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ABSTRACT: The influence of micrometer-scale poly(3-hexylthio-
phene) (P3HT) nanowires (NWs) and P3HT nanocrystals (NCs) on
the photocurrent generation in photoactive layers having various
thickness values was investigated. Self-organizing P3HT NWs were
fabricated using a marginal solvent. Transmission electron micro-
tomography was used to characterize the vertical and horizontal
crystalline morphologies of the NWs and their intergrain percolation
networks in the active layers. The interpenetrating P3HT NWs
promoted charge transport, as demonstrated by the enhanced
percolation probability and the reduction in bimolecular recombina-
tion. The photovoltaic performances were enhanced as the photoactive layer thickness increased because internal quantum
efficiencies of the solar devices prepared with active layers having NWs were maintained with varying thicknesses, suggesting that
the conversion of absorbed photons into a photocurrent proceeded efficiently. By contrast, the photovoltaic performances of an
NC-only photoactive layer were reduced by the increase in thickness due to its poorly developed percolation pathways. The
incorporation of P3HT NWs into the P3HT:indene-C60 bisadduct photoactive layers yielded a device power conversion
efficiency (PCE) of 5.42%, and the photocurrent did not decrease significantly up to a thickness of 600 nm, resulting in a PCE of
3.75%, 70% of the maximum PCE of 5.42%.

KEYWORDS: polythiophene nanowire, photoactive layer thickness, percolation pathway, percolation probability, charge transport,
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1. INTRODUCTION

Organic photovoltaic (OPV) devices are a promising
technology for the harnessing of renewable solar energy
because they are low-cost, lightweight, and flexible. Bulk
heterojunction (BHJ) solar cells with nanoscale morphologies
utilize a conjugated polymer as the electron donor and a
fullerene derivative as the electron acceptor.1−5 The donor and
acceptor materials form an interpenetrating polymer−fullerene
network developed by polymer crystallization and nanoscale
phase separation. Significant efforts have been devoted to
controlling the nanoscale morphologies of these organic solar
cells (OSCs) in order to maximize their power conversion
efficiencies (PCEs). The methods tested thus far include
thermal annealing,6−9 solvent soaking,10−13 the use of chemical
additives,14−18 and the use of marginal solvents.19−27 The
optimal photoactive layer thickness has been determined to be
100−200 nm, although the thickness tends to be difficult to
control in the context of large-area fabrication techniques and
mass production.28−32 The development of thick high-perform-
ance photoactive layers is essential for the realization of high-
efficiency OPV devices.

Photocurrent generation in an OPV device is governed by
the internal quantum efficiency (ηIQE) and the light absorption
efficiency (ηA).

33,34 ηIQE involves the steps of exciton diffusion,
charge separation, and charge transport, and each step is
directly influenced by the nanoscale morphologies of the
photoactive layers.33,34 The interface between the donor and
the acceptor materials must be sufficiently large to permit
efficient exciton dissociation and interpenetrating percolation
pathways are required for efficient charge transport.4 To
increase the efficiency of the photon absorption step, thick
photoactive layers can potentially enhance photocurrent
generation.1,28−32 Thick photoactive layers are also easier to
fabricate because their thickness may be controlled much more
precisely than in thinner layers.32 Although thick photoactive
layers are advantageous for light absorption and manufacturing,
they tend to decrease the device performance by the limited
carrier mobility in the conjugated polymers and the increasing
losses due to charge recombination.28−32 Therefore, securing
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interpenetrating percolation pathways for the charge carriers is
crucially required to reduce carrier losses through recombina-
tion.
The use of self-organized polythiophene nanowires (NWs)

with high crystalline ordering enables formation of inter-
penetrating percolation pathways for charge carrier transport,
resulting in increasing the hole mobility (μh) to a value
comparable to the electron mobility (μe).

7,24,25 Consequently,
thick photoactive layers can be prepared by using percolated
NWs without significant carrier recombination losses. Even
though many efforts have been devoted to optimize the
performances of device prepared with a thick active layer,28−32

increasing the active layer thickness has received only limited
attention to date. Moreover, the multidirectional percolations
of polythiophene NWs and their influence on the photocurrent
generation have not yet been clearly explored. The horizontal
nanoscale morphologies of NWs and their interpenetrating
percolations for charge carriers have been visualized.6,12,19−26

However, the vertical percolation pathways of NWs, which are
directly related to the transport of charge carriers in a real
device, have not been thoroughly evaluated.
We investigated the performances of two types of photo-

active layers, each with a different thickness. One layer
contained high crystalline poly(3-hexylthiophene) (P3HT)
NWs and small nanocrystals (NCs), yielding percolation
pathways for charge carriers and the other layer contained
only small NCs, bearing low percolation probability. The
former was prepared with a marginal solvent and the latter was
prepared with a good solvent. The three-dimensional (3D)
morphologies of the active layers were analyzed by transmission
electron microtomography (TEMT). The percolation proba-
bilities of charge carriers were estimated with the sliced images
along the vertical axis obtained from the 3D morphologies. The
crystallinities of the layers were also investigated using grazing
incident X-ray diffraction (GIXD). The influence of the P3HT
crystalline structures and the photoactive layer thickness on the

Figure 1. (a) Cross-sectional images obtained by electron tomography from the bottom to the top along the horizontal (X,Y) plane for a NW/NC
blend layer and a NC blend layer. (b) Reconstructed volumes of the corresponding layers with dimensions of 900 × 900 × 200 nm.
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photocurrent generation was investigated. The thickness of the
photoactive layer was found to promote photon absorption,
although it limited the transport of charge carriers, thereby
decreasing the PCE. To circumvent this trade-off, we tested
several methods of controlling the active layer morphology in
an effort to produce a thick photoactive layer with highly
developed pathways for charge transport. P3HT NWs were
found to facilitate charge transport, thereby yielding an ηIQE
that did not vary with the photoactive layer thickness. Finally,
we demonstrated that the incorporation of P3HT NWs into a
P3HT:indene-C60 bisadduct (ICBA) photoactive layer en-
hanced the performance of an OPV device, yielding a PCE of
5.42%. The photoactive layer thickness could be increased to
600 nm, yielding a slightly lower but still acceptable PCE of
3.75%.

2. EXPERIMENTAL SECTION
2.1. Materials. P3HT (4002-E), [6,6]-phenyl-C61-butyric acid

methyl ester (PCBM), and ICBA were purchased from Rieke Metals
Inc., Nano-C Inc., and Lumtec Corp., respectively. The P3HT:PCBM
(1:1, wt:wt) blend solution was prepared in a mixed solvent
comprising chlorobenzene (CB) and cyclohexanone (CHN) for the
fabrication of the P3HT NWs. Other solutions were prepared using
CB only.
2.2. Device Fabrication and Electrical Characterization. The

ITO substrates were cleaned and ozone-treated for 20 min.
PEDOT:PSS (Baytron P TP AI 4083, Bayer AG) was spin-coated
to a thickness of 30−35 nm and then baked at 120 °C. The
photoactive layer was deposited by spin-casting the prepared blend
solution onto a PEDOT:PSS-coated ITO substrate, then annealed for
10 min. The thickness of the active layers was tuned over the range
100−1000 nm by varying the concentration of the blend solutions
over the range 15−25 mg mL−1. The blend solutions were spin-coated
at 700−3000 rpm. Ca/Al metal electrodes were deposited by thermal

evaporation under high vacuum conditions (1 × 10−6 mbar). The
electron and hole mobilities were measured by fabricating hole-only
and electron-only devices using PEDOT:PSS/Pd and Al/Al as the
anodes and cathodes, respectively. The J−V characteristics were
measured under AM 1.5G solar illumination at an intensity of 100 mW
cm−2 using a source measurement unit (Keithley 4200). Light was
generated using a 1 kW solar simulator (Oriel), and the light intensity
was calibrated with respect to a reference silicon solar cell (PVM 132)
guaranteed by the National Renewable Energy Laboratory (NREL).
The IPCE was evaluated using a photomodulation spectroscopy setup
(Merlin, Oriel) with monochromatic light from a xenon lamp.

2.3. Optical and Morphological Characterizations. The
absolute absorption spectra for the devices were obtained by
measuring the reflectance spectra using a UV−vis spectrophotometer
(CARY-5000, Varian) with an integrating sphere. The GIXD patterns
of the P3HT:PCBM blend films were measured at the 3C, 5A, and 9A
beamlines at the Pohang Accelerator Laboratory (PAL), Korea
(wavelength of approximately 1.17 Å). Film thicknesses were
determined using a surface profiler (Alpha-Step 500, Tencor) and
were corroborated by scanning electron microscopy (SEM) (S-4800,
Hitachi). The 3D morphologies were determined using a transmission
electron microscopy (TEM) instrument (JEM-2200FS, JEOL). A
series of 131 two-dimensional (2D) images were obtained at tilt angles
that ranged from +65° to −65° in 1° increments. The 3D images were
obtained using reconstruction methods implemented in software
developed previously.35

3. RESULTS AND DISCUSSION

3.1. Analysis of the Cross-Sectional Images and the
Relative Crystallinities. The influence of the P3HT
crystalline morphologies on the photocurrent generation was
investigated by fabricating two different types of photoactive
layers: NW/NC and NC-only active layers. The NW/NC
photoactive layers containing P3HT NWs and small crystals
were prepared via solubility-induced crystallization from a

Figure 2. Magnified cross-sectional images obtained by electron tomography: (a,b) along the horizontal (X,Y) plane and (c,d) along the vertical (Z)
axis for the blend layers containing P3HT NWs (a,c) and P3HT NCs (b,d). The P3HT NWs consisted of ordered small P3HT NCs, as shown in the
inset.
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mixture containing a good solvent, CB, and a marginal solvent,
CHN.25,36−38 The films were subsequently thermally annealed
at the optimal temperature of 100 °C. The NC-only
photoactive layers, which contained only small crystals, were
prepared from the good solvent, CB, and were thermally
annealed at 150 °C.
The TEMT was used to analyze the multidirectional

percolations of P3HT NWs and their influence on the
transport of charge carriers. The 3D structures of the specimens
were reconstructed from a series of 2D projections obtained at
various tilting angles with respect to the electron beam (Figure
1).12,39,40 Image slices along the horizontal (X,Y) plane and the
vertical (Z) axis were obtained from a 3D reconstruction model
of the layer (Figures 1 and 2). The model revealed the
organization of the layer from the bottom to the top (Figure 1).
In these images, the P3HT crystals appeared to be uniformly
dispersed throughout the photoactive layers as bright structures
due to the electron density differences between the P3HT and
PCBM component. The presence of an interpenetrating
network of P3HT NWs among the coexisting small NCs was
identified in the NW/NC photoactive layer (Figure 2a). The
NC photoactive layer was found to consist only of small P3HT
NCs (Figure 2b). All photoactive layers, regardless of the layer
thickness, were characterized by the homogeneous intermixing
of P3HT NWs and small NCs with the continuous amorphous
P3HT and PCBM matrix. The intergrain structure of P3HT
NWs was also visualized by using TEMT. The P3HT NWs
were formed from self-organized small P3HT NCs, as
schematically shown in the inset in Figure 2a.41 These
structures provided the intergrain connectivity in the
crystallites, improving charge transport.42 The images collected
along the vertical (Z) axis, revealed intergrain percolation
pathways along which the charge carriers could move
throughout the vertical direction of the NW/NC photoactive
layer (Figure 2c). These pathways were less extensive in the
NC photoactive layer (Figure 2d). Very few connected carrier
pathways were observed in the NC photoactive layer. The
P3HT NWs were as long as several micrometers in length
along the horizontal plane (see Figure S1 in the Supporting
Information), which might not be favorable for the charge
transport to the electrodes. However, the NW percolations also
existed with other directions including the vertical axis, which
improved overall carrier transport to the electrodes in the
OSCs (Figure 2c). The percolated fractions of P3HT in the
binarized vertical images of the active layers were further
evaluated as the percolation probabilities of the hole carriers
(Figure 7).
The crystallinity and molecular orientations of the blend

films were investigated by comparing the 2D-GIXD patterns
acquired from the NW/NC layer (Figure 3a) and the NC layer
(Figure 3b). Quantitative estimates of the relative P3HT
crystallinity were obtained by comparing the circularly averaged
intensity of the 2D-GIXD patterns, as shown in Figure 3c.43

The integrated intensity of the (100) peak of the NW/NC layer
was 2.6 times the corresponding value in the NC layer,
suggesting that the crystallinity of the NW/NC layer was higher
than in the NC layer. The P3HT molecular chains self-
organized to form lamellar crystallites that were predominantly
oriented along the (100) axis (q ≈ 0.38 Å−1).44,45 The 2D-
GIXD analysis revealed that the NW/NC layer assumed an
edge-on orientation in which the molecular backbones of the
polymers were oriented parallel to the substrate and the side
chains were oriented perpendicular to the substrate. By

contrast, the NC layer displayed mixed orientations of the
crystals having edge-on or face-on polymer backbone
orientations. The percolation pathways with high crystalline
P3HT NWs in the NW/NC photoactive layers were expected
to enhance the transport of charge carriers in solar devices
prepared from these layers.

3.2. Photovoltaic Performances and Photocurrent
Generation. Solar cells were fabricated using the NW/NC
and NC photoactive layers, and their current density−voltage
(J−V) curves were compared for various photoactive layer
thickness values. As the photoactive layer thickness increased,
the photovoltaic performances of the devices containing NW/
NC photoactive layers improved (Figure 4a). By contrast, the
performances of devices prepared with NC photoactive layers
degraded (Figure 4b). The variations in the photovoltaic

Figure 3. 2D-GIXD patterns from the P3HT:PCBM blend films
containing (a) a P3HT NW/NC layer and (b) a P3HT NC layer. (c)
Circularly averaged intensities from the blend films prepared from a
P3HT NW/NC layer (blue) and from a P3HT NC layer (red).
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parameters as a function of the active layer thickness were
evaluated from the J−V curves and the dark J−V curves (see
Figure S2 in the Supporting Information), and are shown in
Figure 4c−f and Table 1. The overall PCE of the NW/NC

photoactive layer devices improved significantly, from 3.33 to
4.21%, as the film thickness increased from 100 to 300 nm
(Figure 4f). The performance improvement resulted mainly
from an increase in the short-circuit current density (Jsc)

Figure 4. Current density−voltage (J−V) curves of the devices prepared with various active layer thicknesses, measured under illumination at 100
mW cm−2 (simulated AM 1.5G): (a) P3HT NW/NC layers and (b) P3HT NC layers. The photoactive layer thickness affected the various
photovoltaic parameters of the devices: (c) Voc, (d) Jsc, (e) FF, and (f) PCE.

Table 1. Summary of the Photovoltaic Parameters and Mobilities in Devices Prepared with P3HT:PCBM NW/NC and NC
Photoactive Layers with Various Active Layer Thicknesses

photovoltaic parameters carrier mobilities

thickness [nm] Voc [V] Jsc [mA cm−2] FF [%] PCE [%] Rs [Ω cm2] Rsh [Ω cm2] μh [cm
2 V−1 s−1] μe [cm

2 V−1 s−1] μe/μh

for NW/NC devices
100 0.61 8.13 68.0 3.33 1.57 1401.8 1.47 × 10−3 1.47 × 10−3 1.01
150 0.60 8.32 69.3 3.48 1.69 1525.9 1.55 × 10−3 1.47 × 10−3 0.95
200 0.60 8.92 67.7 3.66 1.79 1522.9 1.43 × 10−3 1.39 × 10−3 0.97
250 0.60 10.1 68.3 4.09 1.71 1464.4 1.57 × 10−3 1.50 × 10−3 0.96
300 0.60 10.2 68.9 4.21 1.69 1368.9 1.48 × 10−3 1.52 × 10−3 1.03
for NC devices
100 0.62 8.16 56.3 2.87 1.77 950.4 9.85 × 10−5 4.51 × 10−4 4.58
150 0.61 8.13 55.5 2.74 1.89 704.2 1.01 × 10−4 4.97 × 10−4 4.92
200 0.61 7.70 42.3 1.98 1.94 698.4 1.24 × 10−4 5.27 × 10−4 4.24
250 0.60 7.33 33.8 1.49 2.48 220.3 9.65 × 10−5 5.17 × 10−4 5.36
300 0.59 5.34 33.5 1.08 5.16 243.8 9.15 × 10−5 5.20 × 10−4 5.68
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because the open-circuit voltage (Voc) and fill factor (FF) did
not vary significantly with the photoactive layer thickness
(Figure 4c−f). The high FF resulted from a low series
resistance (Rs) and a high shunt resistance (Rsh) at all film
thicknesses (Table 1). By contrast, the PCE of the NC
photoactive layer devices decreased from 2.87 to 1.08% as the
photoactive layer thickness increased because Jsc, FF, and Voc all
decreased as the film thickness increased from 100 to 300 nm.
Jsc decreased from 8.16 to 5.34 mA cm−2, FF decreased from
56.3 to 33.5%, and Voc decreased from 0.62 to 0.59 V (Figure
4c−f). Jsc of the devices containing thin NC photoactive layers
(100−150 nm thick) was comparable to the value of the
devices containing NW/NC photoactive layers with the same
thicknesses. However, Jsc decreased as the NC photoactive layer
thickness increased. Therefore, the thick NW/NC photoactive
layers were applicable to OPV devices but the thick NC
photoactive layers could not be prepared for that use.
The external quantum efficiency (ηEQE) was calculated as the

product of the efficiencies of four sequential processes: photon
absorption to create an exciton (ηA), exciton diffusion to the
donor−acceptor interface (ηED), exciton dissociation through
charge transfer (ηCT), and the collection of free charge carriers

at the electrodes as a result of charge transport (ηCC).
33,34 The

device performances were analyzed as functions of the
crystalline morphology and photoactive layer thickness by
evaluating ηA, ηIQE, and ηEQE (Figure 5):46−50

η η η η η η η= =EQE A IQE A ED CT CC (1)

The number of photons absorbed by the photoactive layer
(ηA) was estimated by recording the reflectance spectra of the
devices (Rd) and the electrodes (Re) using eq. 2 (see Figure S3
in the Supporting Information):48−50

η = − R R100(1 / )A d e (2)

To summarize, ηA was estimated from the measured values of
Rd and Re, ηEQE was measured directly, and ηIQE was calculated
using eq. 1 (Figure 5). The number of absorbed photons
increased with the film thickness for both the NW/NC (Figure
5a) and the NC (Figure 5a′) photoactive layers, and the photon
absorption efficiency was not significantly affected by the P3HT
crystalline ordering. The absorption efficiency of the NW/NC
photoactive layer was indistinguishable from that of the NC
photoactive layer for a given thickness, with a value of 91.5% for
300 nm thick layers. ηEQE increased significantly with the NW/

Figure 5. (a,a′) Absorption efficiencies (ηA), (b,b′) internal quantum efficiencies (ηIQE), and (c,c′) external quantum efficiencies (ηEQE) of the solar
devices prepared with active layers having various thicknesses. Parameters were measured from the NW/NC blend films (a,b,c) and the NC blend
films (a′,b′,c′).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501358k | ACS Appl. Mater. Interfaces 2014, 6, 5640−56505645



NC photoactive layer thickness (Figure 5c), in agreement with
the increase in Jsc. ηEQE, on the other hand, decreased as the NC
photoactive layer thickness increased, despite an increase in the
number of absorbed photons (Figure 5c′). The excitons
generated in the NW/NC photoactive layers appeared to be
efficiently converted to a photocurrent. This conclusion was
supported by the stability in ηIQE over the range of photoactive
layer thicknesses tested (Figure 5b). By contrast, ηIQE decreased
as the NC photoactive layer thickness increased (Figure 5b′),
suggesting that the thick NC photoactive layers did not
efficiently convert the photons to a photocurrent due to the
relatively short crystal percolation pathways.
ηIQE is affected by the efficiencies of exciton dissociation and

charge transport, as described by eq. 1; the use of P3HT NWs
might affect not only the percolation pathways but also the
interface area between the donor and the acceptor. The PL
quenching efficiency of the 300 nm thick NW/NC blend film
in comparison to its homo film was 94.8 ± 0.2%, which was
similar to the efficiency of the NC blend film with the same
thickness, 94.5 ± 0.2%; thus, exciton dissociation in the NW/
NC blend film might not be much different from those in the
NC blend film (see Figure S4 in the Supporting Information),
assuming that the interface area between P3HT and PCBM
might not be decreased significantly with the use of P3HT
NWs.51 Therefore, the variances in ηIQE with respect to the
crystalline morphology were mainly caused by the transport of
charge carriers, which was thoroughly evaluated in the
following.
3.3. Charge Carrier Mobilities and Charge Transport

Properties. Space-charge-limited-current (SCLC) measure-
ments were used to evaluate the charge carrier mobilities over a
range of photoactive layer thicknesses.7,52 The dark current
density values (JD) for the hole-only and electron-only devices
were multiplied by the cube of the film thickness (L) to account
for variations in the blend film thickness. The JD values are
shown as functions of the applied bias, corrected for the built-in
potential (see Figure S5 in the Supporting Information). The
hole and electron mobilities of the devices were extracted from
the JD values of the hole-only devices and the electron-only
devices, respectively (Figure 6). In the trap-free region over the
trap-filled limit, the SCLC behavior could be characterized
according to the Mott−Gurney square law:

ε ε μ=J V L(9/8) ( / )0 r
2 3

(3)

where ε0εr is the permittivity of the polymer of the medium and
μ is the charge carrier mobility. The hole mobilities in the NW/

NC photoactive layer devices were as high as 1.57 × 10−3 cm2

V−1 s−1, which is 15 times higher than that observed in the NC
photoactive layer devices (Table 1 and Figure 6). The electron
mobilities of the NW/NC photoactive layer devices were as
high as 1.52 × 10−3 cm2 V−1 s−1 due to the formation of PCBM
aggregates. This mobility is almost 3 times the value (5.27 ×
10−4 cm2 V−1 s−1) of an NC photoactive layer device (Table 1
and Figure 6). The hole and electron mobilities of the NW/NC
photoactive layers were higher than the values of the NC
photoactive layers at all layer thicknesses, and the ratio of the
electron mobility to the hole mobility reached unity. These
results suggested that the carrier transport was balanced by a
high FF. The interpenetrating P3HT NWs provided pathways
for the hole carriers and induced PCBM aggregation, thereby
facilitating charge transport.24,25 These effects could not occur
in the NC photoactive layers; charge transport was hampered
due to the limited percolation pathways.
The charge transport properties were explored by measuring

the Jsc values in the NW/NC and NC devices prepared with
various photoactive layer thicknesses as a function of the
illumination intensity (Plight) (Figure 7a,b).7 In general, the
value of Jsc in a solar device followed the power-law dependence
with respect to Plight (i.e., Jsc ∝ Plight

s).7 Over the photoactive
layer thickness range of 100−300 nm, the exponential factor
(S) was found to be 0.984, on average, for the NW/NC devices
(Figure 7c). Jsc was nearly linearly dependent on the incident
light. Therefore, bimolecular recombination of separated
charges and space-limited charges may be greatly reduced in
the NW/NC devices. The S factors did not differ significantly
in the NC devices, up to a photoactive layer thickness of 150
nm (Figure 7c); however, the S factor was reduced to 0.924 in
the 300 nm thick NC active layer devices, suggesting significant
losses due to bimolecular recombination in the corresponding
devices. The presence of these losses was further supported by
the observation of limited percolation pathways and low carrier
mobilities (Figure 6). The vertical percolation probabilities of
the hole carriers, which affected the charge transport properties,
were defined as the percolated fractions of P3HT in the
binarized vertical images of the active layers (see Figure S6 in
the Supporting Information).40 Several thresholds were applied
to the binarization of the images and dozens of vertical images
were used to evaluate the hole percolation probabilities. The
NW/NC devices displayed a hole percolation probability of
98.4 ± 0.5%, much greater than the value of 91.6 ± 1.3%
observed for the NC devices (Figure 7d). The binarized vertical
images from all active layer thicknesses were nearly
indistinguishable for both the NW/NC and NC layers (data
not shown here), suggesting that the percolation probability did
not vary with the film thickness. P3HT NWs in the NW/NC
layers were advantageous for forming vertical percolation paths
that facilitated charge transport and reduced bimolecular
recombination, yielding an ηIQE that was stable with the
photoactive layer thickness; however, in the NC layers, charge
transport was hampered due to the limited paths between
relatively isolated domains (Figures 2 and 7e).

3.4. Photovoltaic Performances of the P3HT:ICBA
Devices with Thick Active Layers. The mixed solvent
approach to NW preparation is a simple process and is
applicable to other semiconducting materials. We applied the
preparation of P3HT NWs to ICBA, in which the indene units
push the lowest unoccupied molecular orbital (LUMO) level
close to the vacuum level, thereby increasing Voc (Figures 8 and
S7 in the Supporting Information).53−57 The PCE of a device

Figure 6. Hole (□) and electron mobilities (○) in the NW/NC
devices were compared with the hole (■) and electron mobilities (●)
in the NC devices, for various photoactive layer thicknesses.
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prepared with ICBA increased and the FF reached values as
high as 72.4%. In the P3HT:ICBA devices prepared with NWs,
the PCE was found to be 5.42%, with Voc of 0.86 V, Jsc of 8.82
mA cm−2, and FF of 71.4% for a photoactive layer thickness of
250 nm (Figure 8a and Table S1 of the Supporting
Information). Thick photoactive layers yielded comparable
PCEs of 4.41% (for a thickness of 400 nm) and 3.75% (for a
thickness of 600 nm, Figure 8b and Table S1 of the Supporting
Information) using the device structure shown in Figure 8c.
The device efficiencies remained relatively constant up to a
photoactive layer thickness of 600 nm, yielding a PCE that was
69.2% of the maximum photovoltaic efficiency because the Jsc
values did not decrease significantly for layers with a higher
thickness.
Thick photoactive layers are generally advantageous for their

light absorption properties and their ease of processability. In
this paper, we have demonstrated that the presence of an
interpenetrating P3HT NW network in a photoactive layer
facilitates charge transport so that the absorbed photons are
converted to current without significant recombination losses.
The use of thick photoactive layers containing P3HT NWs is
readily applicable to OPV devices.

4. CONCLUSIONS

We compared the charge transport properties of photoactive
layers prepared to contain interpenetrating NWs with the
corresponding properties of layers containing only small NCs,
for various active layer thicknesses. We confirmed that
increasing the thickness of the photoactive layer enhanced
light absorption. Further, the presence of a P3HT NW network
formed interpenetrating percolation paths for efficient charge
transport with low bimolecular recombination loss. Therefore,
the absorbed photons were efficiently converted into an
electrical photocurrent and ηIQE was relatively stable with the
photoactive layer thickness. The use of P3HT NWs improved
the performances of photovoltaic devices, yielding PCE values
as high as 5.42%. A photoactive layer thickness of 600 nm
yielded a PCE (3.75%) that was 70% of the maximum
efficiency. We also showed that a photoactive layer containing
only small P3HT NCs did not efficiently convert absorbed
photons into a photocurrent. The failure of this device arose
from the absence of crystalline charge transport pathways. We
demonstrated that photovoltaic behavior depends critically on
(1) the use of a thick photoactive layer to enhance photon

Figure 7. Jsc values as a function of the light intensity for (a) the NW/NC devices and (b) the NC devices. (c) S factors as a function of the
photoactive layer thickness for the NW/NC and NC devices. (d) Estimated percolation probabilities in the NW/NC layer and in the NC layer. (e)
Schematic illustrations of the vertical pathways in the NW/NC layer (left) and in the NC layer (right).
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absorption and on (2) the inner structure of the photoactive
layer, which can enhance photocurrent production.
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