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We present a Kelvin Probe Force Microscopy (KPFM) study on the topography combined with surface
potential of hybrid poly(3-hexylthiophene)(P3HT):TiO2 nanorod materials in dark and under illumina-
tion. The hybrid materials with fine and coarse phase separation are displayed. The photo-induced elec-
tron accumulation on surface is pronounced under high loading TiO2 nanorod in the blend. Large surface
roughness, large surface height difference and potential variation in the hybrid P3HT:TiO2 nanorod are
present with high content TiO2. Additionally, the incorporating a TiO2 nanorod layer on the surface of
hybrid layer to facilitate collecting the electron and blocking the hole is investigated.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

A variety of hybrid materials of conjugated polymer:inorganic
nanocrystals are of great interest for efficient, low cost and large
area polymer photovoltaic cells [1–3]. For efficient polymer:inor-
ganic bulk heterojunction solar cells, the construction of nanodo-
main of each component for effective charge separation and high
quality percolation pathways for the photo-generated electron
and hole transporting from the hetero-interface to the respective
charge collection electrodes are important factors [4].

Recently, the KPFM has been applied to resolve the degree and
dimension of the phase separation in polymer bulk heterojunction
[5–7]. The KPFM is allowed to map the structural and electronic
properties of film surface of conjugated polymer based photovol-
taic materials. The KPFM uses a non-contact atomic force micros-
copy tip with a conductive coating to measure the difference
between the tip potential and the local surface potential [8] with
a lateral and potential distribution below 70 nm and 10 mV. In
addition, Kelvin probe measurements can be applied to study the
charge carrier generation and electron blocking at inter-layers in
polymer solar cells [9].

In the polymer bulk heterojunction solar cell, the hetero-inter-
face and percolation networks remains highly sensitive to fabrica-
tion parameters, and the morphological defects are common. The
KPFM is applied to exploit the presence of charge percolation paths
and morphological defects within the bulk heterojunction facilitat-
ing one to gain deeper insight for the improvement of solar cell
performance [10]. Previous KPFM studies on MDMO-PPV:PCBM
films has demonstrated clear differences in the photovoltaic prop-
erties for the films with different morphologies, the result indicates

the lower photocurrent in samples cast from toluene is due to hin-
dered electron transporting to the cathode [5,11].

Performance of polymer:inorganic heterojunction solar cell is
extremely sensitive to fabrication parameters. Among the key fac-
tors for the construction of hybrid, the content of nanocrystal is
quite critical in determining the hetero-interface for exciton disso-
ciation and percolated paths for charge transport in solar cells of
MDMO-PPV:ZnO nanoparticle [2], P3HT:TiO2 nanoparticle [12]
and P3HT:TiO2 nanorod [13]. According to Chang et al . [13], the
optimized power conversion efficiency of the P3HT:TiO2 nanorod
hybrid solar cells consists of approximately 50 wt.% of TiO2 nano-
rods. In this study, we resolve the influence of the TiO2 nanorod
content within P3HT:TiO2 nanorod on the phase separation and
photo-induced charge generation on surface by employing KPFM.

As the photovoltaic device architecture is considered, typically,
the interlayer plays an important role for facilitating the collecting
of the charges to electrodes. The functions of a TiO2 nanorod layer
incorporated on top of the hybrid surface within the structure are
investigated by KPFM as well.

2. Experimental

The approach to synthesize the TiO2 nanorod was according to
the literature [14]. The as synthesized TiO2 nanorod was capped
by oleic acid. The surface of the TiO2 nanorod was modified by pyr-
idine treatment [13,15] following the approach in the literature.
Films of blends of the P3HT:TiO2 nanorod were prepared by spin
coating on indium tin oxide (ITO)/poly (3,4-ethylenedioxythio-
phene)-poly (styrenesulfonate) (PEDOT:PSS) substrates following
the approach in the literature [15]. To control good dispersion of
the inorganic phase in the polymer, P3HT is dissolved in trichloro-
benzene, and TiO2 nanorods is dissolved in mixed solvent which
contains pyridine, chloroform, and dichloromethane (1:3:2 by
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volume ratio). The thickness of the films was in the range of
�150 nm. For some of the samples, a pure TiO2 nanorods layer
(�20 nm) was cast on top of the hybrid from its pyridine solution
acting as electron-collecting-hole-blocking layer [16]. The surface
potential images were recorded using the KPFM (Veeco instruments

Multimode AFM with an extender electronics module) operating in
the lift mode (typical lift height 20 nm) by a silicon cantilevers with
a PtIr surface coating in the dark or under white light illumination
source (5 mW/cm2). A Keithley Model 2410 source meter was used
to supply voltage and measure current simultaneously.

Fig. 1. Effects of hybrid composition on the topography and surface potential of the hybrids. Topographical images (a) and the corresponding surface potential images of
P3HT:TiO2 nanorod (93:7 wt.%) film on ITO/PEDOT:PSS in the dark (b) and under illumination (c). Topographical images (d) and the corresponding surface potential images of
P3HT:TiO2 nanorod (86:14 wt.%) film on ITO/PEDOT:PSS in the dark (e) and under illumination (f). Topographical images (g) and the corresponding surface potential images
of P3HT:TiO2 nanorod (72:28 wt.%) film on ITO/PEDOT:PSS in the dark (h) and under illumination (i). Topographical images (j) and the corresponding surface potential images
of P3HT:TiO2 nanorod (47:53 wt.%) film on ITO/PEDOT:PSS in the dark (k) and under illumination (l). Topographical images (m) and the corresponding surface potential
images of P3HT:TiO2 nanorod (25:75 wt.%) film on ITO/PEDOT:PSS in the dark (n) and under illumination (o).
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3. Results and discussion

Fig. 1a displays the surface topographic image of the thin film of
blended P3HT:TiO2 nanorod (93:7 wt.%) spin-coated on ITO/PED-
OT:PSS. Fig. 1b and c shows the corresponding surface potential
image of the hybrid in dark and under illumination, respectively.
The surface potential image in dark has been found separated into
darker and brighter regions. The contrast in dark is explained due
to the differences in the alignment of the energy levels of the do-
mains of respective donor (P3HT) rich and acceptor (TiO2) rich
materials with the Fermi level of the bottom electrode [11]. Be-
tween regions with dissimilar compositions of hybrid, the contrast
of the surface potential is shown due to the different energetic
after the Fermi level alignment.

Upon illumination, the photo-generated excitons diffuse within
P3HT and charge separation occurs at the P3HT:TiO2 nanorod het-
ero-interface. The contrast is enhanced within surface potential
image showing the tendency for the acceptor to capture the gener-
ated electron, and the donor to become comparatively positively
charged; due to the larger electron affinity of TiO2 nanorod can in-
duce an electron transfer from P3HT to TiO2. The darker regions
with smaller surface potential are interpreted as the TiO2 rich re-
gions due to enriched with electron comparatively. The domains
within surface potential images also reveal the continuity and
interfaces of the defined hetero-structure of respective TiO2 nano-
rod rich (darker) and P3HT rich (brighter) regions that are formed
as a result of phase separation during film formation.

We explorer the role of the ratio of P3HT with respect to TiO2

for forming available interfaces and the interpenetrating network
for charge exciton dissociation and transport. The KPFM study for
the evolution of topography and surface potential P3HT:TiO2 nano-
rod films for five different concentration of TiO2 is shown in Fig. 1.
For the topography, the blends with low amounts of TiO2 nanorod
typically show a smooth surface. However, increasing the TiO2 con-
tent to 75 wt.% results in coagulation, the growth of spherelike
structure, and the significantly increased in surface roughness
and surface height difference, which is attributed to the aggrega-
tion of the nanorods.

The surface potential images reveal the TiO2 nanorod rich re-
gion barely occupying on surface with low TiO2 loadings. As the
loading of TiO2 nanorod is increased, the increase in the hetero-
interface of P3HT rich/TiO2 rich domains is obtained. The connec-
tivity of the TiO2 rich phases is improved as shown in the potential
image; result in percolated pathway for transport of electron to the
electrode. With TiO2 content up to 53 wt.%, the increase of TiO2

nanorod rich region gradually approaches a uniformly P3HT:TiO2

nanorod complex, thus providing a large and distributed interface
area for photo-induced charge transfer. With the TiO2 content in-
creased to 75 wt.%, the presence of hole accumulation domains
on surface are resolved within the potential images. This morpho-
logical feature may lead to shunt in a photovoltaic device with Al
electron collecting electrode.

The potential contrast between domains is enhanced in the
presence of illumination, reflecting the differences in the accumu-
lation of photo-induced charges between nanophases of several
tens of nanometer. The surface potential is negatively shifted as
compared to in dark for these samples due to an excess of free
photo-generated electrons present on surface. Shifting to a lower
work function corresponds to an increase of electron density as
compared to hole density, which is resulted from the built up of
internal electric field, driving the electrons moving to the surface
and the holes drifting to the underlying substrates [6]. As the shift
in potential under irradiation for each of the five blends are com-
pared, the negatively shift of potential is significant with high
TiO2 loading, reflecting an increasing of excess negative charge

on surface due to improvement in charge separation and transport.
The finer scale of phase separation is responsible for the higher
numbers of photo-induced charges due to the shorter diffusion
length for the exciton with higher TiO2 loading. The charge gener-
ation is believed not only occurred at the interfaces between the
nanodomains but also within the finer scale of phase separation.

We study the effect of TiO2 loading on the charge transport
within the hybrid. Space-charge-limited current (SCLC) method
was used to determine electron mobility (le) of the hybrid by using
the Al/hybrid/Al configuration. The measured SCL electron and
hole-only current using the corresponding device structures can
be expressed by [17]

JeðhÞ ¼
9
8

ke0leðhÞ
V2

L3

where Je(h), k, e0, V, and L are the electron (hole) current density, rel-
ative permittivity of the material, the permittivity of free space,
effective voltage drop across the active material, and the thickness
of the active material, respectively. As shown in Fig. 2, the electron
mobility of the P3HT:TiO2 nanorod hybrid increases with the in-
crease of the TiO2 nanorod loading. This has been attributed to
the improvement in the quality of TiO2 nanorod percolated paths
which is consistent with the better connectivity of the TiO2 rich do-
mains mapped by KPFM under higher TiO2 content.

Effects of TiO2 nanorod top layer on the topography and surface
potential of the hybrid are studied. We expect the TiO2 nanorod
layer will selectively collect the electron but block the hole present
on the surface, as a pristine TiO2 nanorod layer is deposited on the
surface of ITO/PEDOT:PSS/P3HT:TiO2 nanorod. The results of KPFM
study of the P3HT:TiO2 nanorod hybrid (47:53 wt.%) with TiO2

nanorod top layer are shown in Fig. 3a–c for topography, potential
in dark and illumination, respectively. We compare morphology
and surface potential difference between the hybrid with and
without TiO2 nanorod top layer (Fig. 1j, k and l). The former shows
a rougher topography, a lower surface contrast in dark and a large
uniform negative shift in surface potential upon illumination. The
results are expected because the KPFM probes the TiO2 nanorod
top layer without sensing much of the hybrid layer. The TiO2 nano-
rod top layer is indeed function as an electron transport layer to
enhance the electron collection.

The KPFM is also used for the study of the evolution of the
change of surface potential upon illumination for P3HT:TiO2 nano-
rod films for different concentrations with additional TiO2 nanorod
layer on surface. The results of negative shift of potential for both
sets of hybrid with and without TiO2 nanorod layer are illustrated
in Fig. 4 (with TiO2 nanorod = 0, 7, 14, 28, 53, 75 wt.% in hybrid
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Fig. 2. Electron mobility for various TiO2 nanorod loadings in the hybrid obtained
from space-charge-limited-current (SCLC) measurements.
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P3HT:TiO2 nanorod). For the result of the potential shift of devices
under irradiation without nanorod layer, not much negative charge
can be extracted from the hybrid at low loadings, this is due to the
limited interfacial area and less connected percolation path. With
incorporation of the TiO2 nanorod layer, the uniformity of potential
distribution is increased and shift of potential under irradiation is
significantly raised caused by the additional hetero-interface on
top of the hybrid that selectively collects the electron but blocks
the hole. Upon illumination, the shift of potential is increased more
significantly with the TiO2 top layer than without the layer, within
the hybrids with various TiO2 loadings (with TiO2 nanorod = 0, 7,
14, 28, 53 wt.%), except for the TiO2 loading of 75 wt.%. Due to
the large roughness and large height difference of the topography
of the hybrid, forming a thin and conformal TiO2 nanorod layer on
the surface is more difficult. Thus the function of the this electron-
transporting-hole-blocking layer is not significant in this case, as
we compare the photo-response of potential between the structure
of ITO/PEDOT:PSS/P3HT:TiO2 nanorod (25:75 wt.%) with and with-
out a TiO2 nanorod layer (Fig. 4). The obtained KPFM result for the
device architecture provides an explanation for the dependence of
solar cell performance on TiO2 nanorod loading in Ref. [13].

4. Conclusion

The KPFM is employed to resolve the topography as well as the
presence of hetero-interfaces and charge percolation paths within

the mixtures of P3HT and TiO2 nanorods in the scale of tens of
nanometer. Additionally, the KPFM is applied to map the photo-
response of the hybrid of respective donor–acceptor materials.
The correlation between the hybrid nano-scale structures with
films’ electronic properties is present. In addition, the KPFM is
exploited to investigate the role played by the additional TiO2

nanorod top layer within the structure. Finer scale of phase separa-
tion, enhanced electron transport and improved photo-induced
electron extraction on surface are obtained for the hybrid with
high TiO2 loading. The TiO2 nanorod layer deposited on top the
hybrid can selectively collect the electron but block the hole. The
obtained results offer a deeper insight into the correlation among
the fabrication parameters of the polymer:inorganic nanocrystals’
hybrid, structure of the photovoltaic device and the photovoltaic
device conversion efficiency.
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Fig. 4. The shift of average surface potential under illumination for ITO/PEDOT:PSS/
P3HT:TiO2 nanorod and ITO/PEDOT:PSS/P3HT:TiO2 nanorod/TiO2 nanorod as a
function of concentration of TiO2 nanorod in the blend.

Fig. 3. Effects of TiO2 nanorod top layer on the topography and surface potential of the hybrid, (a) topographical image, (b) the corresponding surface potential image in the
dark (c) the corresponding surface potential image under illumination of ITO/PEDOT:PSS/P3HT:TiO2 nanorod (47:53 wt.%)/TiO2 nanorod configuration.
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