable
to that of the device with 1.0 nm thick LiF at the PAL/Al
interface. The PCE of the device with an IFL0.5 was very
comparable to that of the device with 1.0 nm thick LiF at the
PAL/Al interface. The Voc values of all the devices with the
PSS-NA film were 0.61 V, which are slightly improved than that
of the device without IFL. This is presumably due to that the
reduction of a Schottky barrier is small (ca. 0.1 eV). This is a
different result from the cases of the reported IFLs based on
PEO,16 CPEs,17−20 P-OH,21 and PVs,22,23 for which the large
increase of Voc was attributed to the enhancement of the PCE
of the devices. Recently, Wang et al. reported a similar
observation in the device with poly(vinylpyrrolidone) (PVP) as
an IFL,37 which is a nonconjugated neutral polymer with a
strong dipole moment.
In general, current density−voltage curves under the dark

condition provide information about the series resistance (Rs)
and the parallel resistance (Rp), which were calculated from the
inverse slope near the high current regime and the slope near
the lower current region in the dark J−V curves, respectively.
As shown in Figure 4b and Table 2, the Rs and Rp values of the
devices with an IFL0.1 and IFL1.0 were smaller than those of
the device without an IFL, and these are coincident with the
higher current density for the devices with PSS-Na at both the
reverse and the forward bias in the dark. The device with an
IFL0.5 showed a smaller Rs value and a larger Rp value
compared with those of the device without PSS-Na, whereas
IFL0.1 and IFL1.0 exhibited smaller Rs and Rp values.
Interestingly, the FF value of the device with IFL0.5 is very
similar to that of the device without PSS-Na, regardless of the
improvement in Rs and Rp values of the device with IFL0.5. As
mentioned before, this result is different from the previously
reported result of the buffer layers, such as PEO, CPEs, and P-
OH. The Jsc depends on the multiplication of the photoinduced
charge carrier density, the charge carrier mobility in the active
layer, the interface properties at the interfaces (i.e., between the
PAL and the electrodes), and charge trasnport.37,38 The
improvement of Jsc is mainly due to that the reduction of
work function of the cathode increases the built-in potential of
the solar cells, which also increases the extraction field when the

Figure 4. Current density−voltage curves of PSCs (a) under AM 1.5G
simulated illumination with an intensity of 100 mW/cm2 and (b)
under the dark condition (filled rectangle: without IFL; filled circle: a
1.0 nm thick LiF as an IFL; filled triangle: PSS-Na coated from the
solution of 0.1 mg/mL; filled reverse triangle: PSS-Na coated from the
solution of 0.5 mg/mL; circle: PSS-Na coated from the solution of 1.0
mg/mL).

Table 2. Summary of Photovoltaic Parameters of PSCs with the Best PCE Valuea

Voc (V) Jsc (mA/cm
2) FF (%) PCE (%) Rs (Ω cm2)b Rp (kΩ cm2)c

without IFL 0.59 (0.59 ± 0.01) −7.64 (−7.59 ± 0.21) 54.1 (54.5 ± 1.67) 2.44 (2.43 ± 0.95) 5.76 62.8
LiF (1 nm) 0.62 (0.62 ± 0.01) −7.35 (−7.43 ± 0.08) 64.7 (64.1 ± 0.65) 2.95 (2.95 ± 0.03) 2.77 43.0
IFL (0.1 mg/mL) 0.61 (0.61 ± 0.01) −8.25 (−8.20 ± 0.07) 53.5 (53.8 ± 0.28) 2.69 (2.67 ± 0.03) 2.63 33.9
IFL (0.5 mg/mL) 0.61 (0.61 ± 0.01) −8.58 (−8.32 ± 0.10) 54.0 (54.7 ± 0.24) 2.83 (2.77 ± 0.07) 3.39 113
IFL (1.0 mg/mL) 0.61 (0.62 ± 0.01) −7.47 (−7.41 ± 0.10) 54.7 (54.2 ± 0.28) 2.49 (2.47 ± 0.04) 3.48 38.7

aThe averages for photovoltaic parameters of each device are given in parentheses with mean variation. bThe series resistance (estimated from the
device with the best PCE value). cThe parallel resistance (estimated from the device with the best PCE value).
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device is biased at the short-circuit condition. In our results, the
PSS-Na layer plays an important role in improving the interface
properties (i.e., improved Ohmic contact at the interfaces).
Therefore, it is plausible that the higher Jsc values of the devices
with the PSS-Na layer are related to the enhanced charge
tranport to the cathode. The incident photon conversion
efficiency (IPCE) spectra (Figure S3, Supporting Information)
of the devices are coincident with the higher PCE for the device
with PSS-Na. This also supports that the device with PSS-Na
shows better performances than the device without PSS-Na.

■ CONCLUSION
We have demonstrated an anionic nonconjugated polyelec-
trolyte, PSS-Na, to modify the property at the organic/Al
interface in both PLEDs and PSCs. The UPS and KPM studies
indicate that a Schottky barrier between the organic layer and
the Al cathode is reduced by the formation of a favorable
interface dipole by the PSS-Na film. The performances of
PLEDs and PSCs depend on the thickness of the PSS-Na film.
The PLED and PSC with the PSS-Na film spin-coated from a
solution of 0.5 mg/mL showed the best performances, which
are higher than those of the device without the PSS film. This
research provides a very simple and facile strategy for the
enhancement of the efficiency of the optoelectronic devices.
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