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In this article, we have fabricated photovoltaic devices based on the poly(3-hexylthiophene)-TiO,
nanorod bulk heterojunction. The microscopic mechanisms of charge separation and charge transport
in the poly(3-hexylthiophene)-TiO, nanorod nanocomposites have been investigated by
photoluminescence quenching, time-resolved photoluminescence spectroscopy, and time-of-flight
mobility measurements. Charge separation and transport efficiency can be improved by adding an
adequate amount of TiO, nanorods in polymer. In addition, the device performance can be further
enhanced by thermal annealing or removal of insulating surfactant in the hybrid, giving an optimized

device performance of a short circuit current density of 2.62 mA cm~

2, an open circuit voltage of 0.69

V, afill factor of 0.63 under simulated A.M. 1.5 illumination (100 mW cm2). The corresponding power

conversion efficiency under 1 sun is about 1.14%.

1. Introduction

Conjugated polymers have great utility for fabrication of large
area, physically flexible and low cost solar cells."* The perfor-
mance of photovoltaic devices is largely influenced by two
fundamental mechanisms in materials. (i) Charge separation—
corresponding to the generation of free charge carriers produced
by photoexcitation. (ii) Charge transport—corresponding to the
carriers transported through the device to the electrodes without
recombining with oppositely charged carriers. Due to the short
exciton diffusion length in a semiconducting polymer®® (<20
nm), the electron acceptors are usually intermixed with polymer
at a nanometre length scale to achieve efficient charge separation
before recombination. In the past decade, research has been
focused on the development of polymer photovoltaic devices,
using fullerene or fullerene derivatives as acceptors in combina-
tion with a polymer as the donor, and the highest power
efficiency conversion rate is about 5%.> Alternatively, hybrid
polymer solar cells based on conjugated polymers combined
with n-type inorganic nanocrystals have been proposed due to
the advantage of high electron mobility and excellent chemical
and physical stability of inorganic semiconductors. Several poly-
mer—inorganic hybrid solar cells have been reported by using
CdSe.’* PbS,” TiO,*' and ZnO' nanocrystals respectively.
The environmentally friendly and low cost TiO, nanocrystal is
a promising material in hybrid organic-inorganic photovoltaic
device applications. Two of the most common ways that have
been used to prepare the hybrid polymer-TiO, solar cells are:
(i) blending the TiO, nanocrystals with polymer by forming
the bulk heterojunction®® or (ii) infiltrating the polymer into
the porous TiO, nanostructures.’®'! For the hybrid solar cell
based on the polymer—porous TiO, nanostructure, well
connected transport paths can be formed in the semiconductor
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layer. However, the number of interfaces is still limited by the
dimension of the TiO, nanostructure. In contrast, the polymer-
based bulk heterojunction (BHJ) solar cell, consisting of an
electron accepting network formed randomly within the polymer
matrix, provides a large number of interfaces for charge separa-
tion, but at the expense of poorly formed conducting pathways.
Thus, an enhanced charge transport route by using one-dimen-
sional semiconductor nanorods instead of nanoparticles is
preferable for offering direct pathways to achieve more efficient
electrical conduction. Huynh et al have demonstrated high
performance solar cells by combining CdSe nanorods with
a better hole transporting mobility polymer, poly(3-hexylthio-
phene) P3HT.! In this article, the environmentally friendly, all-
solution processible P3HT-TiO, nanorod bulk heterojunction
solar cells are studied. The microscopic mechanisms of charge
separation and transport in hybrid solar cells based on P3HT-
TiO; nanorod bulk heterojunctions are investigated by photolu-
minescence (PL) quenching, time-resolved photoluminescence
(TRPL) spectroscopy, photoluminescence excitation spectros-
copy (PLE) and time-of-flight (TOF) mobility measurements.
In addition, the performance of the photovoltaic device can be
further improved by thermal annealing or removal of the
insulating surfactant in the hybrid, and the corresponding
optoelectronic properties of nanocomposites are also reported.

2. Materials preparation and experimental setup

High aspect ratio anatase titanium dioxide nanorods were
synthesized by the hydrolysis of titanium tetraisopropoxide
according to literature with modification.®'* Typically, oleic
acid (O.A.) (120 g, Aldrich, 90%) was stirred vigorously at
120 °C for 1 h in a three-neck flask under Ar flow, then allowed
to cool to 90 °C and maintained at this temperature. Titanium
isopropoxide (17 mmole, Aldrich, 99.999%) was then added to
the flask. After stirring for 5 min, trimethylamine-N-oxide

This journal is © The Royal Society of Chemistry 2008

J. Mater. Chem., 2008, 18, 2201-2207 | 2201


http://www.rsc.org/materials

dihydrate (34 mmole, ACROS, 98%) in 17 ml water was rapidly
injected. The trimethylamine-N-oxide dihydrate was used as
a catalyst for polycondensation. The reaction was continued
for several hours to allow complete hydrolysis and crystalliza-
tion. The product was washed and precipitated by ethanol
repeatedly to remove residual surfactant. Subsequently, the
TiO, nanorods were collected by centrifugation and then
redispersed in toluene. The hybrid materials were prepared by
adding an appropriate amount of TiO, nanorods into P3HT
(M,, = 58000, PDI 1.62, RR 96%) polymer solution to make
P3HT-TiO, nanorod composite samples. For ligand exchange,
firstly, the as synthesized O.A. end-capped TiO, nanorods were
washed with ethanol three times to remove the oleic acid.
Then, the TiO, nanorods were dispersed in pyridine and left
under stirring at 70 °C until the solution turned clear. Through
these procedures, the O.A. (original surface ligand) was removed
and the pyridine of a weak binding ligand was on the surface of
TiO; nanorods, which can be removed through heating.

The TiO, nanorod microstructure was measured by a JEOL-
2000FX (Japan) transmission electron microscope (TEM)
operated at 200 keV. The film morphology was observed by
atomic force microscopy (AFM) (Digital Instruments, Nano-
scopes III). UV-Vis absorption spectra were obtained using
a Jasco V-570 UV/Vis/NIR Spectrophotometer. The steady state
PL spectra were taken by the FluoroLog®-3 spectrofluorometer
(Jobin-Yvon). Time-resolved photoluminescence (TRPL)
spectroscopy was performed with a time-correlated single
photon counting (TCSPC) spectrometer (Picoquant, Inc.). A
pulse laser (470 nm) with an average power of 1 mW operating
at 40 MHz with a duration of 70 ps was used for excitation.
For the time-of-flight (TOF) mobility measurements, thick films
(several pm) were prepared by drop-casting the P3HT-TiO,
nanorod blended solutions on the glass substrates, precoated
with semi-transparent aluminum electrodes (35 nm) by thermal
evaporation at a vacuum about 1 x 107° torr. The measured
samples were then completed by thermal evaporation of thicker
aluminum cathodes (~200 nm) through a shadow mask. For the
TOF transient photocurrent measurements, a thin layer of
charge carriers were generated under illumination through the
semi-transparent electrode using a frequency-doubled Nd:YAG
pulsed laser (A = 532 nm). The intensity of the incident laser
power was kept small enough to avoid accumulation of the
photoexcitation charge, which could change the internal electric
field. Under the applied electric field, these carriers drifted
toward the counter electrode, giving the transient photocurrent
signal recorded by a digital oscilloscope (Tetronix TDS5052B).
The carrier types (electron or hole) under study was selected
by changing the polarity and magnitude of the applied electric
field using a Keithley 2410 source meter. The samples were
mounted in a vacuum chamber under 1 x 107° torr during
measurement. For the photovoltaic device fabrication, a 40 nm
thick layer of poly (3,4-ethylenedioxythiophene):poly(styrenesul-
fonate) (PEDOT:PSS) (Baytron P 4083) was spin-cast onto the
indium tin oxide (ITO) substrate at 300 rpm for 10 s and 6000
rpm for one minute, followed by baking at 120 °C for 30 min.
A thin active P3HT-TiO; nanorods hybrid layer with a thickness
of about 120 nm was deposited by using spin coating under 1000
rpm for a minute. The Al electrode was then deposited onto the
active layer by thermal evaporation under vacuum at a pressure

of around 2 x 1076 Torr. Typical device area was about 0.1 cm”.
Current-voltage measurements (Keithley 2410 source meter)
were obtained by using a solar simulator (Newport Inc.) with
the A.M. 1.5 filter under an irradiation intensity of 100 mW
cm~2 The film thickness was measured by means of a Veeco
M6 surface profiler.

3. Result and discussion
3.1 Structure and morphology

The TEM image of TiO, nanorods before being blended with
P3HT in Fig. 1(a) reveals that the dimensions of the TiO,
nanorods are 2040 nm in length and 4-5 nm in diameter. The
inset in Fig. 1(a) exhibits the high-resolution TEM (HRTEM)
image and the corresponding selected-area diffraction pattern
(SADP) of TiO, nanorods. The d-spacing of this ring pattern
is 3.54 A, 2.39 A, 1.90 A and 1.69 A from inner ring to outer
ring, which can be indexed for (101), (004), (200) and (211) of
the TiO, anatase phase, consistent with the XRD results as
shown in Fig. 1(b). The filtered image in the square region
indicates that the growth direction of TiO, nanorods is along
the longitudinal [001] direction in synthesized condition.
Fig. 2(a), (b) and (c) represent the atomic force microscopy
(AFM) height images of the pristine P3HT and hybrid films.
The images clearly show that the addition of TiO, nanorods
increases the roughness of the films with a larger agglomerate
form, showing a root-mean-square (rms) roughness of 2.2 nm,
9.4 nm and 15.7 nm for the samples consisting of 0, 30 and
60 wt% TiO, nanorods respectively.
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Fig. 1 (a) The TEM image of TiO, nanorods. The inset shows the
high-resolution TEM (HRTEM) image and the corresponding selected-
area diffraction pattern (SADP) of TiO, nanorods. (b) X-Ray diffraction
(XRD) pattern of TiO, nanorods.
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Fig. 2 Tapping-mode AFM topography images taken from the P3HT-
TiO, nanorod hybrid materials consisting of 0 wt%, 30 wt%, and 60 wt%
TiO, nanorods respectively. The scanning rage is 5 um x 5 pm and the
scale bar for the height is 100 nm.

3.2 Charge separation and transport in hybrid

Fig. 3(a) shows the UV-vis absorption spectra of the nanocom-
posites consisting of 0, and 30, 50 and 60 wt% TiO, nanorods
respectively. The pristine P3HT exhibits a broad absorption
spectrum ranged from 400-650 nm and TiO, nanorods have
an absorption edge at about 350 nm. The optical density of the
absorption spectra in the hybrid is simply the sum of the absorp-
tion spectra of the constituent parts. In contrast, the yield of the
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Fig.3 (a) UV-vis absorption spectra of the PHT-TiO, nanorod hybrid

materials consisting of 0 wt%, 30 wt%, 50 wt% and 60 wt% TiO,

nanorods respectively. The inset shows the corresponding PL yield

of the hybrids. (b) Time-resolved PL spectroscopy of the hybrid
materials.

PL emission decreases with the increasing TiO, nanorod content
as shown in the inset of Fig. 3(a), suggesting the occurrence of
photoinduced electron transfer from P3HT to TiO, nanorods.
The presence of photoinduced charge transfer at the P3HT-
TiO, nanorod interfaces can be further evident from time-
resolved photoluminescence spectroscopy. Fig. 3(b) shows the
PL decay curves for the pristine P3HT and the hybrid films
respectively. The addition of TiO, nanorods in polymer results
in a new relaxation process, which provides the donor a further
non-radiative process and leads to the enhancement of the
non-radiative decay rate. The measured PL decay lifetime for
the pristine P3HT and hybrids consisting of 30 50, and 60 wt%
TiO; nanorods are 720 ps, 580 ps, 520 ps and 470 ps respectively.
This produces a charge separated state with an electron on the
TiO; nanorods and a hole on the polymer. As the content of
TiO, nanorods in the hybrid is increased, the efficiency of charge
separation at the polymer—nanocrystals is enhanced, resulting in
shortening of the measured lifetime 7p; and quenching of the PL
efficiency. A schematic representation of the mechanism of
charge transfer at the P3HT-TiO, nanorod interfaces is shown
in the inset of Fig. 3(b).

Next, the mechanism of charge transport in the P3HT-TiO,
nanorod hybrids is investigated by the TOF method. Fig. 4(a)
and (b) show the signals of typical hole and electron transient
photocurrent of the pristine P3HT respectively. The drift
mobility at an applied electric field E, is deduced according to
w = dlEt, where d is the thickness of the film, #is the transit
time for the arrival of carriers at the collecting electrode. The
hole and electron transient photocurrent for the pristine P3HT
is highly dispersive and the transit time #, can be estimated
from the intersection point in the double-logarithmic plot (inset).
The calculated hole and electron mobilities for the pristine P3HT
are up, =2.9 x 107*ecm?V-'!s'at E=6.0 x 10* Vem ! and p, =
1.5x 10*ecm?> Vs tat E= 3.0 x 10° V cm™!, which is very
similar to the previous report on the TOF measurement on
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Fig. 4 Typical TOF (a) hole and (b) electron transient photocurrent for
pristine P3HT. The insets show the double-logarithmic plots for the
transient photocurrent. The thickness for the pristine P3HT thin films
is about 10 pm.
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Fig.5 Typical TOF (a) hole and (b) electron transient photocurrent for
P3HT-TiO, nanorod hybrid (50 wt%). The insets show the double-
logarithmic plots for the transient photocurrent. The thickness of the
hybrid film is about 9.7 pm.

pristine P3HT." In contrast, the corresponding hole and
electron transient photocurrent for the P3HT-TiO, nanorod
hybrid consisting of 50 wt% TiO, nanorods become less disper-
sive with a clearly defined plateau region followed by a tail in the
decay of the current as shown in Fig. 5(a) and (b). The hole and
electron mobilities for the hybrid are evaluated about u, = 4.4 x
103 em? V- !s'at E=3.3 x 10*Vem ! and e = 3.5 x 1073 cm?
V-!'stat E=526 x 10* V cm™! respectively. In general, the
photocurrent profile with a less dispersive (or non-dispersive)
characteristic in the polymer indicates that the carriers transport
through a more ordered structure.'® The transition from highly
dispersive to less dispersive transport behavior indicates that
more efficient carrier transport can be achieved after adding an
adequate amount of TiO, nanorods within the P3HT matrix.
The field dependence of the mobility can provide further infor-
mation on the carrier transport mechanism. Fig. 6(a), (b) and
(c) show the field dependence of the hole and electron mobilities
of pristine P3HT and P3HT-TiO, nanorod hybrids with various
concentrations respectively. The mobility data are plotted as
a function of the square root of electric field (v/E)according to
the Poole-Frenkel relation™ of Inu = sv/ E, where the slope s is
a slope parameter. For the pristine P3HT, a very weak depen-
dence on the electric field for the mobilities of electrons and holes
can be seen, which represent a similar manner to the previous
TOF report on the pristine P3HT both in the magnitude and
field-independent characters." For the P3HT-TiO, nanorod
hybrid materials, it is found that both electron and hole mobil-
ities are enhanced with increasing TiO, nanorod concentrations
up to 50 wt% with a weak electric field dependence. It is worth
noting that the relatively lower electric field used in measuring
the hybrid samples compared to the pristine sample is mainly
due to the increased dark conductivity, which causes difficulty
in the extraction of the signal at high electric field. However,
estimated from the operation condition of the polymer-TiO,
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Fig. 6 Field dependence of the (a) hole and electron mobilities for
pristine P3HT. Field dependence of the (b) hole and (c) electron
mobilities for hybrid samples with different compositions.

nanorod hybrid photovoltaic device at short circuit current,
the evaluated electric field is about £ = 4 x 10* V cm™!, (the
open circuit is about 0.6 V and the film thickness is about
150 nm), which is similar to the range in our measurement.
Intuitively, the increase in electron mobility after adding TiO,
nanorods within the polymer matrix is mainly due to the forma-
tion of the interconnecting network by TiO, nanorods, which
can provide more efficient transport pathways for electrons after
charge separation. Surprisingly, the enhancement of hole
mobility upon adding an adequate amount of TiO, nanorod
content within the polymer matrix is observed, accompanied
by a less dispersive or relatively non-dispersive transport
behavior. Tuladhar ef al. in ref. 16 have also found the enhance-
ment in hole mobility after adding PCBM nanocrystals into the
polymer matrix. They proposed that PCBM may assist hole
transport in the hybrid, either by participating in hole transport
or by changing the polymer chain packing so that hole transport
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within the polymer can be accelerated. It is believed that this
effect could be also significant in the polymer-TiO, nanorod
hybrid system at an adequate amount of TiO, nanorods up to
50 wt%. For concentrations of TiO, nanorods larger than
50 wt%, the hole mobility starts to decline. The slope s of field-
dependent hole mobility at a concentration of 70 wt% TiO,
nanorods even becomes negative, which may be due to (i) the
occurrence of large-scale phase segregation in morphology; (ii)
the fact that the hole transport in the hybrid is now “blocked”
by the appearance of a large number of TiO, nanorods. When
it can progress further, it must hop against the field direction,
and the process therefore becomes slower as the field is increased.
Therefore, by the inclusion of an adequate amount of TiO,
nanorods in the polymer, both hole and electron transport can
be enhanced, accompanied by less dispersive transport behavior.

3.3 Device performance

The photovoltaic device structure consisting of ITO/PE-
DOT:PSS/P3HT:TiO;, nanorod hybrid/ TiO, nanorods/Al is
shown in Fig. 7(a). An additional layer of TiO, nanorods sand-
wiched between the active hybrid layer and the aluminum elec-
trode was included to act as a hole blocking layer.® It has been
known that the device performance strongly depends on
morphology, charge separation and transport efficiency and
interfacial contact.'”'® The current-voltage characteristics of
the devices based on the hybrids with various TiO, nanorod
contents are also shown in Fig. 7(b). It is found that the device
performance is improved with increasing TiO, nanorod content
up to 50 wt%. Further increasing the TiO, nanorods content up
to 70 wt% results in a significant decrease in the device perfor-
mance, consistent with the observed transport behavior. The
optimized performance of the device consisting of 50 wt%
TiO, nanorods shows a short circuit current density (J) of
0.91 mA cm 2, an open circuit voltage (V) of 0.58 V, a fill factor
(FF) of 0.32, and a power conversion efficiency (1) of 0.17%. We
have further carried out thermal annealing treatment to enhance
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Fig.7 (a) Schematic representation of the photovoltaic device based on
the hybrid material, consisting of ITO/PEDOT:PSS/P3HT-TiO, nano-
rod hybrid/TiO, nanorods/Al. (b) Current-voltage characteristics for
the P3HT-TiO, nanorod hybrid photovoltaic devices with different
compositions [under simulated A.M. 1.5 illumination (100 mW cm~2)].
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Fig. 8 (a) Optical absorption spectra of the hybrid samples before and
after thermal annealing. (b) The transient hole photocurrent of the
hybrid sample with 50 wt% TiO, nanorod concentration after thermal
treatment. The film thickness is about 11 um.

the device performance by improving the crystallinity of the
polymer film.>'” Fig. 8(a) shows the UV-vis optical absorption
spectra of the P3HT-TiO, nanorod hybrids before and after
thermal annealing at 110 °C for 0.5 hr. The more pronounced
0-0 and 0-1 vibronic absorption shoulders in the annealed
samples are found, indicating the formation of more electroni-
cally ordered P3HT chains. The enhanced electronic ordering
after thermal annealing can be further supported from the
TOF measurement. Fig. 8(b) shows the transient photocurrent
signals of hole transport for the P3HT-TiO, nanorod hybrid
material (TiO, = 50 wt%) after the same annealing conditions.
Compared to the sample before annealing in Fig. 5(a), the tran-
sient hole photocurrent of the annealed sample shows a relatively
non-dispersive decay with a more clearly defined plateau region.
The value of hole mobility in the hybrid after thermal annealing
is increased to 9.0 x 10> cm? V"' s7" at E=2.0 x 10* V.cm™".
Fig. 9 exhibits the photovoltaic device performance of the
annealed sample with respect to the as-cast sample. A conside-
rable improvement in the power conversion efficiency up to
0.42% is observed after thermal annealing, giving a short circuit
current density (Jy.) of 1.79 mA c¢cm~2, an open circuit voltage
(Voc) of 0.59 V, and a fill factor (FF) of 0.40.

3.4 Removal of insulating surfactant by ligand exchange

Although improved charge separation and transport efficiency
can be achieved after adding TiO, nanorods in polymer, the
device performance can be still limited by the presence of
residual insulating surfactant of oleic acid (O.A.) on the TiO,
nanorods’ surface, leading to a higher serial resistance and
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P3HT, (b) P3HT-TiO; nanorod (O.A.) hybrid and (c¢) P3HT-TiO, nano-
rod (pyridine) hybrid thin films with a similar thickness of about 200 nm.

a lower fill factor. Further improvement in the device perfor-
mance can be achieved by removing the possible residual
surfactant or replacing it with a more conductive surfactant at
the P3HT-TiO, nanorod interfaces. We have therefore carried
out ligand exchange processes to remove the residual surfactant
of oleic acid (O.A.) through pyridine treatment according to the
literature.’®' Through these procedures, the O.A. (original
surface ligand) can be removed and the pyridine of a weak
binding ligand is on the surface of the TiO, nanorods, which
can be removed through heating. As shown in Fig. 10(a), (b)
and (c), the two-dimensional PL contour plots for the pristine
P3HT, P3HT-TiO, nanorod (O.A.) hybrid and P3HT-TiO,
nanorod (pyridine) hybrid thin films are present. The excitation
wavelengths ranged from 400-650 nm and almost represent the
whole absorption spectral range of P3HT. It is found that the
intensity of the PLE signals quenches at all emission wavelengths
for both hybrid samples. A much higher quenching efficiency of
the P3HT-TiO;, nanorod (pyridine) hybrid material is found
compared to that in the P3HT-TiO, nanorod (O.A.) hybrid
sample, indicating that more efficient charge separation occurs
by removing the possible residual insulating surfactant at the
P3HT-TiO, nanorods’ interfaces. By following similar device
fabrication conditions as described above, the photovoltaic
device based on the P3HT-TiO, nanorod hybrid after pyridine
treatment shows a short circuit current density (J,) of 2.62
mA cm 2, an open circuit voltage (V) of 0.69 V, a fill factor
(FF) of 0.63, and a power conversion efficiency (n) of 1.14% as
shown in Fig. 11. A large increase in the fill factor indicates
that removal of insulating surfactant on the TiO, nanorods
can result in a significant reduction of the serial resistance of
the device. The increase in the open circuit voltage V. after
pyridine treatment may be attributed to changes in interfacial
dipoles, leading to a shift in the band offset at the TiO,—polymer
interface.?’ In addition, the increase in the open circuit voltage
Vo may be also attributed to the reduction of back charge
recombination®* due to interface modification, which may
increase the position of the quasi-Fermi level and open circuit
voltage. Removal of the insulating surfactant at the P3HT-
TiO, nanorod interfaces can lead to direct contact between
polymer and TiO, nanorods, resulting in a further improvement
in charge separation and transport efficiencies and giving a higher
device performance.
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Fig. 11 (a) Photovoltaic performances of the devices under simulated
AM 1.5 illumination (100 mW cm™2) before and after removal of
insulating surfactant by pyridine treatment.
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4. Conclusion

In conclusion, the microscopic mechanisms of charge separation
and charge transport in the P3HT-TiO, nanorod hybrid have
been investigated. Improved charge separation and transport
efficiency can be achieved by adding an adequate amount of
TiO, nanorods in polymer, or through thermal annealing and
removal of insulating surfactant. The results show that the
P3HT-TiO, nanorod hybrid can act as a promising material
for future low cost, environmentally friendly, polymer photovol-
taic device applications.
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