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ABSTRACT: We report the achievement of a power conversion efficiency (PCE) improvement
in P3HT:PCBM-based bulk-heterojunction type polymer solar cells using photocrosslinked
P3HT (c-P3HT) as the electron blocking/hole extraction layer and titanium oxide nanoparticles
(TiO2) as the hole blocking/electron extraction layer. Devices prepared with a 20 nm thick c-
P3HT layer showed an improved PCE of 3.4% compared to devices prepared without the c-
P3HT layer (PCE = 3.0%). This improvement was attributed to an extension in the carrier
lifetime and an enhancement in the carrier mobility. The incorporation of the c-P3HT layer
lengthened (by more than a factor of 2) the carrier lifetime and increased (by a factor of 5) the
hole mobility. These results suggest that the c-P3HT layer not only prevented non-geminate
recombination but it also improved carrier transport. The PCE was further improved to 4.0%
through the insertion of a TiO2 layer that acted as an effective hole-blocking layer at the interface
between the photoactive layer and the cathode. This work demonstrates that the incorporation of
solution-processable hole and electron blocking/extraction layers offers an effective means for
preventing nongeminate recombination at the interfaces between a photoactive layer and an
electrode in bulk-heterojunction-type polymer solar cells.
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■ INTRODUCTION

Organic photovoltaic cells (OPVs) have been intensively
studied due to their unique advantageous properties relating
to their low weight, good flexibility, and low-cost production via
roll-to-roll processes.1−6 Recent developments in OPV
materials and device fabrication techniques have increased the
power conversion efficiencies (PCEs) of such devices beyond
7%.7−12 Bulk heterojunction (BHJ)-type photoactive layers
have been widely employed to overcome the short exciton
diffusion length (∼10 nm), typical of organic materials.13,14 In
an ideal BHJ-type photoactive layer, electron donors and
electron acceptors form nanoscale interpenetrating networks
that generate a large interfacial area between the electron
donor/electron acceptor materials while maintaining good
carrier transport properties. One of the most widely studied
BHJ OPV systems is based on a blend of poly(3-
hexylthiophene) (P3HT) as the electron donor and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) as the electron
acceptor.15−17 Several fabrication processes, including post
thermal annealing and solvent annealing, have been applied to
the development of the nanoscale phase-separated morphology
in the P3HT:PCBM BHJ layer. The P3HT:PCBM devices
typically suffer from the formation of an undesirable vertical

distribution of materials between the two electrodes. The
differences between the surface energies of P3HT (25.8 mN/
m) and PCBM (39.9 mN/m) tend to favor the formation of a
P3HT-rich region at the top (air) surface, whereas a PCBM-
rich region remains on the bottom (substrate) surface.18−21

The hydrophilic poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) layer (68.5 mN/m) interacts
more favorably with PCBM molecules.22 The unfavorable
vertical phase separation induces nongeminate recombination,
especially at the interfaces between the P3HT:PCBM blend
and the electrodes, significantly reducing the short-circuit
current, fill factor, and open-circuit voltage.23,24

To address the issues associated with the undesirable
component distribution, electron or hole-blocking layers have
been introduced.25−30 For instance, thermally evaporated C60,

25

a crosslinkable C60 derivative,31 and metal oxides (e.g., TiO2
and ZnO)32−35 have been used as hole-blocking/electron
extraction layers. Small molecules,33 polymers,22 grapheme
oxides,36 and metallic nanoparticles37 have also been used as
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electron blocking/hole extraction layers. In particular, Oh et al.
demonstrated that a P3HT layer inserted using transfer printing
techniques produced a favorable vertical phase separation in a
P3HT:PCBM blend film because it changed the surface
properties from hydrophilic to hydrophobic;22 however, this
approach required multistep processes and was not applicable
to large-area device fabrication. Therefore, it is important to
develop a facile means for forming a robust thin electron
blocking/hole extraction layer between a PEDOT:PSS layer
and a photoactive layer.
In this report, we introduced a photocrosslinked P3HT (c-

P3HT) interlayer between the PEDOT:PSS and the photo-
active layer to form a device having the following structure:
ITO/PEDOT:PSS/c-P3HT/P3HT:PCBM/Al. We investigated
the device performance as a function of the c-P3HT layer
thickness. The PCE values of the device prepared with a 20 nm
thick c-P3HT layer were improved from 3.0% to 3.4%. Space−
charge limited current (SCLC) measurements, transient
photovoltage (TPV) measurements, and impedance spectros-
copy measurements revealed that the inserted c-P3HT
interlayer effectively increased the charge-carrier mobility and
charge carrier lifetime, thus suppressing non-geminate
recombination. Finally, with the addition of a hole blocking/
electron extraction TiO2 layer, the device was optimized to give
a PCE value of 4.0%. This work demonstrates that the
combinatorial use of a robust c-P3HT and a TiO2 layer offers
an effective means for improving the solar cell performance.

■ EXPERIMENTAL SECTION
Photovoltaic Device Fabrication. ITO glass substrates were

cleaned by sonication in isopropanol, acetone, and isopropanol for 10
min each and dried under a stream of nitrogen. The ITO glass
substrates were treated with UV/ozone for 20 min before spin-coating
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) solution. The PEDOT:PSS solution was purchased from
Clevios (AI4083, Germany) and diluted with methanol by 1:1 volume
ratio prior to use. The resulting solution produced a 30 nm-thick
PEDOT:PSS layer by spin-coating at a speed of 4000 rpm for 35 s.
The PEDOT:PSS-coated ITO glass substrates were dried in a vacuum
oven at 120 °C for 10 min. The photocrosslinkable P3HT (P3HT-
Br10, see the structure in Figure 1a) was synthesized as reported
previously.38,39 A P3HT-Br10 solution in chlorobenzene was then
spin-coated onto the ITO/PEDOT:PSS substrate. The thickness of
the c-P3HT interlayer varied from 15 to 40 nm by controlling the
P3HT-Br10 solution concentration and the spin-coating speed. The
P3HT-Br10 polymer films were crosslinked under an UV lamp (254
nm, 30 mW/cm2) for 1 min under nitrogen atmosphere. For the
P3HT:PCBM BHJ active layer, the P3HT:PCBM blend solution
(1:0.6 wt/wt) was prepared with a polymer:PCBM blend concen-
tration of ∼19.2 mg/mL and was stirred at RT overnight. The
P3HT:PCBM blend solution was spin-coated on top of the c-P3HT
interlayer at a speed of 800 rpm for 15 s. For the formation of TiO2
nanoparticle layer as a hole blocking/electron extraction layer, 5 nm-
sized TiO2 nanoparticles were dispersed in ethanol at a concentration
of 0.4 wt % and spin-coated on top of the P3HT:PCBM layer at a
speed of 4000 rpm for 25 s.40 Lastly, a 100 nm thick Al cathode was
deposited by thermal evaporation under vacuum (10−6 Torr). Post-
thermal annealing was then performed in the thermal evaporator at
150 °C for 10 min without breaking the vacuum condition.
Characterizations. Current density versus voltage (J−V) charac-

teristics were recorded on a Keithley model 2400 source measuring
unit. A class A solar simulator with a 150 W xenon lamp (Newport)
equipped with a KG-5 filter served as a light source. Its light intensity
was adjusted to AM 1.5 G 1 sun light intensity using a NREL-
calibrated mono Si solar cell. External quantum efficiency (EQE) was
measured as a function of wavelength from 300 to 800 nm on incident

photon-to-current conversion equipment (PV measurement Inc.).
Calibration was performed using a silicon photodiode G425, which is
NIST-calibrated as a standard. The surface of ITO/PEDOT:PSS layer,
c-P3HT interlayer, and P3HT:PCBM layer were imaged using an
atomic force microscopy (AFM, XE-100, Park Systems) in the tapping
mode.

For hole mobility measurements, hole only devices were fabricated
with a structure of ITO/PEDOT:PSS/P3HT:PCBM blend film/Au or
ITO/PEDOT:PSS/c-P3HT/P3HT:PCBM blend film/Au. Hole mo-
bilities were determined from J−V curves in the dark by the space
charge limited current (SCLC) method, based on the following
equation:

ε ε μ=J
V
L

9
8 r 0 h

2

3 (1)

where ε0 is the permittivity of free space, εr is the dielectric constant of
the P3HT:PCBM blend film (3.5, extracted from impedance
measurement in dark), μh is the hole mobility, V = Vappl − Vbi − Va
(Vappl, the applied bias; Vbi, the built-in potential due to the difference
in electrical contact work function; Va, the voltage drop due to contact
resistance and series resistance across the electrodes), and L is the
thickness of a photoactive layer. Current density versus voltage
characteristics were recorded on a Keithley model 2400 source
measuring unit.

Impedance measurements on encapsulated devices were conducted
with a Solartron 1287 potentiostat and a Solartron 1260 frequency-
response detector under 1 sun illumination at various applied
potentials. The impedance response was measured over the range 1
Hz to 1 MHz with an oscillation amplitude of 10 mV. To extract the
dielectric constant of blend films from a capacitance, the same
measurements were also performed in the dark state.

Transient photovoltage (TPV) measurements were performed to
determine charge carrier lifetime in OPV devices under 1 sun
illumination at open circuit condition. Cells were pumped with a low-
intensity nanosecond pulse at 520 nm (frequency of 1 Hz, pulse
duration <1 ns), which introduced a small quantity (ΔV < 30 mV) of
additional free carriers to the system.

■ RESULTS AND DISCUSSION
Figure 1 shows the chemical structure of P3HT-Br10, a
schematic representation of the photocrosslinking approach,
and the device structures used in this study. P3HT-Br10 is a

Figure 1. (a) Chemical structure of photocrosslinkable P3HT (P3HT-
Br10), (b) schematic representation of the photocrosslinking process,
(c) device structure of ITO/PEDOT:PSS/c-P3HT/P3HT:PCBM/Al,
and (d) device structure of ITO/PEDOT:PSS/c-P3HT/
P3HT:PCBM/TiO2 nanoparticle/Al.
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poly(3-hexylthiophene) copolymer containing 10% crosslink-
able ω-bromohexyl thiophene units (Figure 1a). The P3HT-
Br10 polymers can be crosslinked via a radical mechanism
initiated by the photochemical cleavage of the C−Br bonds
under deep-UV irradiation at 254 nm,38,41−44 as illustrated in
Figure 1b. We confirmed that the thin c-P3HT layer was not
soluble upon the spin-coating of P3HT:PCBM blend solution.
The photocrosslinking behavior of the 20 nm thick P3HT-Br10
thin film was monitored using AFM (see the topographic
images in Figure S1 (Supporting Information)). Prior to UV
exposure, the P3HT-Br10 thin film was found to be very
smooth, with an rms roughness (Rq) of 1.4 nm. After UV
exposure for 1 min, a small portion of polymer chains became
aggregated and was roughened to some degree (Rq = 2.0 nm);
however, the roughness of the c-P3HT film remained nearly
identical to that of the PEDOT:PSS layer (Rq = 2.0 nm). As a
result, the P3HT:PCBM photoactive layer was formed either
on the c-P3HT layer or on the PEDOT:PSS layer with nearly
the same roughness values: Rq = 0.79 and Rq = 0.88 nm,
respectively.
The effects of the c-P3HT layer on the device performance

were examined by investigating the photovoltaic properties of
P3HT:PCBM devices that incorporated different thickness
values of the c-P3HT layers. Figure 2a shows the photocurrent
density (J) versus voltage (V) curves obtained from ITO/
PEDOT:PSS/c-P3HT/P3HT:PCBM/Al devices (Figure 1c) as
a function of the c-P3HT film thickness (0−40 nm), measured
under AM 1.5 G, 1 sun illumination. Table 1 summarizes the
photovoltaic properties of the devices. Devices containing 15
and 20 nm thick c-P3HT interlayers showed improvements in
the measured PCE values. Compared to the performances of
the device prepared without a c-P3HT interlayer (JSC = 7.85

mA/cm2), the best device containing a 20 nm thick c-P3HT
layer yielded a JSC value of 8.42 mA/cm2. The fill factor (FF)
also increased slightly from 60.5 to 62.4%, resulting in a PCE
improvement from 3.0 to 3.4%. By contrast, the devices
prepared with 30 and 40 nm thick c-P3HT interlayers exhibited
lower JSC and FF values. Figure 2b shows the external quantum
efficiency (EQE) spectra of the devices. The devices prepared
with 15−20 nm thick c-P3HT layers exhibited high EQEs
throughout the visible range compared with devices prepared
without the c-P3HT layer, in good agreement with the trend in
JSC values shown in Figure 2a.
This significant dependence of the c-P3HT thickness can be

explained by changes in light absorption and series resistance
accompanied by the incorporation of the c-P3HT layer. The c-
P3HT layer may absorb some part of the UV−visible light
before the P3HT:PCBM. Figure S2 (Supporting Information)
shows the UV−visible absorption spectra of the various thick c-
P3HT layers and the P3HT:PCBM layer. The light absorption
of the 15 nm thick c-P3HT layer was negligible compared to
that of the P3HT:PCBM layer. However, it is possible that the
20 nm thick c-P3HT film participates in generating extra
excitons because of its nontrivial absorption, which would
contribute to the increased JSC in some degree. The thicker c-
P3HT films gave the lower JSC and FF values, because excitons
formed in the thick c-P3HT films tend to recombine prior to
encountering the PCBM molecules due to the exciton diffusion
length of approximately 10−20 nm.45,46 There is also a chance
that the too thick c-P3HT films might reduce the light
absorption in the P3HT:PCBM layer. Moreover, the series
resistances of the device became appreciable in the very thick c-
P3HT films due to the relatively low hole mobility of the c-
P3HT layer, as observed in the measured J−V characteristics
(see Table 1).23 For these reasons, the 20 nm thickness of the
c-P3HT layer became optimal for its use as an electron
blocking/hole extraction layer.
The more significant roles of the c-P3HT layer were

thoroughly investigated with the 20 nm thick c-P3HT layer-
incorporated devices by measuring hole mobilities and carrier
lifetimes. The hole mobilities of the P3HT:PCBM and c-
P3HT/P3HT:PCBM blend films were measured using the
SCLC method. The incorporation of a 20 nm thick c-P3HT
interlayer in the devices significantly increased the hole mobility
from 1.03 × 10−5 to 4.83 × 10−5 cm2 V−1 s−1. The higher hole
mobility was attributed to the favorable hole extraction and

Figure 2. (a) Current density-voltage characteristics and (b) EQE spectra of ITO/PEDOT:PSS/c-P3HT/P3HT:PCBM/Al devices as a function of
the thickness of the c-P3HT interlayer.

Table 1. Photovoltaic Parameters of ITO/PEDOT:PSS/c-
P3HT/P3HT:PCBM/Al Devices as a Function of the c-
P3HT Thickness

thickness of c-
P3HT

VOC
(V)

JSC
(mA/cm2)

FF
(%)

PCE
(%)

Rseries
(Ω)

Rshunt
(kΩ)

w/o c-P3HT 0.64 7.85 60.5 3.0 120 11.1
15 nm 0.64 8.16 62.0 3.2 104 11.9
20 nm 0.65 8.42 62.4 3.4 101 10.4
30 nm 0.64 7.91 57.8 2.9 152 8.2
40 nm 0.65 6.59 52.7 2.3 228 7.7
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vertical composition distribution induced by the presence of the
c-P3HT wetting layer between the P3HT:PCBM BHJ layer and
the PEDOT:PSS film.11 To confirm the vertical composition,
we measured water contact angles of the P3HT:PCBM films on
top of either the PEDOT:PSS layer or the c-P3HT layer and
found that the P3HT:PCBM film on top of the c-P3HT layer
showed a slightly lower contact angle of 76.6° than that of 81.1°
without the c-P3HT layer (see Figure S3 in the Supporting
Information). The lower contact angle from the P3HT:PCBM
on top of the c-P3HT layer indicated that the top surface of the
P3HT:PCBM was occupied more with the relatively more
hydrophilic PCBM molecules, which is consistent with the
favorable vertical composition.22

Impedance spectroscopy was performed to determine the
key factors, such as the recombination resistance, chemical
capacitance, and carrier lifetime, in a BHJ OPV device.47,48

Figure 3a shows representative impedance responses of two
partial semicircular arcs under open-circuit conditions. One
might expect an additional semicircular arc when the c-P3HT
layer was inserted because it is an extra layer and might
generate a different interfacial contact between the PE-
DOT:PSS and the c-P3HT or between the c-P3HT and the
P3HT:PCBM layer. However, no additional semicircular arc
appeared upon the insertion of a c-P3HT interlayer in the
device. Therefore, the same equivalent circuit model was
applied for the devices without and with the c-P3HT interlayer
in an effort to fit the impedance data of both devices. An
equivalent circuit model employed by Leever et al.49 was
adopted (see the inset in Figure 3a). The Rs circuit element
represents the resistive losses through the entire device,

including the contact resistance at the interfaces and the bulk
resistance of the interfacial layers and the photoactive layer.
This circuit element corresponds to the intersection of the
semicircle on the Z′-axis at high frequencies.49 The Rs values
were slightly lower for the device prepared with the c-P3HT
layer (Rs = 6.21 Ω) than for the device prepared without a c-
P3HT layer (Rs = 6.69 Ω), presumably because the series
resistance was reduced or the hole mobility in the c-P3HT/
P3HT:PCBM blend was increased. The high frequency arc is
represented by an R1∥C1 combination and is related to the bulk
resistance and capacitance. This arc includes a geometric
component and another component related to photocarrier
generation. The larger arc in the low frequency region is
characterized by an R2∥CPE combination, where R2 accounts
for the recombination resistance, and the constant phase
element (CPE) includes a component of the chemical
capacitance (Ceq) at the charge transfer event between donors
and acceptors in the photoactive blend.50,51 Impedance
responses at low voltages were also obtained (Figure 3b).
The impedance data of the devices were fit to determine R2 and
Ceq. We then calculated the average carrier lifetime constant
(τavg) using the following equation:

τ = R Cavg eq2 (3)

Figure 3c,d presents the extracted R2, Ceq, and τavg values as a
function of the applied voltage under AM 1.5 G, 1 sun
illumination. These results and data range agreed well with
previous reports.49,52 As the applied voltage was increased, R2
decreased exponentially whereas Ceq increased exponentially.
These trends resulted from the exponential increase in charge

Figure 3. (a) Impedance response of P3HT:PCBM devices without and with the 20 nm thick c-P3HT interlayer at AM 1.5 G, 1 sun illumination at
the open circuit conditions, (b) impedance response of P3HT:PCBM devices without and with the 20 nm thick c-P3HT interlayer at AM 1.5 G, 1
sun illumination at various applied voltages, (c) a semilog plot of recombination resistance and chemical capacitance versus applied voltage without
and with the 20 nm thick c-P3HT interlayer, and (d) a plot of carrier lifetime τavg as a function of applied voltage without and with the 20 nm thick c-
P3HT interlayer.
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carrier injection into the photoactive layer as the applied
voltage was increased.49,52 Importantly, the average τavg values
of the devices prepared with a c-P3HT interlayer were much
larger than the values obtained from the corresponding devices
prepared without a c-P3HT interlayer, especially at lower
applied voltages. For instance, at 0.45 V, τavg in the device
prepared with a c-P3HT layer (τavg = 22 μs) was approximately
three times larger than τavg in the device prepared without a c-
P3HT layer (τavg = 8 μs). As the voltage increased, the τavg
values of the devices prepared without or with the c-P3HT
layer decreased gradually, and the difference between the values
decreased. At an applied voltage of 0.65 V, τavg in the device
prepared with a c-P3HT layer (τavg = 6 μs) remained twice the
value obtained from a device prepared without a c-P3HT layer
(τavg = 3 μs). These results indicated that the recombination
rate in the device prepared with a c-P3HT interlayer decreased
significantly.
TPV measurements were conducted under AM 1.5 G, 1 sun

illumination under open-circuit conditions. The TPV technique
was used to interrogate the microsecond processes that
occurred in photovoltaic devices, as reported previously.53

Figure 4 displays representative TPV signals obtained from

devices prepared without or with a c-P3HT layer, respectively.
The TPV signals produced at a cell by the presence of excess
carriers upon transient light exposure, showed a monoexpo-

nential decay. The carrier lifetimes were extracted from the
device by fitting the transient photovoltage profile using the
following equation:

τΔ ∝ −tV exp( / ) (4)

where ΔV is the photovoltage change upon irradiation of a
nanosecond pulse of a 520 nm laser beam with respect to the
VOC, t is time, and τ is the carrier lifetime. The carrier lifetimes
of the OPV devices prepared without or with the c-P3HT
interlayer were determined to be 6 or 27 μs, respectively. The
trend in the TPV data was consistent with the results obtained
from the impedance spectra, and the values were within an
acceptable range, according to the previous reports.53,54 The
agreement with previous results demonstrated that the charge
carrier lifetimes of the OPV devices could be enhanced by
inserting a hole-blocking interlayer.32,53

The device performance was further enhanced by incorpo-
rating an additional TiO2 nanoparticle layer to produce the
device structure: ITO/PEDOT:PSS/c-P3HT/P3HT:PCBM/
TiO2/Al (Figure 1 d). The solution-processed TiO2 nano-
particle layer can bring a positive contribution to the device
performance by acting as an optical spacer and as a hole
blocker.32,55,56 The TiO2 layer suppressed the leakage current
and recombination near the active/Al interface.32 Figure 5a
shows the photocurrent density (J) versus voltage (V) curves
obtained from the devices as a function of the c-P3HT
thickness, measured under AM 1.5 G, 1 sun illumination. Table
2 summarizes the photovoltaic parameters of the devices

prepared with a TiO2 nanoparticle layer. The insertion of the
TiO2 nanoparticle layer improved the PCE from 3.0 to 3.6%.
The additional introduction of a c-P3HT layer further increased
the PCE of the device prepared with a 15 or 20 nm thick c-

Figure 4. TPV response profiles of the ITO/PEDOT:PSS/
P3HT:PCBM/Al devices without and with the 20 nm thick c-P3HT
interlayer under AM 1.5 G, 1 sun illumination.

Figure 5. (a) Current density-voltage characteristics and (b) EQE spectra of ITO/PEDOT:PSS/c-P3HT/P3HT:PCBM/TiO2/Al devices as a
function of the thickness of the c-P3HT interlayer.

Table 2. Photovoltaic Parameters of ITO/PEDOT:PSS/c-
P3HT/P3HT:PCBM/TiO2/Al Devices as a Function of the
c-P3HT Thickness

thickness of c-
P3HT

VOC
(V)

JSC
(mA/cm2)

FF
(%)

PCE
(%)

Rseries
(Ω)

Rshunt
(kΩ)

w/o c-P3HT 0.66 8.08 68.2 3.6 79.8 12.2
15 nm 0.65 8.49 69.4 3.8 68.5 14.2
20 nm 0.66 8.74 70.1 4.0 64.8 12.2
30 nm 0.67 7.92 65.0 3.4 85.8 12.0
40 nm 0.66 7.05 57.6 2.7 102 9.1
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P3HT layer, whereas the devices prepared with 30 or 40 nm
thick c-P3HT layers exhibited lower JSC and FF values. This
trend was the same as that observed in devices prepared
without a TiO2 nanoparticle layer. The optimal thickness of the
c-P3HT layer was found to be 20 nm again, and the PCE
increased significantly to 4.0%. A notable increase in the JSC and
FF values was observed, from 8.08 mA/cm2 and 68.2% for the
device prepared without a c-P3HT layer to 8.74 mA/cm2 and
70.1% for the device prepared with a 20 nm thick c-P3HT layer.
Note that the incorporation of both the c-P3HT and the TiO2
layers resulted in a significant synergetic effect on the PCEs,
which increased from 3.0% (the PCE without both the layers)
to 4.0% (the PCE with both the layers). Figure 5b displays the
EQE spectra of the devices. It should be emphasized that the
EQE values improved over the entire wavelength range 300−
650 nm, and the EQE max values increased considerably, from
61% for the basic structured device to 70.5%. This observation
suggested that the TiO2 layer significantly suppressed the
carrier recombination at the photoactive layer/Al interfaces
while the c-P3HT layer prevented carrier recombination at the
interface between the PEDOT:PSS and P3HT:PCBM blend
layers.
The reduced recombination and improved PCE values,

obtained through the use of the c-P3HT and TiO2 layers, could
be explained in terms of the schematic energy level diagram for
the ITO/PEDOT:PSS/c-P3HT/P3HT:PCBM/TiO2/Al struc-
ture (Figure 6). The levels of the highest occupied molecular

orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) in c-P3HT were expected to be the same as the
corresponding levels of the P3HT polymer in a P3HT:PCBM
blend layer, which can create a homogeneous pathway towards
the PEDOT:PSS layer for hole transport. The electrons could
be blocked by the c-P3HT layer because the LUMO level of the
c-P3HT was higher than that of the PCBM layer. The TiO2

layer formed a nearly ohmic contact with the Al electrode,
allowing for efficient electron collection while effectively
blocking holes. In this manner, nongeminate recombination
at the photoactive/electrode interfaces could be significantly
reduced, as strongly supported by the carrier lifetime
measurement data.

■ CONCLUSIONS
We described the important role of a c-P3HT electron
blocking/hole extraction layer in a device prepared with the
structure ITO/PEDOT:PSS/c-P3HT/P3HT:PCBM/Al. The
insertion of the c-P3HT layer considerably improved the device
performance. The hole mobility and carrier lifetime measure-
ments revealed that the c-P3HT interlayer facilitated hole
transport and lengthened the carrier lifetime by preventing
nongeminate recombination at the interface between the
PEDOT:PSS and the P3HT:PCBM photoactive layer. We
found that the TiO2 hole blocking/electron extraction layer
synergistically promoted the photovoltaic properties when
incorporated into a device having a c-P3HT layer by preventing
additional nongeminate recombination at the interface between
the photoactive layer and the Al electrode. This work
demonstrates that the placement of a robust photocrosslinkable
polymer layer and a metal oxide layer between the photoactive
layer and electrodes is critical for extending the carrier lifetime
and improving effective carrier transport/extraction. This
strategy is expected to be applicable to other polymer-based
photovoltaic systems to enhance the performances of those
systems.
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