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ABSTRACT: It is known that the nanoscale morphological
organization of donors or acceptors in bulk heterojunction
(BHJ) solar cells is critical to device performance and strongly
aﬀects carrier generation, transporting, and collection. This
work demonstrates the dependence of nanocrystal dimensionality and organization on the polymer nanomorphology in
P3HT:TiO2 hybrid bulk heterojunctions, which were revealed
using grazing-incidence X-ray diﬀraction (GIXRD) using a
synchrotron X-ray beam and electron tomography. We further
performed a multiscale molecular dynamic simulation to
understand the morphological orientation of a polymer blended with TiO2 nanoparticles (NPs) or nanorods (NRs). The
correlation between polymer nanoscale morphology and the dimensionality and anisotropy of nanocrystals in P3HT:TiO2
hybrids clearly explains the observation of diﬀerent optical absorption and carrier transport behaviors in directions perpendicular
or parallel to the ﬁlm substrate. Our results provide crucial information toward understanding the interplay between nanocrystal
dimensionality and polymer morphology in developing organic/inorganic hybrid electronic devices such as thin ﬁlm transistors
(TFTs) or photovoltaics (PVs).
nanoparticles (NPs) or nanorods (NRs),6 nanotetrapods,10 to
well-connected nanoporous11 or aligned ordered nanostructures grown directly on substrates,12 the morphologies of the
active layers consisting of polymer/inorganic nanocrystal BHJs
vary considerably from those of the conventional polymer
photovoltaic devices using fullerene or fullerene derivatives as
acceptors.13 Because of the strong incompatibility between
inorganic nanocrystals and polymers, the precarious control of
the BHJ morphology of the two intermixed components
becomes particularly challenging. We demonstrated a promising power conversion eﬃciency for photovoltaic devices
consisting of poly(3-hexylthiophene) (P3HT):TiO2 NR BHJs
by performing an interface modiﬁcation,9 and the signiﬁcant
improvement of compatibility between P3HT and TiO2 NRs
by replacing interfacial ligand molecules results in eﬃcient
charge transfer and suppression of charge recombination at
polymer/nanocrystal interfaces. In addition, it is known that the

1. INTRODUCTION
Polymer solar cells1−3 have attracted considerable interest for
fabricating low-cost and mechanically ﬂexible photovoltaic
devices over the past decade, beneﬁting from the possibility of
solution processing and patterning on ﬂexible substrates. The
most promising device structure of polymer solar cells is based
on bulk heterojunctions (BHJs), which consist of interpenetrating networks using electron-donor and electronacceptor components, creating the donor/acceptor interfaces
for eﬃcient exciton dissociation and charge transport. Extensive
research has focused on developing polymer photovoltaic
devices using fullerene or fullerene derivatives as acceptors, and
recent advances in achieving high photovoltaic eﬃciencies near
7−8% have been realized.4,5 An alternative type of polymer
solar cell, based on a polymer/inorganic nanocrystal hybrid
device structure, is also appealing because of relatively high
electron mobility as well as good physical and chemical stability
of inorganic nanocrystals. Various inorganic nanocrystals, such
as CdSe,6 PbS,7 ZnO,8 and TiO2,9 have been used in polymer/
inorganic hybrid BHJ solar cells. Because nanoscale morphologies of inorganic nanocrystals can vary, from well-dispersed
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angle between the incident beam and the ﬁlm surface was ﬁxed
at 0.2°. The data were recorded by an online image plate
Mar345 and analyzed using FIT-2D software. STEM
tomography experiments were conducted on a ﬁeld-emission
microscope operated at 200 keV (FEI F20 G2) with an
electron-probe size of ∼2 Å.14 The three-dimensional (3D)
reconstructions of these two-dimensional (2D) STEM-HAADF
data sets were performed using the weighted back-projection
algorithm integrated in the FEI Inspect3D software package,
and further 3D visualization artworks were conducted using
AMIRA 4.0 (Mercury Computer Systems).
In the coarse-grained molecular dynamics (CGMD)
simulation of P3HT:TiO2 NP and NR blends, we ﬁtted a
CG force ﬁeld model based on molecular trajectories from allatom molecular dynamics simulations. The details of ﬁtting CG
force ﬁeld in P3HT:TiO2 NPs and NRs system can be found
elsewhere.18 In brief, for the CG model of P3HT, each P3HT
repeated unit was coarse-grained into a CG bead, and the CG
force ﬁelds between CG beads were ﬁtted to reproduce the
distribution of CG degrees of freedom and radial distribution
functions from all-atom molecular dynamics simulations. For
the CG model of TiO2 nanocrystals, TiO2 NP and NR with
given sizes were mapped into clusters of CG particles, and the
CG force ﬁelds between CG particles were ﬁtted to reproduce
the potential energy surface between two TiO2 NPs or NRs
from all-atom molecular dynamics simulations. We carried out
CGMD simulations under the NPT ensemble condition with a
system size of 60 × 60 × 60 nm3 at 1 atm and T = 423 K.
Periodic boundary conditions were applied along all directions
of simulation cells. The molecular dynamics simulation package
DL_POLY419 was employed for all the CGMD simulations.
To measure the carrier mobility along the direction
perpendicular to the substrate, the hole-only and electrononly devices for space-charge-limited-current (SCLC) measurements were fabricated by spin-coating the active layer with the
thickness of ∼150 nm between top and bottom electrodes. For
hole-only device, thermally evaporated Au and ITO substrate
coated with PEDOT:PSS were used because their work
function levels match the HOMO level of P3HT. For
electron-only device, Al was used for both top and bottom
electrode to match the LUMO level of TiO2. The vertical
carrier mobility are examined from the typical current density−
voltage (J−V) characteristics according to the Mott−Gurney
law:20

nanoscale morphological organization of donors or acceptors in
BHJ solar cells is also critical to the device performance and
strongly aﬀects carrier generation, transporting, and collection.
Recently, morphological organizations of TiO2 NPs and NRs
blended with poly(3-hexylthiophene) (P3HT) were revealed by
our group employing electron tomography based on scanning
transmission electron microscopy using high-angle annular
dark-ﬁeld imaging (STEM-HAADF),14 which provides the
critical morphological parameters for improving device
performance.15−17 Although the unambiguous experimental
evidence conﬁrming the three-dimensional nanocrystal morphological organization in P3HT:TiO2 hybrid has been
realized, the detailed morphological information on conjugated
polymer within the polymer/inorganic BHJ systems is still
limited thus far. In this work, we investigated the nanoscale
morphological orientation of polymer in P3HT:TiO2 BHJs by
employing state-of-art grazing-incidence X-ray-diﬀraction
(GIXRD) measurements using a synchrotron X-ray beam.
Because of the inﬂuences of nanocrystal dimensionality and
organization, the polymer chains in P3HT:TiO2 NP and NR
BHJs showed diﬀerent morphological orientations in directions
parallel and perpendicular to the substrate surface. A multiscale
molecular dynamic simulation employing coarse-grained
molecular dynamics (CGMD) simulation was also used to
model the nanoscale morphology of P3HT:TiO2 nanocrystal
blends to explain the observed experimental results. The eﬀect
of nanocrystal dimensionality on the polymer nanomorphology
in P3HT:TiO2 hybrids was further manifested from their
anisotropic optical absorption and carrier transport behaviors,
which provide crucial information in developing organic/
inorganic hybrid electronic devices such as thin ﬁlm transistors
(TFTs) or photovoltaics (PVs).

2. EXPERIMENTS
We prepared both P3HT:TiO2 NP and P3HT:TiO2 NR hybrid
thin ﬁlms with a weight ratio of 50:50 (wt %), according to a
previous report.9 The TiO2 nanocrystals have characteristic
sizes of ∼5 nm for the NPs and ∼4 nm (diameter) × ∼20 nm
(length) for the NRs, as shown in Figures S1a and S1b of the
Supporting Information. The ligand-exchange treatment using
pyridine on both TiO2 NPs and NRs was further used to
remove the original oleic acid (OA) surfactant to improve the
compatibility between P3HT and TiO2 nanocrystals.9 The
hybrid ﬁlms were spin-coated on the substrate by using the 1:1
weight ratio of P3HT:TiO2 NP and NR blends which
corresponds to the optimized ratio in the photovoltaic device,14
dissolved in 1,2,4-trichlorobenzene. The transmission electron
microscopy (TEM) images of P3HT:TiO 2 NPs and
P3HT:TiO2 NRs ﬁlms are shown in Figures S1d and S1e of
the Supporting Information, respectively. For optical anisotropic measurements, ellipsometric parameters (tan Ψ and cos
Δ) were acquired using a SOPRA ellipsometer. Transmittance
and reﬂectance spectra were recorded using a Hitachi U-4100
optical spectrometer at various incident angles. The measured
data were ﬁt to a dispersion function, also called an oscillator
model to describe both real and imaginary parts of the
refractive index over a wide spectral range. GIXRD measurements were carried out on the wiggler beamline BL17A1 of
National Synchrotron Radiation Research Center (NSRRC,
Taiwan), with a wavelength of 1.3302 Å. All the samples were
spin-coated on the heavily boron-doped silicon substrate. In
order to increase the eﬀective X-ray penetrating depth and
minimize the background from the substrate scattering, the

J=

V
9
εε0μ eff3
8
L

2

(1)

where J is the hole or electron current density, ε0 is the vacuum
permittivity, and ε is the dielectric constant of P3HT (2.5) or
TiO2 (50).21 μ is the hole or electron mobility, and L is the
thickness of active layer. The eﬀective voltage drop (Veff) within
the active layer is expressed as
Veff = Vapplied − Vbi − VRs

(2)

where Vbi is the built-in voltage drop caused by the work
function diﬀerence between electrodes and VRs is the voltage
drop induced by the series resistance of device.
To measure the hole ﬁeld-eﬀect mobility along the direction
horizontal to the substrate, thin ﬁlm transistors (TFTs) were
fabricated on highly boron-doped (100) Si substrate (0.01−
0.005 Ω cm) with 300 nm thermally grown silicon dioxide
(SiO2). The octadecyltrichlorosilane (OTS)-treated SiO2
25082
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Figure 1. Optical extinction coeﬃcients of the P3HT:TiO2 NPs and P3HT:TiO2 NRs hybrids (a) in the TE mode and (b) in the TM mode. The
insets show schematic representations for the direction of the electric ﬁeld of incident light with respect to the substrate.

Figure 2. (a) Scheme of GIXRD setup (λ = 1.3302 Å) for out-of-plane and in-plane measurements. (b) 2D GIXRD images of pristine P3HT ﬁlm,
P3HT:TiO2 NPs and P3HT:TiO2 NRs hybrids. 1D plot of XRD patterns are shown in the (c) out-of-plane (qz) and in-plane (qx) (as shown in the
inset of (c)) directions. Black, red, and blue curves represent pristine P3HT ﬁlm, P3HT:TiO2 NPs, and P3HT:TiO2 NRs hybrids, respectively. (d)
Illustrations of the lamellar stacking and vertical stacking of P3HT crystallites with respect to the substrate surface.

3. RESULTS AND DISCUSSION

surface was used to modify the substrate as reported in the
previous study.22 After the BHJs ﬁlms were spin-coated at 1000
rpm on the OTS-treated substrate, the source and drain
electrodes were evaporated a 60 nm thick Au layer onto the
ﬁlm through a shadow mask, deﬁning 100 μm length and 1.2
mm width of channels, to fabricate top-contact TFTs. Finally,
these devices were annealed at 120 °C for 6 h under vacuum to
remove residual solvent. The ﬁeld-eﬀect hole mobility operated
in a saturated regime by using the standard saturation equation:
IDS =

W
μ Cox(VG − VT)2
2L sat

We ﬁrst used ellipsometry measurements to characterize the
anisotropic absorption intensities of the P3HT:TiO2 NP and
P3HT:TiO2 NR hybrids, as shown in Figure 1. Using the
reﬂectance and transmittance spectra of polarized light at
various incident angles, the TE polarized curve was ﬁtted to
acquire the in-plane extinction coeﬃcient (k∥); the TM
polarized curve was then ﬁtted to obtain the out-of-plane
extinction coeﬃcient (k⊥). As shown in Figure 1a, the
extinction coeﬃcient k∥ in the TE polarized incidences for
the P3HT:TiO2 NP hybrid is higher than that of the
P3HT:TiO2 NR hybrid counterpart. By contrast, the extinction
coeﬃcient k⊥ in the TM polarized incidences for the
P3HT:TiO2 NR hybrid is higher than that of the P3HT:TiO2

(3)

where IDS, W, L, and μsat are the saturated drain current, the
channel width, the channel length, and the saturated ﬁeld-eﬀect
mobility, respectively.
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Figure 3. STEM-HAADF electron tomography images of the (a) P3HT:TiO2 NPs and (b) P3HT:TiO2 NRs hybrids. These images with dark
(green) contrasts represent light (heavy) matter, that is, P3HT for the dark contrast and TiO2 for the green contrast. Three-dimensional
morphologies of (c) P3HT:TiO2 NPs and (d) P3HT:TiO2 NRs blends using coarse-grained molecular dynamics (CGMD) simulations. TiO2 CG
nanocrystals are colored in blue, and P3HT CG chains are colored in red.

NP hybrid, as shown in Figure 1b. The electric ﬁeld of incident
light aligned parallel to the direction of P3HT thiophene chains
(i.e., the orientation of transition dipole moments) usually
results in stronger π−π* absorption.23,24 This optical
anisotropic absorption result suggests that the orientations of
polymer chains in P3HT:TiO2 NP and P3HT:TiO2 NR hybrids
might be quite diﬀerent.
To investigate how the orientations of polymer chains were
inﬂuenced by the nanocrystal size or dimensionality, we
employed the GIXRD measurements using a synchrotron Xray beam to further examine the nanoscale morphologies of
polymer chains in P3HT:TiO2 nanocrystal hybrids. For
comparison, the measurement for the pristine P3HT ﬁlm was
also performed. Figure 2a shows the typical setup of the
GIXRD measurement. Figure 2b shows the two-dimensional
GIXRD images for these ﬁlms consisting of pristine P3HT,
P3HT:TiO2 NP, and P3HT:TiO2 NR hybrids, respectively.
These images consist of two crystallographic components, qx
and qz, where qx corresponds to the in-plane direction of the
substrate and qz is the out-of-plane direction normal to the
substrate surface. The GIXRD proﬁles, which were integrated
along out-of-plane (qz) and in-plane (qx) directions, are shown
in Figure 2c and in its inset, respectively. First, the appearance
of a TiO2 (101) diﬀraction peak (diﬀraction angle at 2θ =
22.6°) in the out-of-plane (qz) direction is consistent with the
typical XRD signature of anatase TiO2 crystals, as shown in
Figure S1c of the Supporting Information. In addition, both the
(101) diﬀraction intensities of TiO 2 nanocrystals in
P3HT:TiO2 NP and P3HT:TiO2 NR hybrids are almost
identical, as a result of same amounts of TiO2 nanocrystal in
hybrid ﬁlms. The lamellar-stacking (edge-on) structure of
P3HT (as shown in the top panel of Figure 2d), corresponding
to P3HT thiophene chains with alkyl stacking normal to the
substrate,25 usually provides the (h00) diﬀraction peak in the

out-of-plane (qz) direction; by contrast, the vertical structure of
P3HT (as shown in the bottom panel of Figure 2d),
corresponding to P3HT thiophene chains stacking normal to
the substrate,25 usually shows a (h00) diﬀraction peak in the inplane (qx) direction. We found that the (100) peak intensity
(diﬀraction angle at 2θ = 4.99°) in the out-of-plane (qz)
direction for the P3HT:TiO2 NR hybrid is much lower than
that for the P3HT:TiO2 NP counterpart. However, the trend of
the (100) diﬀraction intensities in the in-plane (qx) direction
(inset of Figure 2c) is noticeably diﬀerent from that of the
(100) diﬀraction intensities in the out-of-plane (qz) direction,
where the P3HT:TiO2 NR hybrid sample shows a stronger
peak intensity of (100) diﬀraction in the in-plane (qx) direction.
The result indicates that the morphology and chain orientation
of polymer strongly depend on the nanocrystal dimensionality
in P3HT:TiO2 bulk heterojunctions, consistent with the above
observation of a higher extinction coeﬃcient k⊥ in P3HT:TiO2
NR hybrid with respect to the P3HT:TiO2 NR counterpart. As
we further compared the diﬀraction peak intensities of the
P3HT:TiO2 NR hybrid sample with those of the pristine P3HT
ﬁlm, we found that the peak intensity of (100) diﬀraction in the
in-plane (qx) direction for the P3HT:TiO2 NR hybrid sample is
also higher although its (100) diﬀraction peak in the out-ofplane (qz) direction is much lower than that of the pristine
P3HT. The decreased (100) peak intensity in the out-of-plane
(qz) direction for the P3HT:TiO2 NR hybrid indicates that the
lamellar stacking of P3HT crystallites within P3HT:TiO2
hybrid was reduced after adding TiO2 nanocrystals. A similar
observation in P3HT:PCBM thin ﬁlms with increasing amounts
of PCBM has also been reported.26 However, the enhanced
(100) peak intensity in the in-plane (qx) direction of
P3HT:TiO2 NR hybrid sample with respect to the pristine
P3HT suggests the possible formation of increased vertical
stacking of P3HT crystallites after adding TiO2 NRs into
25084
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Figure 4. Space charge limited current (SCLC) for (a) hole-only and (b) electron-only devices. The insets show the energy levels of both types of
device.

P3HT:TiO2 nanocrystal hybrids strongly depends on the
dimensionality and anisotropy of TiO2 NPs or NRs.
It is well-known that carrier mobility of conjugated polymer
is largely inﬂuenced by the polymer chain orientation.30,31
Therefore, we investigated the hole transport behaviors in
P3HT:TiO2 nanocrystal hybrids along the directions perpendicular or parallel to the substrate. We ﬁrst fabricated the holeonly devices made from pristine P3HT, P3HT:TiO2 NP, and
P3HT:TiO2 NR hybrids using the space-charge-limited current
(SCLC) measurement to estimate the hole mobility along the
direction perpendicular to the substrate. In these devices, ohmic
contact for hole injection was achieved using a gold top
electrode and a PEDOT:PSS/ITO bottom electrode. Figure 4a
shows the square root of the hole current density (Jh1/2) versus
the eﬀective voltage (Veff) characteristics of pristine P3HT,
P3HT:TiO2 NP, and P3HT:TiO2 NR-based devices. The
details of the model for SCLC mobility measurement are
described in the Experiments section. Both the P3HT:TiO2 NP
and NR-based devices exhibit higher hole current densities, as
compared to the pristine P3HT device. The estimated hole
mobilities of pristine P3HT, P3HT:TiO2 NP, and P3HT:TiO2
NR hybrids are 3.01 × 10−5, 1.18 × 10−4, and 3.98 × 10−4 cm2
V−1 s−1, respectively. Because TiO2 nanocrystals usually
demonstrate highly eﬀective hole blocking,32 establishing
separated P3HT and TiO2 nanocrystal transport pathways
allows the holes to move along the conﬁned P3HT domains
surrounded by the TiO2 nanocrystals to reduce recombination
and facilitate transport.14 In addition, the higher SCLC hole
mobility of P3HT:TiO2 NR hybrid, as compared to that of the
P3HT:TiO2 NP counterpart, is consistent with the increased
vertical stacking of P3HT crystallites between two electrodes
caused by partially aligned polymer chains along the anisotropic
TiO2 NRs. This enables the hole transport in P3HT:TiO2 NR
hybrid along the direction normal to the substrate to be more
eﬀective than that in P3HT:TiO2 NP hybrid counterpart. We
also fabricated the electron-only devices based on P3HT:TiO2
NR and P3HT:TiO2 NP hybrids. Figure 4b shows the SCLC
current−voltage curves of the electron-only devices consisting
of P3HT:TiO 2 NR and NP hybrids with the device
conﬁguration of Al/P3HT:TiO2/Al as shown in the inset. An
energy barrier was created between Al electrode and HOMO
level of P3HT, which prevents the injection of hole carriers, to
form an electron-only device structure. The electron mobility in
the P3HT:TiO2 NR hybrid device is 2.35 × 10−4 cm2 V−1 s−1
while it is 4.25 × 10−5 cm2 V−1 s−1 in the P3HT:TiO2 NP
hybrid device. The resulting hole mobility to electron mobility

P3HT. No enhancement with the same diﬀraction peak of the
P3HT:TiO2 NP hybrid sample was observed. A similar trend
for the P3HT:TiO2 NR and NP hybrids with various TiO2
loading ratios was also observed (see the Supporting
Information). Previous studies have also reported the enhanced
vertical chain alignment of P3HT inﬁltrated into ordered
nanostructures using straight nanopores of anodic alumina27 or
nanoimprint lithography.28 Figures 3a and 3b show the slices
through the reconstructed volumes of the three-dimensional
morphological organizations of TiO2 NPs and TiO2 NRs along
the vertical direction in P3HT:TiO2 BHJs, as revealed using
electron tomography. Although TiO2 NRs do not form ordered
nanostructures in P3HT:TiO2 BHJs, the aspect ratio of the
TiO2 NRs with preferred orientations angled toward the plane
of the ﬁlm might allow for the self-alignment of polymer chains
along the TiO2 NR surface, as observed in the systems
consisting of straight nanopores27 or nanowire,29 resulting in an
overall enhancement in the vertical stacking of P3HT and a
decrease in the lamellar stacking. By contrast, the isotropic
TiO2 NPs without any preferred orientation does not cause
such an enhancement in P3HT:TiO2 NP BHJs. To further
understand the morphological orientation of a polymer blended
with TiO2 NPs or NRs, we performed a multiscale CGMD
simulation based on the technique we developed earlier for
polymer:fullerene blends.18 The details of the simulation
method are described in the Experiments section. Figures 3c
and 3d display the morphologies of P3HT:TiO2 NP and
P3HT:TiO2 NR hybrids with a blending ratio of 1:1 derived
from our CGMD simulations. Close examination of Figures 3c
and 3d further reveals the organization of P3HT chains near the
TiO2 NP and TiO2 NR surface, as shown in the blow-up
regions enclosed in the yellow boxes. For the P3HT:TiO2 NP
blend, it is clear that P3HT bond vectors (red arrows in the
lower-right panel of Figure 3c) do not have a preferential
direction. By contrast, for the P3HT:TiO2 NR blend,
substantial P3HT chains prefer aligning along the axial
direction of TiO2 NRs (as shown in the lower-right panel of
Figure 3d). From the CGMD simulation result, we can verify
that the elongated and anisotropic TiO2 NRs with preferred
orientations angled toward the plane of the ﬁlm tend to
promote the formation of self-aligned P3HT crystallites along
the rod axis, which is consistent with the observed higher
extinction coeﬃcient k⊥ and enhancement of the in-plane (qx)
(100) diﬀraction peak intensity in P3HT:TiO2 NR hybrid. This
result indicates that the orientation of P3HT polymer in
25085
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Figure 5. (a) Schematic illustration of thin ﬁlm transistor (TFT) device structure. (b) Typical output characteristics (−IDS vs VD) of pristine P3HT,
P3HT:TiO2 NPs, and P3HT:TiO2 NRs-based TFTs operated at various VG (−40, −20, 0, and 30 V). (c) Transfer characteristics (−IDS and
logarithmic −IDS vs VG) of pristine P3HT, P3HT:TiO2 NPs, and P3HT:TiO2 NRs-based TFTs operated at VD = −90 V.

higher than that in P3HT:TiO2 NR counterpart. The
enhancement of hole ﬁeld eﬀect mobility after adding
nanocrystals in the P3HT has also been observed in other
organic/inorganic hybrid systems.33−35 Two possible mechanisms have been proposed to explain the enhanced hole ﬁeldeﬀect mobility; the ﬁrst is attributed to the reduction of trap
density (NT) in the conjugated polymer33 after adding
nanocrystals, and the second is caused by the improved
crystallinity of the P3HT matrix as a result of the presence of
nanocrystals.35 Considering the morphological analyses based
on GIXRD data and 3D tomography of P3HT:TiO2 nanocrystal hybrids, the lamellar-stacking of P3HT crystallites in
both P3HT:TiO2 NP and NR hybrids were usually reduced
after adding TiO2 nanocrystals. The enhancement of hole ﬁeldeﬀect mobility after adding TiO2 nanocrystals may have been
more possible because of the reduction of trap density (NT),
which is deﬁned as33

ratios (μh/μe) for the P3HT:TiO2 NR and P3HT:TiO2 NP
hybrids are 1.7 and 2.7, respectively, indicating a more balanced
carrier transport in P3HT:TiO2 NR hybrid material which will
be important for photovoltaic performance.
Next, we investigated the eﬀect of nanocrystal dimensionality
on the hole transport behavior in P3HT:TiO2 hybrids along the
direction parallel to the substrate by measuring the hole ﬁeldeﬀect mobilities of pristine P3HT, P3HT:TiO2 NPs, and
P3HT:TiO2 NRs hybrid ﬁlms, based on a top-contact thin ﬁlm
transistor (TFT) geometry, as shown in Figure 5a. The details
of device fabrications are described in the Experiments section.
In this conﬁguration, top Au source and drain electrodes were
used to form an ohmic contact for horizontal hole injection.
Figure 5b shows the typical output characteristics (drain
current −IDS versus drain voltage VD at a diﬀerent gate voltage
VG) of pristine P3HT, P3HT:TiO2 NP, and P3HT:TiO2 NRbased transistor devices. Despite the addition of n-type TiO2
nanocrystals into the P3HT matrix, all of these samples exhibit
the typical transport characteristics of p-channel ﬁeld-eﬀect
transistors. The −IDS of P3HT:TiO2 NP- and P3HT:TiO2 NRbased transistors are higher than that of the pristine P3HTbased transistor within all gate voltage ranges (operated at VG =
−40, −20, 0, and 30 V). Figure 5c shows the transfer
characteristics (−IDS and logarithmic −IDS versus VG) of these
transistors at VD = −90 V. An increase in drain current at zero
gate voltage in both P3HT:TiO2 nanocrystal hybrids was
observed, suggesting that adding TiO2 nanocrystals into the
P3HT matrix might result in improved conductivity of the
transistors. The horizontal hole ﬁeld-eﬀect mobilities of
P3HT:TiO2 NP and P3HT:TiO2 NR hybrids are 0.175 and
0.105 cm2 V−1 s−1, respectively, which are higher than 0.098
cm2 V−1 s−1 of the pristine P3HT ﬁlm. The on/oﬀ ratios of
both BHJ-based transistors consisting of diﬀerently shaped
TiO2 nanocrystals are ∼105, which is comparable with that of
the pristine P3HT-based transistor. In contrast to the vertical
transport behavior, the hole mobility along the direction
parallel to the substrate in P3HT:TiO2 NP hybrid device is

NT =

−VTCox
q

(4)

where VT is the threshold voltage determined according to the
x-intercept of the straight line in the IDS1/2 vs VG plot, Cox is the
capacitance per unit area of the SiO2 layer, and q is the
elementary charge. We thus estimated the trap density (NT) for
P3HT:TiO2 NP and P3HT:TiO2 NR-based transistors of 5.15
× 1015 and 7.95 × 1015 m−2, which are lower than 9.67 × 1015
m−2 of the pristine P3HT transistor; this is consistent with the
observed trend of the enhanced hole mobility of P3HT after
adding TiO2 nanocrystals. Holes conﬁned in the P3HT
surrounded by the TiO2 nanocrystals reduce the possibility of
carrier recombination during transport, thereby decreasing the
trap densities in both P3HT:TiO2 NP and P3HT:TiO2 NRbased transistors eﬀectively. We found that TiO2 NPs have
more homogeneous dispersion in P3HT and the P3HT:TiO2
NR hybrid is favored to form large-scale donor−acceptor
separated phases as shown in the electron tomography image in
Figure 3a. The addition of TiO2 NPs, which are isotropic
25086
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without any preferred orientation, still maintains the predominant lamellar-stacking P3HT crystallites as compared to the
P3HT:TiO2 NR counterpart, enabling holes to transport more
eﬀectively along the P3HT thiophene chains stacking parallel to
the substrate. However, our result of a higher hole ﬁeld-eﬀect
mobility in P3HT:TiO2 NP hybrid than in P3HT:TiO2 NR
hybrid is diﬀerent from the result reported by ref 35, in which
only TiO2 NRs could cause an increase of the ﬁeld-eﬀect hole
mobility of P3HT while the TiO2 NPs decreased the mobility
dramatically.35 They observed the predominate edge-on P3HT
domains in P3HT:TiO2 NR hybrid ﬁlm and alignment of
P3HT chains along with TiO2 NRs results in enhancing hole
ﬁeld-eﬀect mobility. According to their model, a large number
of TiO2 NRs might be lying along the plane parallel to the
substrate. By contrast, our 3D tomography image revealed that
TiO2 NRs in P3HT tend to form a large-scale donor−acceptor
phase-separated morphology between two electrodes with
preferred orientations angled toward the plane of the ﬁlm.
This may cause a signiﬁcant decrease in lamellar stacking and
an increase in the vertical stacking of P3HT, as compared to
those in P3HT:TiO2 NP hybrid. The discrepancy of our results,
as compared to those in ref 35, might be attributed to various
processing conditions or diﬀerent solvents used in the ﬁlm
depositions.
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4. CONCLUSION
In summary, we demonstrated the eﬀect of nanocrystal
dimensionality on the nanoscale morphology of polymers in
P3HT:TiO2 nanocrystal BHJs as well as its correlation to
anisotropic optical absorption and carrier transport. The
elongated and anisotropic TiO2 nanorods in P3HT, which
have preferred orientations angled toward the plane of the ﬁlm,
promote the formation of increased vertical-stacking of P3HT
crystallites, as compared to P3HT:TiO2 NPs hybrids, providing
a more eﬀective hole transport perpendicular to the substrate.
The isotropic TiO2 NPs, which have no preferred orientation
and are more homogeneously dispersed in P3HT, result in a
favorable hole transport behavior parallel to the substrate when
compared to the P3HT:TiO2 NRs hybrids. Our results provide
crucial information in understanding the correlation of
morphological, optical, and electronic properties for polymer/
inorganic hybrid electronic devices.
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