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ABSTRACT: Polyviologen (PV) derivatives are known materials used for
adjusting the work function (WF) of cathodes by reducing the electron
injection/collection barrier at the cathode interface. To tune and improve
device performance, we introduce different types of counteranions (CAs),
such as bromide, tetrafluoroborate, and tetraphenylborate, to a PV
derivative. The effective WF of the Al cathode is shown to depend on the
size of the CA, indicating that a Schottky barrier can be modulated by the
size of the CA. Through the increased size of the CA from bromide to
tetraphenylborate, the effective WF of the Al cathode is gradually decreased,
indicating a decreased Schottky barrier at the cathode interface. In addition,
the change of the power conversion efficiency (PCE) and the short circuit
current (Jsc) value show good correlation with the change of the WF of the
cathode, signifying the typical transition from a Schottky to an Ohmic
contact. The turn-on electric field of the electron-only device without PV
was 0.21 MV/cm, which is dramatically higher than those of devices with PV-X (0.07 MV/cm for PV-Br, 0.06 MV/cm for PV-
BF4, and 0.05 MV/cm for PV-BPh4) This is also coincident with a decrease in the Schottky barrier at the cathode interface. The
device ITO/PEDOT/P3HT:PCBM/PV/Al, with a thin layer of PV derivative and tetraphenylborate CA as the cathode buffer
layer, has the highest PCE of 4.02%, an open circuit voltage of 0.64 V, a Jsc of 11.6 mA/cm

2, and a fill factor of 53.0%. Our results
show that it is possible to improve the performance of polymer solar cells by choosing different types of CAs in PV derivatives
without complicated synthesis and to refine the electron injection/collection barrier height at the cathode interface.
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■ INTRODUCTION

Recently, polymer solar cells (PSCs) have attracted attention
because of their possible application in energy harvesting
devices due to their flexibility and low fabrication cost.1−3

Photoinduced charge separation, transportation, and collection
properties are very important factors for the construction of
efficient PSCs. Among them, charge carrier injecting/collecting
properties are crucial for improving the performance of the
devices, which are strongly related to the interfacial properties
between the organic semiconducting layer and the cathode (or
anode). The interfacial property at the cathode interface is
improved simply by the insertion of solution processable
conjugated polymer electrolytes (CPEs),4−11 alcohol soluble
neutral conjugated polymers,12,13 polyviologen (PV) deriva-
tives,14 nonconjugated polymer electrolytes,15,16 and non-
conjugated polymers with polar groups, such as poly-
(vinylpyrrolidone),17 poly(ethylene oxide),18 and poly(vinyl
alcohol).19 These materials enable the fabrication of a
multilayer device without destroying a precoated organic
semiconducting layer because they are soluble in polar solvents
(e.g., water, alcohol, etc.). Through the insertion of a thin layer
of these materials at the cathode interface, the performance of

PSCs is dramatically improved relative to that of devices lacking
these materials as an interfacial layer.
Park et al.20 reported that spontaneous organization of CPEs

occurs during the spin coating process. Ionic components of
the CPE accumulate at the top of the CPE surface because the
hydrophobic semiconducting polymer layer rejects the ionic
groups. Thus, the ionic or polar groups of interfacial materials
can help the electric fields redistribute within a device and allow
them to show permanent dipoles via their spontaneous
orientation on top of either a hydrophobic organic active
layer or a hydrophilic metal electrode (i.e., cathode). Therefore,
it is possible to refine the energy barrier for the electron
injection/collection at the cathode interface through the
formation of favorable interface dipoles. If these ionic or
polar materials are placed at the cathode interface, the work
function (WF) of the cathode can be modified, and the energy
barrier between the organic semiconducting layer and the
cathode can be reduced. The presence of counteranions (CAs)
in CPE structures provides another simple way of fine-tuning
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the properties of the interface by using different types of
CAs.21−25 Moreover, the WF of the electrodes, such as indium
tin oxide (ITO) and Au, can be simply tuned by altering the ion
density26 and the type of CA27 in the CPE.
PV derivatives14 have been reported as an interfacial layer

material to improve the performances of both conventional and
inverted PSCs through the formation of favorable interface
dipoles at the cathode interface, which reduces the electron
injection/collection barrier from the active layer to the cathode.
To the best of our knowledge, the effects of different CAs in
CPEs or polyelectrolytes as a cathode buffer layer on
photovoltaic properties have not been carefully investigated.24

Thus, we introduced a cationic PV derivative to different types
of CAs (Scheme 1), such as bromide (Br−), tetrafluoroborate
(BF4

−), and tetraphenylborate (BPh4
−), and carefully inves-

tigated the effect of CA size in a PV derivative acting as a
cathode buffer layer on the performance of PSCs with the
structure ITO/PEDOT/P3HT:PCBM/PV-X/Al (X denotes
CA). We refer to PV derivatives with bromide, tetrafluor-
oborate, and tetraphenylborate as PV-Br, PV-BF4, and PV-
BPh4, respectively. The van der Waals radii of the CAs28 are
ordered such that Br− (0.19 nm) < BF4

− (0.23 nm) < BPh4
−

(0.42 nm). Basically, the dipole moment of the compound
comprising two point charges is proportional to the distance
between the two charges such that the dipole moment of the
thin layer of PV derivatives on the cathode will be in the order
PV-Br < PV-BF4 < PV-BPh4. We found that the WF effect of Al
electrodes with a very thin layer of PV-X is dependent on the
size of the CA, indicating that a larger CA leads to a larger
interface dipole (i.e., a larger reduction in the effective WF). As
a result, the device with a thin layer of PV-BPh4 as the cathode
buffer layer showed the best power conversion efficiency (PCE)
of 4.02% and had an open circuit voltage (Voc) of 0.64 V, a
short circuit current density (Jsc) of 11.6 mA/cm2, and a fill
factor (FF) of 53.0%.

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

and Alfa Aesar and were used as received unless otherwise described.
Regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT, No. 4002-EE)
and phenyl Cn butyric acid methyl ester (PCBM, No. nano-cPCBM-
BF) were purchased from Rieke Metals, Inc. and Nano-C, Inc.,
respectively.
Poly(1,1′-didodecyl-4,4′-bipyridinium dibromide) (PV-Br).

PV-Br was synthesized according to procedures in the litereature
(Scheme 1).14 A yellowish brown solid was recoverd with 86.8% yield
(1.26 g). 1H NMR (400 MHz, CD3OD): δ 9.15−9.12 (br, 4H), 8.59−
8.56 (br, 4H), 4.77−4.72 (br, N+-CH2-, 4H), 2.15−2.06 (br, -CH2-,

4H), 1.42−1.26 (br, -CH2-, 16H).
13C NMR (100 MHz, D2O): δ

151.12, 146.61, 128.18, 63.46, 31.80, 29.78, 29.67, 29.28, 26.47. Anal.
Calcd for C22H33Br2N2: C, 54.45; H, 6.85; N, 5.77; Br, 32.93. Found:
C, 56.93; H, 7.45; N, 5.31.

General Anion Exchange Reaction Procedure . A portion of
0.520 mmol of anion in 5 mL of deionized water (DI water, ∼18 MΩ
cm) was added dropwise to a solution of PV-Br (61.0 mg, 0.130
mmol) in 5 mL of DI water. The reaction mixture was stirred at room
temperature for 24 h. Precipitates were collected by filtration, washed
with a copious amount of DI water (50 mL), and dried under a
vacuum.

Poly(1,1′-didodecyl-4,4′-bipyridinium ditetrafluoroborate)
(PV-BF4). PV-BF4 was obtained by an anion exchange reaction
between 61.0 mg (0.130 mmol) of PV-Br and 58.0 mg (0.520 mmol)
of sodium tetrafluoroborate through the general procedure. The yield
was 90.1% (60.0 mg). 1H NMR (400 MHz, DMSO-d6): δ 9.38 (br,
4H), 8.78 (br, 4H), 4.67 (br, N+-CH2-, 4H), 1.98 (br, -CH2-, 4H),
1.32−1.28 (br, -CH2-, 16H). Anal. Calcd for C22H33B2F8N2: C, 52.94;
H, 6.66; N, 5.61; B, 4.33; F, 30.45. Found: C, 53.21; H, 6.73; N, 5.48.

Poly(1,1′-didodecyl-4,4′-bipyridinium ditetraphenylborate)
(PV-BPh4). PV-BPh4 was prepared by an anion exchange reaction
between 61.0 mg (0.130 mmol) of PV-Br and 180.0 mg (0.520 mmol)
of sodium tetraphenylborate through the general procedure. The yield
was 88.4% (113 mg). 1H NMR (400 MHz, DMSO-d6): δ 9.32−9.27
(br, 4H), 8.65−8.60 (br, 4H), 7.17 (br, 8H), 6.93−6.89 (t, J = 8.0 Hz,
8H), 6.79−6.75 (t, J = 8.0 Hz, 4H), 4.60 (br, N+-CH2-, 4H), 1.92 (br,
-CH2-, 4H), 1.29−1.24 (br, -CH2-, 16H). Anal. Calcd for C70H73B2N2:
C, 87.22; H, 7.63; N, 2.91; B, 2.24. Found: C, 87.51; H, 7.33; N, 3.02.

Measurements. The film thickness was measured by an Alpha-
Step IQ surface profiler (KLA-Tencor). The work function measure-
ments were carried out using ultraviolet photoelectron spectroscopy
(UPS) (VG Scientific) with a He I source (hν = 21.2 eV) at a pressure
of 1 × 10−8 Torr. Avoltage of −3 V was applied to a sample during the
measurements to distinguish between the analyzer and sample cutoff.
Kelvin probe microscopy (KPM) measurements (model KP020, KP
Technology, Ltd.) were performed to confirm the work function of a
bare Al and PV-X-coated Al surface, which are estimated by the
contact potential difference between the sample and the KP tip. The
KP tip work function was calibrated by standard gold with a work
function of 5.1 eV. A thin PV layer (∼5 nm) was spin coated from
solution in a dimethylsulfoxide (DMSO) and methanol (MeOH)
mixed solvent (5:95 DMSO/MeOH by volume) on a 100 nm thick
Al/glass plate under ambient conditions for UPS and KPM
measurements. The current density−voltage measurements under
1.0 sun (100 mW/cm2) from a 150 W Xe lamp with an air mass (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 PSCs. For the fabrication of conventional-type
PSCs with an ITO/PEDOT/active layer (P3HT:PCBM)/PV
structure or without PV-X/Al, 40 nm thick PEDOT:PSS (Baytron
P, diluted with 2-propanol to 1:2 v/v) was spin coated on a precleaned

Scheme 1. Synthesis and Chemical Structure of PV Derivatives with Different Types of CAs
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ITO glass substrate (sheet resistance = 15 Ω/sq). After being baked at
150 °C for 10 min under air, the active layer was spin cast from a
blended solution of P3HT and PCBM (20 mg of each P3HT and
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 active solution was filtered through a 0.45 μm membrane
filter. The typical thickness of the active layer was 200 nm. Before
cathode deposition, the cathode buffer layer of PV derivatives was
prepared by spin coating from solution in a DMSO and MeOH mixed
solvent (5:95 DMSO/MeOH by volume) onto the active layer. The
typical thickness of the cathode buffer layer was less than 5 nm. 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. After the
cathode was deposited, the device was thermally annealed at 150 °C
for 10 min in a glovebox under a N2 atmosphere.
Fabrication of Electron-Only Devices. An ∼70 nm thick PCBM

layer was spin cast from the solution in chloroform on a precleaned
ITO glass substrate (sheet resistance = 8 Ω/sq). Prior to spin coating,
the PCBM solution was filtered through a 0.20 μm membrane filter.
Deposition of the cathode buffer layer (∼5 nm) onto the PCBM layer
was followed by preparation of the polymer solar cells. The Al layer
was deposited with a thickness of 100 nm through a shadow mask with
a device area of 0.09 cm2. Current density relative to electric field
curves were recorded using a KEITHLEY model 2400 source-measure
unit.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of PV Derivatives. PV
derivatives with different types of CAs (Scheme 1) were
obtained by a simple ion exchange reaction between PV-Br and
an excess of salt with the CA of interest. The precipitates were
filtered and washed with a copious amount of DI water until the
bromide was removed. The chemical structure of PV-X (PV
derivatives with different CAs (X)) was confirmed by X-ray
photoelectron spectroscopy (XPS). As shown in Figure 1(a),
PV-Br shows characteristic peaks of bromide at binding
energies (BEs) of 65.3, 178.5, 185.5, and 252.5 eV, which
correspond to Br3d, Br3p3/2, Br3p1/2, and Br3s, respectively.
As shown in the XPS spectra of PV-BF4 and PV-BPh4, the
bromide peaks completely disappear, and peaks at BEs of 29
and 683.5 eV were observed, which are characteristics of F1s
and F2s, respectively. In addition, a tiny peak at a BE of 192 eV
(boron) was observed in the XPS spectrum of PV-BF4.
Moreover, we confirmed the chemical structure of PV-X by 1H
NMR spectra (Figure 1(b)). The chemical shifts of protons at
the 2- and 6-positions of two pyridinium rings (Ha and Hb)
appeared near 9.1 and 8.5 ppm, respectively, for PV-Br. The
chemical shifts of protons on pyridinium rings in PV-BF4 and
PV-BPh4 are shifted downfield because of the CA and appear at
9.4 and 8.6 ppm, respectively. In addition, peaks appeared at
7.2−6.7 ppm, which correspond to the chemical shift of the
protons in BPh4

−. The number-average molecular weight (Mn)
of PV-Br estimated from the relative peak area ratio of Ha and a
peak at 4.2 ppm was 27480 Da. A chemical shift at 4.2 ppm
corresponds to methylene protons at the end group.
Investigation of the Effective WF of the Al Electrode

Covered with PVs. As illustrated in Figure 2(a), it is known
that the effective WF (Φeff) of metal can be refined by
introducing a thin layer of PV derivatives.14 This is due to the
formation of a favorable dipole at the interface. To understand
how the Φeff of Al is affected by the thin film of PVs with
different types of CAs, we performed an ultraviolet photo-
electron spectroscopy (UPS) experiment, which is well-known
as a powerful instrument for investigating the WF and vacuum
level shift at the buffer layer/metal interface. The WF is

estimated from the cutoff energy and the Fermi
edge.14−16,19,29,30 As shown in Figure 2(b), the estimated WF
of Al was 4.3 eV. The Φeff values of PV-Br-, PV-BF4-, and PV-
BPh4-coated Al were 4.11, 3.94, and 3.73 eV, respectively,
which are smaller than that of bare Al. As summarized in Figure
2(c), the change in the Φeff of Al covered with PV-X correlated
well with the size of the CA in the PV derivative. Figure 3
presents a schematic illustration of the arrangement of the PV
backbone with a CA near the surface of an Al electrode. The
ordering of a CA and the PV backbone must be very
complicated in the bulk state; however, the CA of PV
derivatives would be directed toward the Al surface in a few
layers of PV derivatives as illustrated in Figure 3. Larger CAs
lead to a larger interface dipole (i.e., a larger reduction in the
Φeff (Figure 3)). The Φeff of Al covered with PV-BPh4 is almost
0.6 eV smaller than that of bare Al. Seo et al.21 reported that
comparing the properties of CPEs shows how critical properties
of the semiconducting component can be modified by the
choice of CA. They showed that a larger CA leads to a larger
interface dipole, a more pronounced band bending at the
interface between the Au electrode and the thin layer of CPEs,
and a smaller Φeff of the Au cathode. From these results, the
Φeff of the Al electrode is also observed to decrease gradually

Figure 1. (a) XPS and (b) 1H NMR spectra of PV derivatives with
different types of CAs.
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upon increasing the size of the CA. Figure 3 shows a schematic
illustration of the proposed configuration of the CA orientation
on the surface of the Al electrode and the change in the
magnitude of the interface dipole upon changing the CA. To
crosscheck the Φeff variation by the PV thin film, we measured
the Φeff by KPM analysis. The Φeff values of thin layer PV-Br-,
PV-BF4-, and PV-BPF4-coated Al were 4.23 ± 0.02, 4.17 ±
0.03, and 4.01 ± 0.02 eV, respectively, which are smaller than
that of bare Al (4.35 ± 0.02 eV). The KPM results also support
the notion that the Φeff of the Al cathode is reduced by the
formation of an interface dipole, and that the size of the CA
affects the Al Φeff.
Photovoltaic Properties of Polymer Solar Cells with

PV Derivatives with Different Types of CAs. To investigate
the influence of the Φeff of the Al cathode on photovoltaic

properties, we fabricated conventional-type PSCs with PV-X as
the cathode buffer layer with a structure of ITO/PEDOT:PSS/
active layer (P3HT:PCBM)/PV-X/Al. The Voc values (Figure
4(a) and Table 1) of the devices with PV-X were 0.64 V, which
is slightly higher (50 mV) than that of the reference device
(0.59 V). This is due to the formation of favorable interface
dipoles directed toward the Al cathode. As shown in the current
density−voltage curve under dark conditions (inset of Figure
4(a)), the dark currents of the devices with interlayers were
slightly suppressed. This indicates increased Voc, which can be
understood from the physics of Voc in p−n junction solar
cells.31−33 However, the Voc value of the device with PV
derivatives does not seem to be affected by the Φeff of the Al
electrodes. This is presumably due to the leakage current of the
devices with interlayers (inset of Figure 4(a)) being almost the
same. Here, we found that Voc enhancement for the device with
interlayers was not sensitive to the PV derivatives and that
enhancement was up to 50 mV.
A schematic energy diagram of the devices and the Φeff of the

Al electrode with different PV derivatives are shown in Figure
4(b). The WF reduction of the Al cathode by the thin layer of
PV derivatives results in an energy difference between the WF
of the cathode and the WF of the ITO/PEDOT that is
increased, indicating that the internal electric field in the device
is larger than that of the device without PV derivatives. Thus,
the collection of electrons from the active layer to the Al
cathode under the short circuit condition will be more efficient.
This is one reason the device with PV derivatives has a Jsc that is
higher than that of the reference device. Here, the improved
PCE of the device with PV-Br over the PCE of the device from
our previous report14 seems to be due to processing solvent for
PV-Br. One possible reason for the inferior performance is the
film-forming quality of PV-Br on the active layer from its
solution in 5:95 DMSO/methanol, which may may be better
than that of the solution in 30:70 water/isopropanol. It is
commonly known that the solvent for the buffer layer is a
critical factor for film-forming properties.14,19 As shown in
Table 1, the PCEs of the devices with PV-Br, PV-BF4, and PV-

Figure 2. (a) Proposed WF reduction by the formation of interface dipoles at the surface of the cathode (Δ, work function reduction), (b) UPS
spectra of PV-BPh4-coated Al (open triangle), PV-BF4-coated Al (filled triangle), PV-Br-coated Al (circle), and bare Al (square), and (c) the Φeff
(estimated from the cutoff energy and the Fermi edge) vs PV-X-coated and bare Al.

Figure 3. Proposed configuration of the CA near the surface of the Al
electrode and the size dependence of a net dipole moment of PV-X
(μD, net dipole moment at the interface).
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BPh4 are 3.63, 3.86, and 4.02%, respectively, which are
dramatically improved over that of the reference device. It
should also be noticed that with an increase in the size of the
CA in the PV derivatives, the PCE gradually increased. The
PCE change, in addition to the Jsc values showing good
correlation with the change in the WF of the cathode (Figure
4(c)), indicates a typical transition from a Schottky to an
Ohmic contact. Generally, a large Schottky barrier impedes the
facile injection/collection of electrons at the organic (or
polymer) semiconductor/Al interface. Thus, Ohmic contact by

the reduction of the Schottky barrier at the interfaces is
required to obtain a high Jsc.

34,35 Therefore, the most efficient
injection/collection of electrons is expected in the device with
the PV-BPh4 thin film as the cathode buffer layer.
The current density−voltage curve under dark conditions

(inset of Figure 4(a)) provides 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 current
density−voltage curves, respectively.36 Compared to the

Figure 4. (a) Current density−voltage curves of PSCs under AM 1.5G simulated illumination with an intensity of 100 mW/cm2 (inset: under dark
conditions) with PV-BPh4 (open square), PV-BF4 (open triangle), PV-Br (open circle), and reference (filled triangle), (b) energy level diagram of
materials in this study and schematic representation of the work function modification of the cathode by the thin layer of PV-X, and (c) the
relationship between the PCE and Jsc of each device vs the WF of the Al cathode covered with PV-X.

Table 1. Summary of Photovoltaic Parameters of PSCs Estimated from the Device with the Best PCE Valuea

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

reference 0.59 (0.58 ± 0.01) 10.57 (10.18 ± 0.28) 43.4 (44.4 ± 1.0) 2.71 (2.63 ± 0.12) 5.1 18.3
PV-Br 0.64 (0.63 ± 0.01) 10.95 (10.55 ± 0.25) 51.6 (50.5 ± 1.4) 3.62 (3.41 ± 0.13) 3.1 21.7
PV-BF4 0.64 (0.64 ± 0.01) 11.24 (11.08 ± 0.28) 53.7 (51.8 ± 2.1) 3.86 (3.67 ± 0.13) 2.8 23.9
PV-BPh4 0.64 (0.63 ± 0.01) 11.85 (11.28 ± 0.43) 53.0 (53.0 ± 0.8) 4.02 (3.82 ± 0.13) 3.7 24.2

aThe averages of the photovoltaic parameters for 10 devices with PV-X of each device are given in parentheses along with the mean variation.
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reference device (Table 1), the devices with the thin layer of PV
derivatives showed smaller Rs and larger FF values, indicating
the formation of an Ohmic contact at the cathode interfaces.
The Rp values of the device with PV derivatives are also
noticeably larger than those of the device without PV
derivatives. The Rs and Rp values also reflect the contact
properties between the active layer and the cathode. Thus, the
property of improved contact at the cathode interface by the
thin layer of PV derivatives is another reason for the improved
performance of the device. As a result, the PSC with the thin
layer of PV-BPh4 showed the highest PCE (4.02%) with a Voc
of 0.64 V, Jsc of 11.85 mA/cm2, and FF of 53.0%. In addition,
the incident photon conversion efficiency (IPCE) spectra (see
Figure S1 in the Supporting Information) of the devices
correlated very well with the Jsc change of the devices.
To further investigate the electron injection property of the

device with PV derivatives with different types of CAs, we
fabricated electron-only devices based on PCBM with the
structure ITO/PCBM (∼75 nm)/with or without PV-X (∼5
nm)/Al (110 nm). According to an energy band diagram under
flat band conditions (inset of Figure 5), the energy barriers at

the anode and cathode interface were 2.1 and 0.32 eV,
respectively. Thus, electrons will be major charge carriers in the
device under forward bias. As shown in Figure 5, the turn-on
electric field (Eon) of the device without PV was 0.21 MV/cm,
which is dramatically higher than those of the devices with PV-
X (0.07 MV/cm for PV-Br, 0.06 MV/cm for PV-BF4, and 0.05
MV/cm for PV-BPh4). This is due to the fact that the electron
injection barrier is reduced by the reduction of the Φeff of Al,
which is dependent on the size of the CA. Space-charge-limited
current (SCLC) measurements can be used to estimate the
charge carrier mobility. Above the built-in electric field (inset of
Figure 5), the current density and electric field exhibited a
quadratic relationship. This is characteristic of SCLC, which
can be described by the Mott−Gurney law

ε ε μ=J
E
L

9
8 0 r e

2

where J is the current density, μe is the electron mobility, E is
the electric field, ε0εr is the PCBM permittivity, and L is the
PCBM thickness. Using εr = 3.9,37 we find that the current

density and electric field relationship of the device are well
described by the Mott−Gurney law. The μe of the device
without PV-X was 4.63 × 10−2 cm2 V−1 s−1, which is quite
reasonable.37 The μe values for the device were 5.49 × 10−2 cm2

V−1 s−1 with PV-Br, 6.54 × 10−2 cm2 V−1 s−1 with PV-BF4, and
7.08 × 10−2 cm2 V−1 s−1 with PV-BPh4, which are slightly
higher than that of the device without PV-X (μe = 4.63 × 10−2

cm2 V−1 s−1), indicating that the thin layer of PVs does not
significantly affect the electron mobility of the devices. The
magnitude of the current density of the devices with PV-X is
also noticeably higher than that of the device without PV-X,
indicating that contact resistance at the cathode is reduced by
the thin layer of PV-X.

■ CONCLUSION
PV derivatives with differing CAs, such as Br−, BF4

−, and
BPh4

−, have been demonstrated to function as a cathode buffer
layer for PSCs to modify electron injection/collection ability at
cathode interfaces. The performance of the PSCs was
dependent on the size of the CA (i.e., dipole moment of PV-
X). Increased PCE resulted from enhancement of Jsc, FF, and
Voc simultaneously. We found that the electron injection/
collection barrier was dependent on the size of the CA because
larger CAs lead to a larger reduction of the work function. The
turn-on electric field (Eon) of the electron-only device without
PV was significantly higher than that of the devices with PV-X.
This is also coincident with a decrease in the Schottky barrier at
the cathode interface. As a result, the performance of PSCs with
PV-BPh4, which is the largest CA used in this study, showed the
best PCE of 4.02% among the devices with PV derivatives. This
study provides a very simple and facile strategy relative to
structural refinement by complicated syntheses.
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