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We report the effects of annealing on the performance of hybrid photovoltaic �PV� cells containing
poly�3-hexylthiophene� �P3HT� coated onto TiO2/Sn doped In2O3 �ITO� and ITO substrates. In the
optimized device, which exhibits a higher efficiency, the backbone axes of the P3HT chains were
found to lie within the substrate plane, their conjugated planes are slightly tilted, and their side
chains are substantially tilted. The carboxylate group is attached via bidentate or bridging
coordination to the TiO2 surface and enables photoinduced charge transfer between TiO2 and P3HT.
The observed large quenching �with excitation at 488 nm� and enhanced emission �with excitation
at 325 nm� indicates that efficient Förster resonance energy transfer occurs between TiO2 and P3HT.
Thus, the main influences on the high efficiency of the hybrid PV cells are the photon-mediated
electronic transition and the photoinduced charge transfer. © 2010 American Institute of Physics.
�doi:10.1063/1.3459889�

I. INTRODUCTION

During the past decade, there has been growing interest
in the development of cheap hybrid organic/inorganic photo-
voltaic �PV� cells because of their potential applications in
new types of optoelectronic devices.1–7 In comparison to
polymer solar cells, these hybrid devices exhibit superior
charge separation efficiency, balanced carrier-transport prop-
erties, and solar absorption, all of which lead to enhanced
power conversion efficiency. Although in contrast to CdSe
nanostructures, TiO2 does not absorb visible light, it does
have some potential advantages over CdSe and PCBM as an
electron-accepting material. In a typical hybrid material,
Wannier excitons are formed in the inorganic component and
Frenkel excitons are formed in the organic component. Those
excitons that are produced within the interface between the
organic and the inorganic semiconductors can contribute to
the PV effect, so there is a need to improve the transparency
of exciton interfaces. Excitons in the donor material transfer
their energy to the closest acceptor materials via the donor
acceptor interface. Fluorescence �Förster� resonance energy
transfer �FRET� �Refs. 8 and 9� is energy transfer between
two fluorescent materials through long range dipole–dipole
interactions �Wannier and Frenkel excitons�. Blumstengel et
al.10 and Itskos et al.11 recently reported FRET interactions
between the Wannier excitons in inorganic quantum layers
and the Frenkel excitons in organic layers.10,11 They demon-
strated that efficient dipole–dipole energy transfer between
Wannier and Frenkel excitons occurs in hybrid materials. In
solar cells, excitons are generated by light absorption and
their subsequent dissociation results in separated electron–

hole pairs. Exciton dissociation �photoinduced charge trans-
fer �CT�� results in the quenching of the polymer photolumi-
nescence �PL�.

Our focus in this study was to investigate the energy
conversion efficiencies in organic-inorganic PV devices con-
sisting of a TiO2 layer as the main exciton dissociation site
and poly�3-hexylthiophene� �P3HT�. We carried out mea-
surements in which we modified the polymer morphology
though postannealing; these measurements were designed to
systematically probe the effects of internal resistance, poly-
mer hole mobility, and the surface area of the exciton disso-
ciation site on the charge transport properties of the hybrid
PVs. Hybrid solar cells with improved performance are ob-
tained by using TiO2, which results in an extended pathway
interfacial area for charge separation and a straight pathway
for electron transport to the Sn doped In2O3 �ITO� electrode.

II. EXPERIMENTAL DETAILS

A. Film preparation

Anatase TiO2 thin films were deposited on ITO �120 nm�
electrode coated glass substrates by using a sol-gel method
with a spin-coating process.12 The precursor solution was
prepared by dissolving titanium butoxide, Ti�O�CH2�3CH3�4,
in the solvent at 70 °C. When 2-methoxyethanol was em-
ployed as the solvent, the resulting films were found to have
an anatase structure. The precursor solution was stirred at
70 °C for 2 h to increase its homogeneity. Prior to the depo-
sition of the films, the substrates were cleaned with acetone
followed by methanol in an ultrasonic bath. The substrates
were spin-coated with the precursor solution at 3000 rpm for
20 s to prepare the precursor films, and then preheated in air
at 120 °C for 5 min after each deposition in order to removea�Electronic mail: jhoon@hanyang.ac.kr.
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organic substances. This process was repeated to increase the
film thickness. After the spin-coating process, the precursor
films were annealed at 400 °C for 2 h in a box furnace. The
thicknesses of the deposited films were determined with field
emission scanning electron microscopy �FESEM� and found
to be in the range 170�10 nm.

Regioregular P3HT �regioregularity=92%, Mn=26 700,
and PDI=1.78� was purchased from Rieke Metals Inc.. All of
the polymer thin films were prepared on ITO and TiO2 / ITO
coated glass by spin coating. The P3HT polymers were dis-
solved in chloroform �CHCl3� and spin-coated with a solu-
tion concentration of 3.0 mg/ml at 800 rpm for 40 s to pre-
pare precursor films that were then preheated in air at
100 °C for 2 min. The thickness was controlled to approxi-
mately 100 nm by varying the solution concentration and the
conditions of the spin-coating process. We also varied the
postannealing conditions after film deposition, with the aim
of investigating the effects on recrystallization and charge
transport in the P3HT films. Of the three P3HT films, the one
with the TiO2 / ITO coated substrate was maintained in air in
a box furnace at 150 °C for 1 h. The films with TiO2 / ITO
and ITO coated substrates were annealed at 240 °C �above
the melting temperature of P3HT� for 1 h in a N2 atmosphere
at a pressure of about 100 mTorr in a quartz tube furnace and
then slowly cooled to room temperature. Finally, the Au top
electrode was thermally evaporated through a shadow mask.
A conventional ITO bottom electrode film with a thickness
of approximately 120 nm was prepared at a low temperature
on a glass substrate, and found to have a polycrystalline cu-
bic structure. The active area of each device defined by the
shadow mask was 0.04 cm2.

B. Film characterization

In the structure analysis, three different kinds of x-ray
diffraction �XRD� investigations were performed: normal
XRD, high resolution grazing incidence XRD �HRGIXD�,
and pole figure measurements with focused Cu K� radiation.
The out-of-plane/in-plane alignments of the crystallites were
determined with the pole figure measurements. The angle of
incidence was adjusted to be close to the critical angle for
total reflection against the substrate. The optical absorbances
of the TiO2 and P3HT thin films were recorded with an
ultraviolet-visible spectrometer over the wavelength range
300–900 nm. The surface roughness, morphology, and thick-
ness of each of the deposited TiO2 and P3HT films were
investigated with atomic force microscopy �AFM� and
FESEM. Photoluminescence �PL� measurements were per-
formed under ambient air conditions by using a Hamamatsu
photonic multichannel analyzer. He-Cd and Ar lasers were
used for the excitations at 325 nm and 488 nm, respectively.
The spectrometer was calibrated with an atomic emission
from a neon lamp, and was tested with silicon lines before
each spectrum was obtained. The micro-Raman measure-
ments were performed in the backscattering geometry. The
514 nm line of an Ar laser was focused to a beam with a
diameter of approximately 10 �m, and the incident light
was scanned along the x and y directions of the samples. The
scattered light from each sample was passed through a

broadband polarization scrambler to eliminate polarization
effects in the monochromator. Reflection-type Fourier trans-
form infrared �FT-IR� spectroscopy was carried out to exam-
ine the changes in the hydrogen bonding configurations. Dur-
ing the measurements, all films were kept in a chamber under
a N2 atmosphere �30 mTorr�. The surfaces of the films were
irradiated with unpolarized IR light, and the measurements
were obtained at an angle of 64° from the plane of incidence.
Two thousand scans were obtained over the wave number
range 1400–4000 cm−1 with a resolution of 0.1 cm−1. Fou-
rier transform �FT�-Raman spectra were obtained using a
Bruker Vertex 70 spectrometer. An Nd-YAG laser was used
to produce excitation energy at a wavelength of 1064 nm and
resolution was set at 0.15 cm−1.

C. Device characterization

Electron transport in the ITO /TiO2 /P3HT /Au devices
was investigated by examining the current density versus
voltage �J-V� curves, which were obtained with a computer-
controlled HP 4155C source-measure unit by sourcing volt-
ages across the ITO �cathode� and Au �anode� electrodes and
measuring the resulting current density. The photocurrent
was measured under a solar illumination of AM �air mass�
1.5G �global� at 100 mW /cm2 �1 sun�, as supplied by a
Newport 150 W solar simulator, and the light intensity for
the AM 1.5G spectrum was monitored with a calibrated sili-
con photodiode. All measurements were performed in the
ambient atmosphere at room temperature.

III. RESULTS AND DISCUSSION

Figure 1�a� shows the variations in the current density
with the applied voltage �J-V� for the hybrid PVs fabricated
with a TiO2 layer. The P3HT film of �a� was annealed in air
for 1 h �with TiO2 in air�. Figures 1�b� and 1�c� show the J-V
curves of hybrid PVs fabricated without and with a TiO2

layer, respectively. The P3HT films of �b� and �c� were an-
nealed in a N2 atmosphere �100 mTorr� in a quartz tube
furnace for 1 h. For the ITO /TiO2 /P3HT /Au devices, the
open-circuit voltage Voc under illumination was determined

FIG. 1. Current density as a function of applied voltage for the
ITO /TiO2 /P3HT /Au devices with various annealing conditions: �a� with
TiO2 in air; �b� without TiO2 in N2; �c� with TiO2 in N2. The incident light
intensity was 100 mW /cm2 �1 sun�.
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from the difference between the quasi-Fermi energy level of
TiO2 �4.2 eV� and the work function of the Au electrode or
the highest occupied molecular orbital �HOMO� level of
P3HT. In our system, the Au electrode �work function 5.1
eV� forms a nearly non-Ohmic contact with the HOMO of
P3HT �5.2 eV�. Exciton dissociation occurs at the
TiO2-polymer interface, with the transfer of electrons to the
TiO2 the main process of charge collection. Moreover, TiO2

serves as an effective hole blocker.
Table I summarizes the effects of the postannealing of

P3HT on the PV parameters and rms roughnesses of the
films. The main overall effects of postannealing are the im-
provements in all the parameters �Jsc, Voc, and fill factor
�FF�� relevant to the energy conversion efficiency. Device
performance was found to improve with postannealing in a
N2 atmosphere, and the devices that had been slow-cooled
from the melt at 240 °C were found to exhibit a Voc of 0.57
V, a Jsc of 0.46 mA /cm2, a FF of 0.428, and a power con-
version efficiency of 0.11%. This improved charge transport
is consistent with the increase in FF upon postannealing.
Note that in spite of its low open-circuit voltage, the ITO/
P3HT/Au solar cell exhibits a remarkably high FF of 0.425,
which is similar to that of the ITO /TiO2 /P3HT /Au solar cell
�FF of 0.428� obtained under the same N2 atmosphere an-
nealing conditions. A similar FF arises in fabricated solar
cells because of a similar leakage current or shunt resistance.
In general, an improved shunt resistance or leakage current is
due to the reduction of defects such as dislocations in the
bulk portion or at the interface of the heterojunctions. These
findings are in good agreement with the results of the
HRGIXD and PL measurements. In particular, the series re-
sistances �Rs��J /V�−1� of the devices were estimated from
the inverse slope at the forward bias voltage above Voc, as
shown in Fig. 2. The performance of the device stored in air
increases due to both an increase in the shunt resistance and
a decrease in the series resistance, which results in increased
FF and Voc values. The performance of device �a� was found
to be rather poor: FF=0.395 and Rs=121.6 � cm−1.

These PV parameters were considerably improved after
postannealing in a N2 atmosphere �FF=0.428 and Rs

=61.6 � cm−1�. Therefore, postannealing under N2 condi-
tions improves the light harvest in the active layer and hin-

ders the formation of shunt paths in the donor/acceptor struc-
ture when compared to annealing under air conditions.

Figure 3 shows the out-of-plane ��=0°� and from the
out-of-plane ��=0°� to the in-plane ��=90°� XRD patterns
of the �-2� scans obtained for grazing incidence with normal
XRD �GIXD� and HRGIXD. Figure 3�a� shows the �100�
reflection and its higher order reflections, which correspond
to the side-chain lamellar stacking distance. The presence of
only �l00� reflections indicates that the main chains �the
P3HT backbones� have a tendency to orient parallel to the
TiO2 and ITO surfaces. In the in-plane ��=90°� �-2� scans,
the reciprocal space is probed in the z direction �qz, where q
is the scattering vector and z is perpendicular to the sample
surface�, and therefore planes parallel to the surface can be
investigated with these measurements. The transformation
between the measured angles and reciprocal space was per-
formed by using the following expression, where 	 is the
wavelength and 2� is the diffraction angle:

q =
2


d
=

4


	
sin�2�

2
� . �1�

In Figs. 3�b�–3�d�, only meridional �100�, �200�, and �300�
reflections can be distinguished at q=0.37 Å−1 �d

TABLE I. Comparison of the PV parameters and rms roughnesses of the P3HT-based and TiO2 /P3HT-based
devices under 100 mW /cm2.

Annealed conditions
of the P3HT film

ITO /TiO2 /P3HT /Au ITO/P3HT/Au ITO /TiO2 /P3HT /Au

In air in a box furnace
at 150 °C for 1 h

In a N2 atmosphere with
a pressure of approximately
100 mTorr in a quartz tube
furnace at 240 °C for 1 h

Jsc �mA /cm2� 0.141 0.212 0.460
Voc �V� 0.325 0.370 0.57
Pmax �mW /cm2� 0.02 0.03 0.11
Fill factor �FF� 0.395 0.425 0.428
Efficiency �%� 0.02 0.03 0.11
Rs �� cm2� 121.6 74.5 61.6
rms roughness �nm� 9.11 3.82 4.72

FIG. 2. The forward bias voltage above Voc as a function of the current
density for the ITO /TiO2 /P3HT /Au devices with various annealing condi-
tions: �a� with TiO2 in air; �b� without TiO2 in N2; �c� with TiO2 in N2. The
incident light intensity was 100 mW /cm2 �1 sun�.
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=16.80 Å�, q=0.74 Å−1 �d=8.48 Å�, and q=1.11 Å−1 �d
=5.65 Å�, which correspond to the stacking periodicity par-
allel to the long axis of the alkyl side chains. The plane �
=30° and 60° results in a Bragg reflection at q=1.52 Å−1

�d=4.12 Å�, which is assigned to the �010� line correspond-
ing to the 
–
 �inter-chain� stacking of the P3HT chains.
The low intensity of this �010� reflection peak is indicative of
defects in the close packing of the chains in this direction.
Note that this reflection is superimposed on a broad halo
originating from the glass substrate. The presence of the re-
flection corresponding to the �100� plane in both diffraction
patterns seems to indicate that this plane, although perpen-
dicular to the long axis, can adopt different orientations with
respect to rotation around this axis. It might originate from a
population of nanorods with a 90° rotation around their long
axis with respect to the other ones present in the layer �see

Figs. 4�a�–4�d��. Note that for these rods the �200� line is not
visible, which suggests there is more extended disorder of
the alkyl side chains in these nanorods. Orientations deter-
mined with near edge x-ray absorption fine structure �NEX-
AFS� or other polarized light spectroscopies are not often
interpreted as explicit molecular orientations within crystals
because they are the azimuthal averages of unknown orien-
tation distributions.13 For P3HT however, the pole figure
measurements and GIXD indicate the presence of a compre-
hensive crystallinity of a single type. It is thus reasonable to
assume a tight and monomode orientation distribution of the
conjugated planes. DeLongchamp et al.13 recently reported
the dependence of the total energy on the tilt of the conju-
gated plane: the energy has a local maximum for a tilt of 0°
and a minimum for a tilt of 27.5°. The tilting angle ��� is
defined as the angle between the conjugated thiophene-ring
plane �backbone� and the a-axis �the normal direction of the
substrate surface�, as shown in Fig. 4�a�. This result was
obtained with CH3 side groups, and it is likely that longer
side chains would substantially shift the tilt landscape. Thus,
the conjugated-plane tilt contributes strongly to the energetic
stability of the crystal structure.

By comparing the experimental �100� intensities with the
variations in the XRD results, the average molecular orien-
tations of the polymer backbones can be estimated. In the
HRGIXD measurements, the angle � �from 0° to 90°� corre-
sponds to the tilt angle ��� of the conjugated-plane orienta-
tion. Therefore, the HRGIXD measurements can be assigned
to the tilt angle for the conjugated-plane orientation. As pre-
viously mentioned in the discussion of the HRGIXD results,
the P3HT in Fig. 3�b� has more edge-on character than the
P3HT in Fig. 3�d�, although all the samples have a tilted
conformation, whereas the P3HT in Fig. 3�c� has more dis-
ordered character. Thus, a slight “slip” of the face-on/
edge-on structure is evident from the different intensity dis-
tributions of the �100� reflections corresponding to the main
chain �backbones� stacking �16.80 Å, a-axis� and the �010�
reflections corresponding to the 
–
 interchain stacking

FIG. 3. XRD spectra for the directionally regioregular crystallized P3HT
layers in the PV cells. �a� Out-of-plane ��=0°� grazing incidence angle at
normal XRD intensities as a function of the scattering angle �2��: �i� with
TiO2 in N2; �ii� with TiO2 in air; �iii� without TiO2 in N2. ��b�–�d�� From the
out-of-plane ��=0°� to the in-plane ��=90°� grazing incidence angle at
high resolution XRD intensities as a function of the scattering angle �2��
and scattering vector �q�: �b� without TiO2 in N2; �c� with TiO2 in air; �d�
with TiO2 in N2.

FIG. 4. �Color online� �a� Schematic representation of the regioregular-
P3HT 
–
 stacking structure. X-ray pole figures 	001
 for P3HT �100� on
TiO2 and/or ITO films showing c-axis oriented backbone-stacking growth
with tilting angle ���: �b� without TiO2 in N2; �c� with TiO2 in air; �d� with
TiO2 in N2.
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�4.12 Å, b-axis� in the variation in the geometric modes. The
overlap of the 
 electronic wave function within the lamellae
planes should result in increased intralayer mobility in the
P3HT films. On the other hand, 
 electronic states distrib-
uted outside the polymer surface can overlap with the 

electronic wave functions of an overlayer molecular material,
which can provide efficient CT in the heterojunction struc-
tures used in polymer devices.

The persistence length of regiorandom P3HT has been
reported to be 2.1 nm,14 but since regioregularity defects
cause twists in polymer chains, the persistence length of
highly regioregular P3HT should be significantly longer. The
high molecular weight polymer molecules are approximately
80 nm long. The molecules are expected to have multiple
bends along their length. We believe that P3HT forms small
ordered areas separated by disordered regions and that long
chains connect the ordered areas and prevent charge carriers
from being trapped by the disordered boundary regions by
creating a continuous pathway through the film. The PV cells
with TiO2 annealed in a N2 atmosphere exhibit a higher ef-
ficiency when no alkyl chain stacking is observed �Fig. 3�d��.
Hole delocalization and interchain interactions �
–
 stack-
ing� can benefit carrier transport in conjugated regioregular
P3HT thin films.15 However, the presence of insulating side
chains in the surface region can be detrimental to the CT
between the polymer backbone and the overlayer molecules.

Alkyl-substituted P3HT has a backbone of sequentially
bonded thiophene rings with linear alkane chains attached to
their sides. In thin films, they self-assemble into lamellae; a
layer-packing motif where planar backbones 
 stack in
lamellae vertically segregated from lamellae of side chains
has been developed by comparing typical unit-cell dimen-
sions to molecular dimensions,16–18 and is generally ac-
cepted. Two critical but poorly characterized aspects of the
crystal structure are the conjugated-plane tilt and the alkane
side-chain configuration. In the lamellar motif, the conju-
gated planes must be roughly vertical �orthogonal to the
lamella� so that they can 
 stack face-to-face within a quasi-
two-dimensional sheet. However, a variety of conjugated-
plane tilts and many possible side-chain configurations dis-
tinguished by varying the tilt and the degree of
interdigitation are consistent with this layer-packing motif
and the available diffraction data. The carrier transport de-
pends critically on the intermolecular overlap of the carrier
band orbitals, which is controlled by the conjugated-plane
spacing and tilt.

In recent calculations for two-dimensional poly-
thiophene sheets, significant rotation of the polymer back-
bone was predicted to be energetically favorable. This tilt is
important because it governs the interactions between neigh-
boring chains, and therefore has a significant effect on the
band structure and the optical properties of the material. The
present study performed structural investigations of P3HT
layers grown epitaxially on TiO2�200� and ITO�440� crystal
surfaces. The crystal alignment and the epitaxial relation-
ships between the substrates and thin-film crystals were de-
termined experimentally by using XRD techniques.

Figure 4�a� shows a schematic diagram of the molecular
structure of the P3HT thin films on the glass substrate, as

determined from the XRD data results. This model was con-
firmed by the presence of a symmetric lattice plane, as ob-
served in the multiple reflections �00l�, l=1–3.

Figures 4�b�–4�d� show the x-ray pole figures 	001
 for
P3HT �100� on TiO2 and ITO films, which indicate the pres-
ence of c-axis oriented backbone-stacking growth with a tilt-
ing angle. The pole figures were determined for steps of �
and �, where � is the polar �or radial� angle and � is the
azimuthal angle �in-plane rotation�. Since each pole figure is
measured at a constant diffraction angle �constant �q��, it
gives the spatial distribution of a certain net plane. The plane
normals are called poles, and therefore peaks in pole figures
are known as areas of enhanced pole density. For a set of
pole figures performed for different net planes, the complete
orientation distribution of the crystallites and their orienta-
tion relative to the substrate �epitaxial relationship� can be
determined unambiguously. For all the PV cells, the pole
figure 	001
 of P3HT �100� has a diagonal shape over the
polar angle range 0°–10°. The peak for �440� ITO �2�
=50.65°� interferes with that of �200� TiO2 �2�=48.07°�.
The pole figure shown in Fig. 4 also contains four peak po-
sition directions. These peak positions are due to the TiO2

and ITO films. The backbone axes are within the substrate
plane, the conjugated planes are slightly tilted, and the side
chains are substantially tilted. The displacement of the side
chains from the conjugated plane is speculative but consis-
tent with their known tilt. This effect could be due to the
inferior crystal quality that results from a relaxation of the
P3HT layer, which generates dislocations �increasing leakage
current and recombination�.

The morphology and microstructure of polymeric semi-
conductors and especially of semicrystalline polymers play
very important roles in the charge transport in these devices.
In particular, defects, grain boundaries, and disordered re-
gions contribute to localize states. Figure 5 shows AFM im-
ages of P3HT surfaces in following PV cells: �a� without
TiO2 in N2, �b� with TiO2 in air, and �c� with TiO2 in N2. In
Table I, the P3HT of Fig. 5�c� has a smooth surface with a
rms roughness �Rrms� of 4.72 nm, whereas the P3HT surface
in Fig. 5�b� is rougher �Rrms=9.11 nm�. This result is con-
sistent with that of Fig. 5�a�, which was prepared under simi-
lar conditions and has a rather smoother surface �Rrms

=3.82 nm�. In particular, we have demonstrated the correla-
tion between FF and surface roughness at the charge sepa-
ration interface.

A P3HT �Fig. 6�c�� film deposited uniformly onto an
ITO �Fig. 6�a�� substrate �120 nm� was coated with a TiO2

�Fig. 6�b�� film. Figure 6 shows a cross-section and a top-
view of the resulting TiO2 /P3HT hybrid layers under the
FESEM. The hybrid film is uniform over the entire substrate.
The cross-section clearly shows that P3HT interpenetrates
inside the TiO2 grain and occupies nearly the entire space
surrounding the grains. The P3HT deposit above the TiO2

film forms a solid film approximately 50 nm thick that can
potentially prevent electron back transfer and reduce dark
current. Our structural observations, including with XRD and
AFM, show that the ordered P3HT lamella is nanocrystal-
line, and that the size of the ordered regions is 10 nm.18–20 In
Fig. 6�c�, the FESEM results show that the average crystal-
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lite size is approximately 20 nm, and that there are substan-
tial regions of disordered material. Other growth conditions
result in a more needlelike microstructure.21

It is well known that TiO2 has three natural phases: ana-
tase, rutile, and brookite.22 Anatase is tetragonal �D19 4h�
with two formula units per unit cell and six Raman active
modes �A1g+2B1g+3Eg�. The Raman spectrum in Fig. 7�a�
shows that the film is composed of the anatase phase. Five
clear and strong peaks at 144, 194, 395, 518, and 638 cm−1

arise from the optical vibration modes Eg��6�, Eg��5�,
B1g��4�, A1g+B1g��2+�3�, and Eg��1�.23 Figure 7 pro-
vides further information about the interface between P3HT
and TiO2 coated on the ITO electrode, respectively. Small
differences can be found between the Raman lines of P3HT
on the TiO2 and ITO substrates. The band assignments of the
Raman spectra of polythiophene have been reported in
detail.27 The characteristic peaks of CuSuC ring deforma-
tion �672 and 726 cm−1�, C
uH symmetric in-plane bend-
ing �1090 cm−1�, C�uC�� inter-ring stretching
�1200 cm−1�, C
uC
� ring stretching �1379 cm−1�,
C�vC
 ring stretching �1445 cm−1�, and C�vC
 stretch-
ing �anti� �1506 cm−1�, are all present in both spectra. As can
be seen in Fig. 7, the most intense band of the spectrum
obtained by excitation at 514 nm appears at approximately
1445 cm−1, which is assigned to the total symmetric in-
phase vibration of the thiophene rings spreading over the
whole polymer chain. This band is associated with the con-
jugated polymer segments in a neutral state. The relative
intensities of the other characteristic peaks were normalized,
with the highest peak in both spectra at 1445 cm−1. The

Raman bands are related to oxidized species such as radical
cations �polaron�, dications �dipolaron�, and the kinks are of
increased intensity.24 In the inset in Fig. 7, the band at
1420 cm−1 �Q1� is attributed to the symmetric stretching
mode �CvC� of radical cations and the kink bands
�1455 cm−1, D bands� are associated with distorted parts of
polymer chains.24 A few papers have discussed the changes
in the chain structures of conducting polymers during heat-
ing and cooling processes, and have reported that the thermal
stabilities and conformational transition behaviors of oxi-
dized �doped� and neutral �undoped� conducting polymers
are different. It is believed that such changes in chain struc-
ture are due to extrinsic defects, such as oxygen. During the

FIG. 5. �Color online� AFM images of the P3HT layers in the PV cells: �a�
without TiO2 in N2; �b� with TiO2 in air; �c� with TiO2 in N2. The dimen-
sions of the images are 10�10 �m2.

FIG. 6. FESEM images for the ITO /TiO2 /P3HT /Au devices: �a� ITO; �b�
pure TiO2; �c� P3HT �annealed at 240 °C for 1 h under a N2 atmosphere at
a pressure of approximately 100 mTorr in the quartz tube furnace�. The inset
in �c� shows cross-section images of the PV cells.
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postannealing of the TiO2 /P3HT layer in air, oxygen attacks
and is diffused into P3HT mainly through the first CuH
bond of the alkyl chains; a series of steps then leads to chain
breakage. In addition, the significant oxidation effects in
P3HT can be explained in terms of the hole doping of the
donor levels, which can occur even after postannealing. It is
reasonable to conclude that the oxidized species in P3HT are
mainly present as radical cations. It is thought that dications
�1400 cm−1 ,Q2� are not formed in P3HT. Therefore, these
experimental results demonstrate that single charges are
stored in polaron states and that two charges are expected to
be stored in two independent polar states rather than in a
single bipolaron for long polymer chains. The inset in Fig.
7�b� shows a small Q1 mode, even though P3HT was an-
nealed at 240 °C for 1 h in a N2 atmosphere with a pressure
of approximately 100 mTorr. The ITO electrode was depos-
ited by sputtering at a substrate temperature of 200 °C,
which is lower than the postannealing temperature of P3HT
�see Fig. 6�a� and Ref. 25�. Thus the oxygen in the ITO
electrode diffuses into P3HT during the postannealing of the
P3HT /TiO2 layer, which induces oxidation effects in P3HT.

A very weak CvO stretching vibration mode is evident
at 1730 cm−1. The presence of this mode can be explained in
terms of the contributions of nonadsorbed molecules and free
ligands to the spectrum. Thus, the relatively strong band at
1730 cm−1 in Figs. 7�b� and 7�c� indicates the contributions
of nonadsorbed molecules and free carboxylic-acid ligands
during the postannealing of P3HT. These ligands can form
H-bonds with the surface. During the postannealing of the
TiO2 /P3HT layer in air, the oxygen attacks and is diffused
into P3HT. The overall features of this spectrum are similar
to those of the Raman spectrum of neutral P3HT, except for
the bands at 1010, 1188, 1306, and 1608 cm−1. An interest-
ing feature of the Raman spectrum of P3HT is the presence
of a band at 1188 cm−1, which arises from C�uC�� inter-
ring stretching vibrations of distorted parts of the polymer.26

The change in the polarizability moment due to distorted
C�uC�� inter-ring stretching is not parallel but at an angle
to the thiophene ring.

The bands in the Raman spectrum due to adsorbed car-

boxylate appear in the range 1150–1600 cm−1. Four bands
due to carboxylate are likely to be present: CuO stretching
�coupled with ring stretches� peaks at 1010 cm−1,
1306 cm−1, 1379 cm−1, and 1608 cm−1, which correspond
to the TiuOuC, CuOH �coupled CuO�, COO− sym-
metric �carboxylate� stretching, and carboxyl group vibration
modes, respectively. Carboxy groups can coordinate with
metal ions in various ways as follows: physical adsorption
via hydrogen bonding, bidentate chemical bonding forma-
tion, and bridging. Metal ions can interact with either of the
two oxygen atoms of the �COO−� group.27 In fact, recent
calculations and experiment evidence show that the dissocia-
tive adsorption of carboxyl groups at defect sites leads to a
much larger redshift in the TiO2 excitation energy than mo-
lecular adsorption. These results are in agreement with those
obtained from the absorbance measurements.

Note that the P3HT samples in the three devices were
annealed under different conditions. The vibration near
1379 cm−1 was assigned to the C
uC
� ring stretching
mode and COO− symmetric stretching. However, no band is
evident at 1608 cm−1 in Fig. 7�d�. Therefore, the comparison
of Figs. 7�b� and 7�c� with Fig. 7�d� shows that the Raman
spectroscopic changes during the postannealing process re-
sult from reactions between P3HT and the oxygen or mois-
ture in the air. We suggest that the 1379 cm−1 mode is con-
tributed to by both COO− symmetric stretching and C
uC
�
ring stretching. In contrast to Figs. 7�b� and 7�c�, in which
bands due to the 1608 cm−1 vibration mode are present, the
1608 cm−1 vibration mode is not evident in Fig. 7�d�, which
means that free carboxylic-acid groups are not present. In
addition, since a very weak line �CvO, at 1730 cm−1� and
a strong line �COO− symmetric stretching, at 1379 cm−1� are
present, it can be concluded that the attachment of the car-
boxy groups to TiO2 occurs via bidentate or bridging bonds.
Importantly, two lines �1608 and 1730 cm−1� of the Raman
spectra appear at precisely the same frequencies in the infra-
red spectra. The disordered conformational state can be con-
verted to an ordered conformational state by lowering the
temperature. This change elongates the conjugation length of
the polymer chain and causes a redshift in the optical absorp-
tion of P3HT. The decrease in the intensity of the 1445 cm−1

band is possibly due to the change in the conformational
state of the P3HT layers, because this is the only band asso-
ciated with the conjugated P3HT segments. However, the
formation of surface CT complexes commonly leads to sen-
sitization with respect to visible light. Visible laser Raman
spectroscopy is a convenient technique for studying these
absorption elements because the laser probe photo-excites
the CT complexes, which leads to an enhancement of the
Raman scattering phenomenon �resonance Raman scattering,
RRS�. The P3HT films produce a very strong visible light
absorption band with a maximum located at approximately
500 nm, which is related to the 
→
� electronic transition.
Therefore, when excited at 514 nm �close to 500 nm�, the
resonance effect enhances the Raman lines of P3HT.

The FT-Raman spectra in Fig. 8 are not characterized as
Raman spectra because they were recorded during laser ex-
citation at 1064 nm; there is no absorption in this region in
the UV-vis spectra of P3HT on the TiO2 and ITO films.

FIG. 7. Micro-Raman spectra of the TiO2 films and PV cells obtained by
using Ar laser excitation at 514 nm: �a� pure TiO2; �b� with TiO2 in air; �c�
without TiO2 in N2; �d� with TiO2 in N2.
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Many bands in the FT-Raman spectra of P3HT can be corre-
lated with the micro-Raman spectra. The bands at 1009,
1310, 1374, 1600, and 1725 cm−1 in the FT-Raman spectra
in Fig. 8 that are due to CuO stretching peaks can be cor-
related with bands appearing at approximately the same po-
sitions in the micro-Raman spectra. In particular, the bands at
1600 cm−1 in the Raman spectra in Figs. 8�a� and 8�b� are
related to those at 1608 cm−1 in Figs. 8�b� and 8�c�. Thus,
the band at 1600 cm−1 can be assigned to carboxylic group
vibration modes.

Figure 9 shows the FT-IR spectra of the P3HT samples
on the TiO2 and ITO films produced under the various an-
nealing conditions. All of the devices have a broad absorp-
tion band between 3700 and 3000 cm−1, which corresponds
to the OH bond local vibration modes on the surface of TiO2.
The peak of this band is at approximately 3540 cm−1, which
is characteristic of the hydroxyl stretching and bending vi-
brations of water molecules, and thus indicates the presence
of molecularly adsorbed water on the TiO2 surface. In Fig. 9,
strong and clear bonding structures are present at 3178 cm−1

and 3670 cm−1, which are associated with hydrogen-bonded
OuH and nonhydrogen-bonded OuH vibrations, respec-
tively. More pronounced differences between these spectra
are visible in the lines corresponding to the carboxyl groups.

In Figs. 9�a� and 9�b�, the absorption bands at approximately
1600 and 1710 cm−1 are stronger than those in Fig. 9�c�,
which can be explained in terms of the contributions of the
COO− asymmetric �carboxylate� stretching mode and the
carbon–oxygen double-bond �CvO� respectively. Since the
modes of the nonequivalent oxygen are strongly attenuated
by postannealing, the carboxylate band dominates the spec-
trum. These results are in agreement with those obtained
from the Raman measurements. The relatively strong band at
1710 cm−1 in Figs. 9�a� and 9�b� is associated with the free
carboxylic-acid ligands that are created during the postan-
nealing of P3HT, and can be ascribed to the contributions of
nonadsorbed molecules or simply to the signal of nonbound
carboxyl groups. In contrast to the FT-Raman and micro-
Raman results, the FT-IR results do not indicate the frequen-
cies of the stretching modes of the carboxyl groups in the
ionic states. However, the evidence for a weak �CvO�
stretching mode and the carboxylate stretching modes
strongly support the idea that adsorption occurs via bridging
or bidentate linkages. In Fig. 9�a�, a weak band assigned to
carbon atoms bonded to hydrogen atoms and double-bonded
to oxygen atoms �chemical formula OvCHu� is present at
2720 cm−1. If an alkyl-substituted thiophene thin film is suf-
ficiently ordered and oriented, the extent of side-chain inter-
digitation can be determined from the lamellar spacing, the
side-chain length, and the side-chain tilt away from the
lamella normal.13 No single measurement can determine the
degree of interdigitation, so we used XRD to measure the
lamellar spacing and polarized FT-IR to measure the side-
chain tilt. Polarized FT-IR can be used to determine the tilt
angles of the mutually orthogonal transition dipole moments
for the methylene symmetric and antisymmetric stretches.
Polarized IR can also be used to determine the level of local
structural order of the alkane chains by examining the fre-
quency of the methylene antisymmetric stretch. Values near
2918 cm−1 indicate the presence of highly ordered and all-
trans alkane chains, whereas values near 2928 cm−1 indicate
the presence of liquid-like alkane chains.28 The methylene
antisymmetric stretch locations for P3HT are near
2930 cm−1. Therefore, the hexyl chains of P3HT are liquid-
like and highly disordered.29

In conventional semiconductor physics, the HOMO and
lowest unoccupied molecular orbital �LUMO� levels can be
treated as the valence band �VB� and conduction band �CB�,
respectively. First, PL excitation �PLE� spectroscopy was
used to find the wavelength of the strongest excitation that
could be considered an absorption peak of the films. We then
determined the excitation wavelength of pure P3HT and the
hybrid films at 488 nm. TiO2 does not absorb in the visible
light range. Note also that the electronic transitions are
slightly affected by the absorption. The absorption shifts to
lower energies when complexes are attached to the semicon-
ductor surface, in particular for P3HT. These shifts can be
interpreted as the result of an appreciable interaction between
P3HT and the TiO2 film, which is very important for the
efficiency of solar cells.

Figure 10 shows the PL spectra of TiO2 layers excited by
UV light at 325 nm at room temperature. PL bands for the
TiO2 layers are present, including six main Gaussian-type

FIG. 8. FT-Raman spectra of the PV cells: �a� with TiO2 in air; �b� without
TiO2 in N2; �c� with TiO2 in N2.

FIG. 9. FT-IR spectra of the PV cells: �a� with TiO2 in air; �b� without TiO2

in N2; �c� with TiO2 in N2.
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peaks at 370 nm, 397 nm, 419 nm, 450 nm, 541 nm, and 660
nm �shown in Fig. 10 and in the inset in Fig. 10� denoted A,
B, C, D, E, and F, respectively. The emission bands around
370 nm are assigned to direct recombination from the CB to
the VB, and vary only slightly between the different inter-
faces and TiO2 surfaces. The presence of the emission band
at 397 nm reflects the surface status, and in particular the
incomplete surface passivation. When compared to the peak
near 370 nm due to the TiO2 surface �see Fig. 10�c��, the
TiO2 interface �see Fig. 10�b�� is clear but the peak at 397
nm due to the TiO2 interface is feeble, which shows that the
interface states have been destroyed, especially the TiuOH
states. UV light can easily change the TiO2 surface electronic
structure. Most of the TiO2 is destroyed and slowly replaced
by TiuOH, as has been confirmed by photoinduced super
hydrophilicity studies, so the capture of photoinduced elec-
trons by TiO2 decreases accordingly and the intensity of the
peak at 397 nm decreases. It is expected that indirect recom-
bination will stem from surface recombination via oxygen
vacancies. PL peaks are present at 419 and 450 nm in Figs.
10�a� and 10�c� but these peaks are not present in �b�. Some
authors have attributed this flat band to the trapping of exci-
tonic PL peaks by surface states and defects; this band is also
easily affected by factors related to the surface. The peak at
419 nm is due to the trapping of excitonic PL peaks by
surface states. Bulk impurities arise mainly in the form of
oxygen defects and can act as the centers of indirect recom-
bination, so the peak at 450 nm is thought to be due to
indirect recombination via oxygen defects.30,31 In the inset in
Fig. 10, the broad emission band at 541 nm is composed of
two Gaussian-type bands. These bands are attributed to the
radiative recombination of surface oxygen vacancies and
self-trapped excitons.32 It is expected that annealing at high
temperatures will break the binding between oxygen and ti-
tanium in the TiO2 films and then pull oxygen out of the
sample. The broad luminescence band centered at 660 nm is
associated with the recombination of electrons from the CB

edge with holes trapped at interstitial Ti3+ sites.33 In particu-
lar, there is a significant quenching of PL in the layered
sample as compared with that found in pure TiO2. The PL
quenching in the TiO2 /P3HT bilayer film might be due to
following two different effects: �i� photoinduced back CT
and �ii� resonance energy transfer between energy species in
the excited state, due to the overlap between the emission
and absorption spectra. Such resonance energy transfer de-
pends on the intermolecular distance and the spectral overlap
as well as on the mutual transition dipole orientation. For CT
to occur, the binding energy of the photogenerated exciton
should be smaller than the difference between the electron
affinities of the participating donor and acceptor materials,
when corrected for the Coulomb attraction between the sepa-
rated charges. In addition, the yield of the PL emission in the
bilayer decreases substantially in the presence of TiO2. This
decreased PL intensity indicates that charge separation oc-
curs at the interface between the two materials. This separa-
tion produces a charge-separated state consisting of an elec-
tron on the TiO2 and a hole on the polymer, which is
responsible for the TiO2 emission quenching.

Figure 11 shows plots of the PL spectra obtained for the
P3HT samples by using a spectrometer with an HeuNe
laser excitation source �	=325 nm�. It can be seen that all
the samples produce broad photoemissions with following
two peaks: one at 645 nm and the other at 690 nm. The
TiO2 /P3HT bilayer produces two electroluminescence
peaks, at 580 and 640 nm; the first peak is more intense than
the second. The negligible differences in the position and
intensity of these emission peaks can be explained in terms
of electroluminescence. In Fig. 11, it can be seen that the
photoemissions of the hybrid samples exhibit higher lumi-
nescence intensity than that of pure P3HT. However, the
strongest PL enhancement arises for �b� TiO2 /P3HT �in N2�,

FIG. 10. Normalized PL spectra of the TiO2 emission areas in the PV cells
obtained by using HeuNe laser excitation at 325 nm: �a� with TiO2 in N2;
�b� with TiO2 in air; and �c� pure TiO2.

FIG. 11. Normalized PL spectra of the P3HT emission areas in PV cells
obtained by using HeuNe laser excitation at 325 nm: �a� pure TiO2; �b�
with TiO2 in N2; �c� without TiO2 in N2; �d� with TiO2 in air; �e� P3HT. The
upper inset shows the absorption spectra �open circles� for P3HT and the PL
spectra �closed squares� for TiO2. The closed square emission curve was
excited at 488 nm.
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whereas the PL intensities for �c� P3HT �in N2� and �d�
TiO2 /P3HT �in air� did not increase significantly. In these
hybrid films, no blueshift was obtained; blueshifts would be
explained by a reduction in the polymer conjugation chain
length. Although PL enhancement in these systems has rarely
been discussed, one suggestion is that the increased PL in-
tensity of such P3HT layers can be explained in terms of the
large absorption coefficient of TiO2. This interpretation can
be seen for instance in Ref. 34, where the authors recently
discussed PL enhancement in TiO2 /P3HT. This phenomenon
was explained as due to nonradiative FRET �Ref. 9� from
TiO2 to the polymer for excitation at wavelengths of less 350
nm. The inset in Fig. 10 shows the region of overlap between
the UV-visible absorption of P3HT and the PL spectrum of
TiO2. It can be obvious that the overlapping results could be
possibly transferred between TiO2 and P3HT by means of
FRET. FRET is mediated by dipole–dipole interactions, the
strength of which critically depends on among other influ-
ences the spectral overlap between donor �TiO2� emission
and acceptor �P3HT� absorption and on the dipole separation
distance.9,35 Energy alignment is thus needed in order to
maximize the resonant coupling between the inorganic and
organic excitations.36 In Fig. 11, expansion of the 550–850
nm region shows that the intensity of P3HT emissions aris-
ing from excitation of TiO2 /P3HT at 325 nm is greater than
that arising from excitation of P3HT at 325 nm. Thus the
majority of emissions from TiO2 upon HeuNe laser excita-
tion can be attributed to absorption and FRET from the ab-
sorbing P3HT. Since the inorganic material and the polymer
have different emission and absorption spectra with some
overlap, the energy could possibly be transferred between the
two components by means of FRET �Refs. 9 and 37� and
photon recycling effects.38 FRET is a near-field long range
energy transfer process that enables excitons to transfer be-
tween molecules for distances above 25 nm.39 In the hybrid
device, it is possible for P3HT �donors� to transfer excitons
to neighboring TiO2 �acceptors� close to the donor/acceptor
interface, because a part of the absorption spectrum overlaps
with the P3HT emission spectrum.

The inset in Fig. 12 shows the room-temperature UV-
visible absorption and PL spectra of TiO2 and P3HT, respec-
tively. P3HT produces a broad recombination spectrum with
a peak at approximately 600 nm and the spectrum of TiO2

contains a sharp absorption edge at approximately 350 nm.
There are no additional absorption peaks in the measured
spectral range. The degree of PL quenching can also provide
information about the quality of the interconnection of TiO2

and the polymer and the nature of their interface. In Fig. 12,
for excitation at 488 nm only the polymer is excited; the PL
spectra of the devices contain similar emission features to
that of pure P3HT, which indicates that the luminescence
predominantly results from excitons that radiatively recom-
bine in the polymer. However, the yield of the PL emission
in the composites decreases substantially in the presence of
TiO2. This decreased PL intensity indicates that charge sepa-
ration occurs at the interface between the two materials. i.e.,
a charge-separated state with an electron on the TiO2 and a
hole on the polymer is responsible for the polymer emission
quenching. PL quenching provides direct evidence for exci-

ton dissociation; efficient PL quenching is necessary to ob-
tain efficient organic solar cells. However, this does not nec-
essarily mean that the stronger the PL quenching, the better
the performance of the solar cells. Similar observations have
also been reported for poly�3-octylthiophene�, which consists
of thiophene rings with large alkyl groups,40 and for MEHP-
PPV/CdSe-nanoparticle composite films.41 Rapid charge
separation at the TiO2 /P3HT interface leads to efficient ex-
citon dissociation, and thus results in quenching of the PL
efficiency. Thus, the PL quenching results in Figs. 11 and 12
indicate the occurrence of photon-mediated electronic transi-
tions �FRET� and photoinduced CT, respectively.

In this study, all samples were tested at a constant film
thickness to compare the optical absorption and PL intensi-
ties of P3HT and TiO2. Figure 13 shows the UV-vis spectra
of the polymer films. In a conjugated polymer, the extent of
conjugation directly affects the observed energy of the 
–
�

transition, which appears as the maximum absorption �	max�
in its UV-vis spectrum. The spectrum of P3HT contains a
peak at 520 nm and two shoulders at 560 and 612 nm, which
are attributed to its crystalline 
-stacking structure. The red-
shifted absorption of P3HT is due to the better chain packing
induced by three-dimensional ordering of the polymer
chain,42 which increases the average length and decreases the
HOMO–LUMO band gap.43 P3HT in �c� and �d� has a lower
absorbance than P3HT in �b� and �e�, and the 	max of P3HT
in �c� and �d� is 10 nm blueshifted �from 510 to 500 nm� with
respect to that of P3HT in �b� and �e�. This result can be
explained in terms of a change in the stacking conformation
of the polymer structure from high crystallinity to lower
crystallinity, and a reduction in the intraplane and interplane
stacking, which causes a poor 
–
� stacking transition and
lower absorbance. However, contrary to the peak at 350 nm
�in Fig. 13�d��, the slop at 310 nm �in Fig. 13�e�� do not
show any change with pure TiO2 �in Fig. 13�a��. The inves-

FIG. 12. Normalized PL spectra of the P3HT emission areas in PV cells
obtained by using Ar laser excitation at 488 nm: �a� pure TiO2; �b� with
TiO2 in N2; �c� without TiO2 in N2; �d� with TiO2 in air; �e� P3HT. The
upper inset shows the absorption spectra �open circles� for TiO2 and the PL
spectra �closed squares� for P3HT. The closed square emission curve was
excited at 488 nm.
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tigated carboxy ligands were found to undergo unique bind-
ing at the surface, resulting in new hybrid properties of the
surface modified materials. These hybrid properties arise
from the ligand-to-metal localized CT interaction between
the ligand and surface metal atoms. The results in Fig. 13�e�
can be explained in terms of the interaction between TiO2

and the P3HT surface, which arises through carboxylate at-
tachment via bidentate or bridging coordination to the TiO2

surface. Note, that these results are remarkably consistent
with the micro-Raman and FT-IR results.

Figure 14 shows a schematic representation of the en-
ergy levels and the coupled transitions involved in TiO2

emission and P3HT absorption in FRET. Process �1� is the
photoexcitation of both the electron donor �P3HT� and the
electron acceptor �TiO2�; charge separation at the interface
between P3HT and TiO2 results due to the dissociation of
excitons. From the PL quenching measurements, it can be

concluded that this process occurs in this device. Dissocia-
tion of bound electron–hole pairs �excitons� by diffusional
motion results in the formation of free mobile holes in P3HT,
which leads to the observed higher photocurrent. However,
both TiO2 and P3HT absorb photons upon excitation at 325
nm. Note that each of the two materials play the roles of both
donor and acceptor. In FRET, �1� absorption �excitation� and
�2� emission transitions are represented by straight vertical
arrows, and vibrational relaxation is indicated by wavy ar-
rows. The coupled transitions ��3� nonradiative energy trans-
fer and �5� nonradiative excitation� are drawn as dashed lines
to suggest their correct placement in the diagram if they had
arisen from photon-mediated electronic transitions ��4� reso-
nance energy transfer�. In the presence of a suitable acceptor
�P3HT�, the donor �TiO2� can transfer excited state energy
directly to the acceptor �P3HT� without emitting a photon
�express donor �TiO2� energy transfer �4� as h�1�. The result-
ing sensitized fluorescence emission has characteristics simi-
lar to the emission spectrum of the acceptor �P3HT�. FRET
is a process by which radiationless transfer of energy occurs
from an excited state donor �TiO2� to a second acceptor
�P3HT� in close proximity. The range over which the energy
transfer can take place is limited to approximately 10 nm,
i.e., the efficiency of transfer is extremely sensitive to the
distance between the donor �TiO2� and the acceptor �P3HT�.
FRET involves a donor �TiO2� in an excited electronic state,
which may transfer its excitation energy to a nearby acceptor
�P3HT� in a nonradiative fashion through long range dipole–
dipole interactions. In FRET, the excited donor �TiO2� is an
oscillating dipole that can undergo an energy exchange with
a second dipole with a similar resonance energy �coupled
energy�. In contrast, radiative energy transfer requires the
emission and reabsorption of a photon and depends on the
physical dimensions and optical properties of the material, as
well as on the geometry of the container and the wavefront
pathways. Unlike radiative mechanisms, the study of FRET
can yield a significant amount of structural information about
the donor–acceptor pair. In addition to the overlapping emis-
sion and absorption spectra of the donor and acceptor �see
the inset in Fig. 11�, the two materials involved in FRET
must be positioned within a range of 1–10 nm of each other.

IV. CONCLUSIONS

In conclusion, the device performances and films of
organic–inorganic hybrid PV cells containing TiO2 and
P3HT have been characterized for various P3HT postanneal-
ing conditions. The performances of the devices postan-
nealed in a N2 atmosphere �0.11%� were found to be superior
to those postannealed in air �0.02%�. For the P3HT film an-
nealed under a N2 atmosphere, the results of HRGIXD and
the pole figure show that the backbones of P3HT are aligned
with their long axes parallel to the azimuthal TiO2 and ITO
direction, the conjugated planes are slightly tilted, and the
side chains are substantially tilted. The results of micro-
Raman, FT-IR, and FT-Raman demonstrate that the carboxy-
late groups attach via bidentate or bridging coordination to
the TiO2 surface, which leads to photoinduced CT processes
between TiO2 and P3HT. The emission region of the PL

FIG. 13. Normalized UV-vis absorption spectra of films and PV cells: �a�
pure TiO2; �b� P3HT; �c� without TiO2 in N2; �d� with TiO2 in air; �e� with
TiO2 in N2.

FIG. 14. �Color online� Schematic representation of the energy levels and
the coupled transitions involved in TiO2 emission and P3HT absorption in
fluorescence resonance energy transfer: �1� absorption �excitation�; �2� fluo-
rescence emission; �3� resonance energy transfer; �4� nonradiative energy
transfer; �5� nonradiative excitation; �6� sensitized emission.
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spectra of P3HT indicates large quenching �with excitation at
488 nm� and enhanced emission �with excitation at 325 nm�.
Note that each of the two materials play the roles of both
donor and acceptor. All these results can be correlated with
the I-V characteristics of the hybrid devices in order to in-
terpret the enhanced efficiencies. Our study of the effects of
the postannealing of the polymer has revealed the occurrence
of resonance energy transfer at the interface between TiO2

and P3HT, which indicates that the efficiency of hybrid PV
cells can be enhanced by FRET due to overlap between the
emission and absorption spectra.
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