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Organic/Inorganic
Hybrids for Solar
Energy Generation
Julia W.P. Hsu and Matthew T. Lloyd

sor source in the polymer matrix.28,29 To
date, even with improved architecture,
hybrid solar cell efficiencies remain well
below those achieved in the pure organic
systems. Hence, interfacial studies of struc-
tural, chemical, and electronic properties
in the polymer/metal oxide systems are
critical in advancing this field.

As an introduction to hybrid solar cells,
we first consider simple bilayer architec-
tures as shown in Figure 1: (a) a cross-
 sectional schematic and (b) a cross-sectional
transmission electron microscopy image
of a P3HT/ZnO bilayer solar cell. In
hybrid photovoltaic devices, light absorp-
tion occurs in the conjugated polymer,
resulting in bound electron-hole pairs
(excitons). The excitons then dissociate to

Introduction
Organic photovoltaics (OPVs) are tar-

geted in small electronics, portable power,
and integrated building applications
because they are light weight, mechani-
cally flexible, available in different colors,
and compatible with roll-to-roll printing
technologies for inexpensive manufactur-
ing.1,2 Most common OPVs consist of con-
jugated polymers as absorbing and donor
materials (e.g., poly[3-hexylthiophene],
P3HT) and fullerene derivatives (e.g.,
[6,6]-phenyl-C61-butyric acid methyl
ester, PCBM) as acceptor materials.
Presently, this materials system is capable
of producing power conversion efficien-
cies (for areas ≥ 1 cm2) of 4.4–5.0%.3–5 By
employing lower bandgap donor materi-
als and utilizing a C70 derivative as an
acceptor, certified power conversion effi-
ciencies above 7.4% for a small area sam-
ple (∼0.1 cm2) have been achieved.6
Increased power conversion efficiency
and device stability are the two most crit-
ical issues for OPVs to fully realize their
technological viability.

Hybrid devices that combine organic
and inorganic semiconductors show prom-

ise in achieving unique functionalities that
cannot be obtained for each component
alone. In energy utilization, applications
spanning from light-emitting devices7,8 to
energy conversion9,10 have been explored.
For polymer solar cells, the substitution of
oxide semiconductors (e.g., ZnO or TiO2)
for fullerenes as the electron acceptor and
transporter has the advantage of better
environmental stability,11–14 higher elec-
tron mobility, and the ability to engineer
interfacial band offsets and hence the pho-
tovoltage.15,16 The electron affinity of ZnO
and TiO2 provides the suitable band align-
ment for charge transfer from the lowest
unoccupied molecular orbital of the donor
polymer to the conduction band of the
metal oxide acceptor. Further improve-
ment to this structure can be made by cre-
ating mesoporous structures of the metal
oxide into which the conjugated polymer
can be infiltrated.17,18 In particular, ZnO
nanostructures can be synthesized with
a variety of growth and processing
 methods, including vapor deposition,19–21

 solution-based crystal growth,22–26 spray
pyrolysis,27 and conversion from a precur-

Abstract
Organic and hybrid (organic/inorganic) solar cells are an attractive alternative to

traditional silicon-based photovoltaics due to low-temperature, solution-based
processing and the potential for rapid, easily scalable manufacturing. Using oxide
semiconductors, instead of fullerenes, as the electron acceptor and transporter in hybrid
solar cells has the added advantages of better environmental stability, higher electron
mobility, and the ability to engineer interfacial band offsets and hence the photovoltage.
Further improvements to this structure can be made by using metal oxide
nanostructures to increase heterojunction areas, similar to bulk heterojunction organic
photovoltaics. However, compared to all-organic solar cells, these hybrid devices
produce far lower photocurrent, making improvement of the photocurrent the highest
priority. This points to a less than optimized polymer/metal oxide interface for carrier
separation. In this article, we summarize recent work on examining the polymer
structure, electron transfer, and recombination at the polythiophene-ZnO interface in
hybrid solar cells. Additionally, the impact of chemical modification at the donor-acceptor
interface on the device characteristics is reviewed.
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Figure 1. (a) Schematic and 
(b) transmission electron microscopy
image for a P3HT/ZnO bilayer hybrid
photovoltaic device architecture in cross
section. (c) Example of current-voltage
characteristics for a photovoltaic device
under illumination. Voc and Jsc are the
open-circuit voltage and short-circuit
current density, respectively. The
maximum power this solar cell can
deliver is represented by the gray
shaded region. The power conversion
efficiency is the ratio of this area to the
incident of light power density. TCO,
transparent conducting oxide.
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form free carriers, with electrons being
transferred to the inorganic acceptor
materials and the holes remaining in the
polymer (see the article by Zhu and Kahn
in this issue). Due to the lattice distortions
accompanying the charges in organic
materials, charge carriers in the polymer
are called polarons. The separated elec-
trons and holes can transport to their
respective electrodes and generate pho-
tocurrent or recombine across the inter-
face without generating photocurrent.
Hence, the performance of these solar cells
critically depends on the electron transfer
and recombination at the organic/inor-
ganic heterojunction interface. In this type
of solar cell, the transparent conducting
electrode, typically indium tin oxide or
fluorine-doped tin oxide, collects the
photo-generated electrons while the top
metal electrode, typically silver or gold,
collects the photo-generated holes. Figure 1c
depicts a current-voltage curve of a solar
cell and definition of device parameters.
The current density at zero bias is called
the short-circuit current density, Jsc. The
voltage at which there is no net current
(i.e., the photocurrent exactly cancels the
dark current) is called the open-circuit
voltage, Voc. The power conversion effi-
ciency (PCE) of the solar cell is the product
of Voc, Jsc, and FF (fill factor) (shaded area
in Figure 1c) divided by the incident
power density, where FF is the ratio of the
shaded area to the rectangular area given
by Voc times Jsc. To date, the PCE of hybrid
solar cells falls short of the requirements
for commercial exploitation, in large part
due to low short-circuit currents.18,30

While the bulk energy levels of the inor-
ganic acceptor materials indicate an
energy offset that is sufficient to dissociate
excitons, equivalent all-organic bilayer
devices (utilizing a fullerene acceptor)31,32

produce photocurrents five to 10 times
higher than similar hybrid devices.33

Thus, factors that affect charge transfer
efficiency and subsequent recombination
at the polymer/metal oxide interface are
critical issues, and they are currently not
well understood.

Modification of the interface between
the metal oxide and the polymer to
enhance exciton dissociation and charge
transfer has been recently pursued. These
interfacial modification studies commonly
utilize a simple bilayer device architecture
(Figure 1a), where the donor-acceptor
interface is modified with an organic
layer33–35 or with conformal inorganic
coatings.36,37 Interestingly, while the
organic modifiers generally have little
effect on the device open-circuit voltage
Voc,33,35,38–40 the inorganic modifiers signif-
icantly increase Voc.36,37 In this article, we

review studies that elucidate the causes
responsible for the low photocurrent in
hybrid solar cells. These studies also
explain the mechanisms behind improved
photovoltaic device performance when
employing an alkanethiol self-assembled
monolayer (SAM) at the P3HT/ZnO
interface. This finding has significant
implications for hybrid device design and
highlights the importance of interactions
between donor and acceptor materials at
the heterojunction interface.

Interfacial Polymer Morphology:
Effect of Substrate Interaction

P3HT is the commonly used semicon-
ducting polymer in OPVs and is exclusively
used in hybrid solar cells due to its tendency
to organize into microcrystalline domains,
which are responsible for high hole mobil-
ity.41–43 However, the formation of P3HT
crystalline domains, and consequent impact
on device performance, is extremely sensi-
tive to material properties (e.g., regioregu-
larity or molecular weight),44,45 processing
conditions (e.g., solvent, annealing tempera-
ture, or spin coating speed),46–49 and sub-
strate surface chemistry.50

Recent results suggest that in P3HT/ZnO
hybrid solar cells, the P3HT in immediate
contact with ZnO might be disordered. This
is consistent with both the blueshift in the
absorption and photoluminescence spectra
observed for thin (<10 nm) P3HT films
deposited on ZnO33,51 and in the spectra of
photocurrent yield30 and microwave con-
ductivity yield52 of P3HT/ZnO nanoparti-
cle composite solar cells. Disordered
interfacial P3HT reduces overlap with the
solar spectrum and decreases exciton diffu-
sion and hole transport within the poly-
mer,53,54 resulting in poor photovoltaic
performance. Furthermore, the energy level
positions of relevant molecular orbitals are
likely to be different for ordered and disor-
dered polymers,55 which would affect elec-
tron transfer at the P3HT/ZnO interface. In
this section, we first summarize results
obtained using different techniques to
establish an amorphous P3HT layer at the
ZnO interface. Next we show an example of
modifying the surface ZnO films with an
alkanethiol SAM that restores the ordering
in the interfacial P3HT layer, leading to an
improvement in Jsc.

Optical and Structural Properties 
of Thin Polymer Films

Figure 2a displays the normalized
absorption spectra of thin P3HT films on
glass, a ZnO sol-gel film, and a hexade-
canethiol-modified ZnO sol-gel film. The
absorption spectrum of the neat P3HT
film on glass (black curve) clearly shows
three features associated with regioregu-

lar P3HT at 525, 566, and 610 nm. It was
shown that the two lowest energy features
are extremely sensitive to the ordering of
the polymer.56–58 Hence, their presence sig-
nifies enhanced polymer ordering in the
film. When P3HT is deposited on ZnO
(red curve in Figure 2a), the main absorp-
tion peak shifts to a shorter wavelength
and does not show these low-energy
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Figure 2. (a) UV-vis absorption spectra
of thin P3HT films (∼6 nm) deposited on
glass (black), unmodified ZnO (red),
and hexadecanethiol-modified ZnO
(blue). (b) Grazing incidence x-ray
diffraction (GIXD) spectra for thin 
P3HT films (<10 nm) deposited 
on the substrates designated in (a). 
The magnitude of the in-plane
scattering vector is qxy. The inset 
shows the GIXD geometry for x-rays
collected over diffraction angle 2θ.
Reprinted with permission from
Reference 29. ©2009, Royal Society 
of Chemistry.
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structures, suggesting the existence of a
disordered P3HT layer.

To directly measure the structure of the
P3HT film, an in-plane grazing incidence x-
ray diffraction (GIXD) experiment was per-
formed. As shown in Figure 2b, the salient
feature for a P3HT film on glass (black
curve) is a diffraction peak at 1.64 Å−1

emerging from a broad scattering back-
ground. For a grazing-incidence scan, the
location of this peak indicates that the (010)
direction (the polymer interchain π-stacking
direction) of the P3HT domains is aligned
parallel to the substrate, consistent with
published results.4,41 Given the lack of
 diffraction signal for the 0.39 Å−1 reflection
(P3HT (010) peak), these in-plane diffrac-
tion results indicate little out-of-plane π-
stacking (i.e., few domains align with the
(100) direction oriented parallel to the sub-
strate). This is typical of highly ordered
regioregular P3HT films.4,54,59

In stark contrast, P3HT deposited on
ZnO (Figure 2b, red curve; the blue curve
is discussed in the next section) shows a
conspicuous absence of any polymer lat-
tice peaks and displays only the ZnO crys-
tallographic peaks. The lack of P3HT
lattice peaks confirms the hypothesis that
the blueshift observed in the absorption
spectrum originates from amorphous
P3HT formed within the first few nano -
meters of the ZnO surface. Annealing is
often employed to increase the size and
number of crystalline domains of P3HT in
bulk heterojunction solar cells.4 When the
polymer-substrate interaction is low, as in
the case of P3HT on glass, an annealing
treatment imparts sufficient conforma-
tional mobility for P3HT to adopt prefer-
entially oriented domains.54 The fact that
these annealed films on ZnO remain amor-
phous provides unequivocal evidence that
the substrate interaction has a large effect
on the morphology of the interfacial P3HT
layer. Note that this change in the absorp-
tion spectra can only be observed if the
P3HT film thickness is less than 10 nm. For
thick films (80–100 nm) that are employed
in the solar cells, the spectra on glass and
on ZnO are identical, indicating only the
interfacial P3HT layer is sensitive to the
substrate interaction. The use of very thin
(~6 nm) P3HT films to model the interfa-
cial polymer layer enables us to probe the
changes at the interface.

Having consistently observed a change in
the absorption spectrum, what is the origin
of disorder P3HT interfacial layers on ZnO?
In dispersed ZnO nanoparticle/P3HT het-
erojunctions, it has been suggested that the
conformation of polythiophene chains devi-
ate from planarity when in close proximity
to ZnO nanoparticles, which, in turn,
reduces the conjugation length of P3HT.52

Given that the sol-gel-derived ZnO surface
is essentially flat (3 nm root mean square
roughness as measured by tapping mode
atomic force microscopy), disruption of
polymer order due to the curvature of the
ZnO surface cannot be the primary source of
morphological disordering when P3HT is
deposited on sol-gel ZnO films. Zn–S bond
energy is quite high (205 kcal/mol),60 which
suggests strong interaction between ZnO
and P3HT, leading to immobilization of
P3HT and an amorphous morphology. Thus,
substrate chemistry plays a more important
role, similar to that previously reported on
modified silicon oxide surfaces.44

Interfacial Modification with
Alkanethiol Monolayers

To improve the electron transfer effi-
ciency at the donor-acceptor interface,
introducing a monolayer of organic mole-
cules at the interface has been explored to
alter the energy band alignment through
the introduction of interfacial dipoles34 or
to add electron acceptors with intermedi-
ate energy levels.35 Here we discuss results
of using an organic SAM to modify surface
chemistry, hence the surface energy.
Alkanethiol SAMs of different hydrocar-
bon chain lengths (CH3(CH2)nSH, n = 3 to
17) were deposited on the ZnO surface in
ZnO/P3HT bilayer photovoltaic devices.
Alkanethiols are chosen because they
readily form monolayers on ZnO surfaces
through Zn–S bonding and are available in
incrementally increasing lengths.33

As discussed previously, thin P3HT
films deposited on ZnO exhibit an amor-
phous structure. The effect of an alka-
nethiol SAM-modified ZnO surface on a
P3HT structure is shown by the absorption
data presented in Figure 2a (blue curve)
and Figure 3. The absorption spectra of
P3HT deposited on the modified surfaces
depend on the length of the molecule: the
longer the alkanethiol molecule, the less
the blueshift (Figure 3 inset) and the more
the absorption spectrum resembles P3HT
on glass. The blueshift is reduced from over
50 nm on ZnO to 6 nm on octadecanethiol-
modified ZnO. The low-energy absorption
features also are recovered, indicating
that P3HT films deposited on alkanethiol-
modified ZnO are more ordered. The in-plane
GIXD spectrum (Figure 2b blue curve) con-
firms that P3HT deposited on alkanethiol-
modified ZnO is indeed ordered. In
addition to diffraction peaks from the ZnO
substrate, the P3HT (010) direction scatter-
ing peak returns at 1.64 Å−1, although with
slightly diminished intensity compared to
P3HT on glass (Figure 2b black curve). Like
on glass, P3HT on the alkanethiol-modified
ZnO surface displays preferential align-
ment of the in-plane π-stacking direction.

Surface energy measurements show
that alkanethiol SAMs dramatically
reduce the ZnO surface energy by a factor
of 2 to 3, monotonically with the molecu-
lar chain length. Thus, P3HT polymers are
more mobile on the alkanethiol-modified
surface during annealing and can re-order
to form larger domains.54 Recently, Peet
et al. reported that the addition of alka-
nethiol or alkanedithiol to P3HT solutions
promotes structural order due to slow
crystallization.61 It is possible that the
alkanethiol bound to the ZnO surface has
a similar effect on P3HT crystallization
kinetics. This is a clear example of polymer-
substrate interaction: the polymer physi-
cal property can be tuned through the
incorporation of an interfacial layer.

Impact on Solar Cell Devices
To investigate the effect of alkanethiol

modification on solar cell performance,
bilayer devices made using unmodified
ZnO and alkanethiol-modified ZnO films
are compared. Figure 4a shows the current
density versus voltage (J-V) curves for an
unmodified ZnO, decanethiol (C10SH), and
octadecanethiol (C18SH)-modified ZnO
 illuminated under a simulated terrestrial
one sun condition, while the inset shows 
J-V curves for the same devices in log- linear
scale taken without light. Table I summa-
rizes the device characteristics (Jsc, Voc, FF,
PCE, series and shunt resistance) for these
devices. The general findings are (1) the
series resistance increases with increasing
molecular length; (2) Voc is unaffected by
the alkanethiol modification; and (3) Jsc
increases as molecular length increases.

Figure 3. UV-vis spectra of P3HT on
alkanethiol-modified ZnO substrates.
Inset: Magnitude of blueshift in the
absorption spectra as a function of
alkanethiol chain length. Reprinted with
permission from Reference 18. ©2008,
Wiley.
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It is expected that alkanethiol SAMs
will increase the series resistance, since
they are insulating and present a tunnel-
ing barrier in the device. This expectation
is supported by the increasing series
resistance with increasing alkanethiol

molecular length. Hence, one might
expect that photocurrent would also be
reduced because of the presence of an
alkanethiol SAM tunneling barrier for
electrons. Quite oppositely, the Jsc of these
devices shows a clearly increasing trend

with the alkyl chain length of the modify-
ing alkanethiol monolayers. The Jsc
increase is also reflected in the external
quantum efficiency (EQE) spectrum (Figure
4b), which measures the number of photo-
generated carriers extracted from the
device divided by the number of incident
photons. Since only the separated photo-
generated charges, with electrons trans-
ferred to the ZnO, contribute to the EQE
signal, EQE is sensitive to the polymer
layer within an exciton diffusion length
(<10 nm) of the interface. The low-energy
features are visible in the EQE spectrum of
the C10SH-modified device and prominent
in the C18SH-modified device (Figure 4b),
similar to the absorption spectra of thin
P3HT films on these modified ZnO sur-
faces.33 Thus, alkanethiol modification
results in increased ordering of the interfa-
cial P3HT layer, as is evident in the GIXD
spectra and in the pronounced low-energy
features in the absorption and EQE spec-
tra; consequently, the Jsc in the solar cells is
enhanced.

To quantitatively analyze the structural
change with the Jsc increase, the EQE spec-
tra were fitted with five peaks, labeled P1
through P5 in Figure 4b.33 Figure 4b shows
the EQE spectrum and the peaks used to
fit the spectrum for the C18SH-modified
devices. To quantify the contribution from
enhanced structural order, the heights of
two low-energy peaks (P4 and P5 in
Figure 4b) were summed for alkanethiol-
modified devices and normalized to those
for the unmodified device fabricated in
the same batch. Similarly, the average Jsc
for a modified sample is divided by that
for an unmodified sample fabricated in
the same batch. This ratio quantifies the
relative increase in the Jsc over an unmod-
ified sample. Figure 4c depicts the correla-
tion between the increases in the Jsc and
the intensity of the two low-energy EQE
peaks with molecular length for all
devices. Both Jsc and the interchain contri-
bution to the EQE increase as the alkyl
chain length increases, and the two are
also strongly correlated (Figure 4c inset).33

Photoexcitation Dynamics
The previous section shows that the

morphology of the interfacial polymer
layer is strongly disordered due to its
interaction with the ZnO substrate, and by
inserting an alkanethiol SAM at the inter-
face, the P3HT ordering is restored. As
discussed in the previous section, the solar
cells with more ordered P3HT interfacial
layers generate higher photocurrent
despite the charge transfer barrier pre-
sented by the insulating SAM. Transient
photo-induced absorption (TPA) is a
 spectroscopic technique that measures
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Figure 4. (a) Current density-voltage characteristics for P3HT-modified ZnO devices with
100 mW/cm2 illumination intensity. Inset: Current-voltage characteristics in the dark. 
(b) Multipeak fit for a C18SH-modified device to analyze the blueshift and degree of P3HT
ordering reflected in the external quantum efficiency (EQE). The blue triangles are the
experimental data. The red curves (P1 through P5) are the five peaks used for the fitting,
with four long wavelength peaks representing P3HT, and the peak at 366 nm representing
ZnO. The black curve is the sum of all the red curves. (c) Short-circuit photocurrent Jsc and
EQE peak height ratio as a function of alkanethiol chain length. Inset: Linear correlation
between the Jsc ratio and the EQE peak height ratio. Reprinted with permission from
Reference 18. ©2008, Wiley.

Table I. Current-Voltage Characteristics for Unmodified, C10SH, 
and Modified, C18SH, Devices.

Sample Jsc
a Voc Fill PCE Rseries

b Rshunt
c

(mA/cm2) (mV) Factor (%) (Ω cm2) (kΩ cm2)

Unmodified 0.28 ± 0.011 305 ± 15 42.7 ± 2.7 0.037 ± 0.004 27 ± 3 2.9 ± 0.7
C10SH 0.35 ± 0.021 290 ± 9 43.1 ± 1.8 0.043 ± 0.004 41 ± 2 1.6 ± 0.2
C18SH 0.42 ± 0.020 312 ± 5 40.4 ± 0.8 0.053 ± 0.003 98 ± 5 2.0 ± 0.1

aAll values are the average of six devices; ± represents the standard deviation. 
bSeries resistance measured under illumination at 1 volt forward bias.
cShunt resistance measured in the dark with zero applied bias. 
Jsc, short-circuit current; Voc, open-circuit voltage; PCE, power conversion efficiency; Rseries, series resistance
for unmodified devices; Rshunt, shunt resistance for unmodified devices.
Reprinted with permission from Reference 18. ©2006, Elsevier.
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sub-bandgap absorption of photoexcited
species, such as polarons and excitons, as
illustrated in Figure 5a.62 The TPA signal
(−ΔT/T ) monitors the change in transmis-
sion through the sample due to photoexci-
tation as a function of the delay between
the excitation pulse and the probe. To
directly compare the yield of photoexcited
species in different samples, the optical
density of the film at the excitation wave-
length (550 nm) is used to normalize the
TPA signal (Figure 5b). From spectrally
resolved TPA data, we can identify the
type of photoexcited species by the energy
of its characteristic optical transition. The
dynamics of the signal at a specific energy
provides information on the lifetime of the
species. By directly measuring photoexci-
tation dynamics and the recombination of
photoexcited species using TPA, we can
gain a better understanding of the mecha-
nism(s) behind photocurrent enhance-
ment, even in the presence of a tunneling
barrier (discussed previously).

Spectroscopy of Polarons 
and Excitons

Figure 5b shows the TPA signal at t = 0
for both P3HT on glass and P3HT/ZnO
composite films for probe energies
between 0.41–1.14 eV. Distinct absorption
peaks arise at ≤ 0.41 (P1), 0.92 (PA1), and
1.14 (P2) eV for both P3HT on glass and
the P3HT/ZnO composite. The TPA peak
P1 at ≤ 0.41 eV is assigned to low-energy
polaron absorption with a great degree of
certainty due to the fact that polarons are
the only absorbing species in the 0.3–0.5 eV
vicinity.63 Photo-induced absorption peaks
PA1 (0.92 eV) and P2 (1.14 eV) are assigned
to exciton and higher energy polaron
absorptions, respectively, based on recent
TPA studies of regioregular P3HT.62 The
most striking observation seen in Figure
5b is the similarity between the TPA spec-
tra for P3HT on glass and the P3HT/ZnO
composite. The magnitude of the TPA sig-
nal at t = 0 reflects the initial concentration
of the photoexcited species. The signals
for P3HT on glass are from excitons and
polarons photo-generated in the neat film.
Exciton dissociation efficiency in regioreg-
ular P3HT is high compared to other con-
jugated polymers.62 Hence, polarons can
be generated in P3HT films without an
acceptor nearby. In a donor-acceptor sys-
tem with efficient charge transfer, polaron
signals would be larger than the neat film
as a result of additional exciton dissocia-
tion at the interface and electron transfer
into the metal oxide. For example, in
bilayers of P3HT/nanocrystalline SnO2,
ultrafast pump-probe measurements
showed that the t = 0 signal for polarons is
larger by a factor of six compared to neat

films of P3HT.64 In contrast, the t = 0
 concentration measured in P3HT/ZnO
composite is remarkably similar to P3HT
on glass. Furthermore, P2 shows a measur-
ably larger initial polaron concentration in
P3HT on glass. These results indicate that
ZnO is not effective in promoting exciton
dissociation at the interface on the
picosecond timescale.

Decay Dynamics of Polarons 
and Excitons

The time dependence of TPA signals
provides information on the decay
dynamics of the polarons and excitons in
different samples. The data show a multi-
exponential decay behavior for all three
photoexcited species over a period of
0–500 ps. Since the rise time for all species
and all samples are the same, 200 ± 15 fs,
the TPA behavior is dominated by recom-
bination processes over the first 500 ps.
Figure 5c compares weighted average life-
times for the three photoexcited species
(P1, PA1, and P2) in P3HT on glass,
P3HT/ZnO composite bilayer, and P3HT
on C16SH-modified ZnO samples. It is evi-
dent that the lifetimes of all photoexcited
states in the P3HT/ZnO bilayer are meas-
urably lower than in the other samples.51

As discussed previously, in the case of effi-
cient exciton dissociation (followed by
charge separation), a stabilized polaron
population (i.e., longer lifetime) is
expected to form in the P3HT/ZnO com-
posite sample resulting from electron
transfer into ZnO. For P3HT on glass, we
would expect to see faster polaron recom-
bination because the generated negative
charges remain in P3HT readily available
to recombine with the positive polarons.
Instead, we see more rapid decay or
higher recombination rates for all three
photoexcited species in the P3HT/ZnO
composite. Since P3HT on ZnO is amor-
phous while the other two samples are
partially ordered, it appears that polymer
morphology has the largest effect on the
lifetimes of photoexcited species. The
weighted average exciton (PA1) lifetime of
the two ordered P3HT samples (on glass
and C16SH-modified ZnO) is approxi-
mately the same, further indicating that
ordered materials have fewer recombina-
tion centers. In addition, the low- and
high-energy polarons (P1 and P2) exhibit a
measurably longer lifetime in the C16SH-
modified ZnO sample than in the glass
sample. Such an increase in the polaron
lifetime (not the number of polarons at 
t = 0 s) demonstrates lower recombination
rates in the C16SH-modified ZnO sample
and possibly demonstrates enhanced
charge separation between ZnO and
P3HT and reduced recombination.

Figure 5. (a) (Left) Molecular electronic
energy level diagram showing optical
transitions (P1 and P2) for polaron
states that give rise to sub-gap
absorption indicated in (b). (Right)
Neutral exciton manifold indicating
the optical transition (PA1) for the first
excited state of the lowest-lying singlet
exciton.62 (b) Transient photo-induced
absorption signal at time t = 0 as a
function of probe energy for P3HT on
glass (black) and on unmodified ZnO
(red). To account for variation in film
thickness, the transient photo-induced
absorption signal (−ΔT/T) has been
normalized by the optical density of the
polymer at the excitation wavelength
(550 nm). (c) Weighted average lifetime
for each photoexcited species in P3HT
on glass (gray), the P3HT/ZnO
composite (red), and the
P3HT/C16SH/ZnO composite (blue).
HOMO, highest occupied molecular
orbital; LUMO, lowest unoccupied
molecular orbital. Reprinted with
permission from Reference 29. ©2009,
Royal Society of Chemistry.
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The fact that the TPA spectra and decay
dynamics are similar for P3HT on glass
and ZnO indicates that the presence of the
ZnO acceptor did not produce additional
polaron signals, which is in agreement
with time-resolved microwave conductiv-
ity (TRMC) work by Piris et al, who also
did not observe additional free carrier sig-
nals in P3HT/Zn1−xMgxO composites65

(see Figure 6). ZnO and Zn1−xMgxO
behave similarly as the electron acceptor
because at low Mg concentration, Mg
atoms substitute for Zn in the cation sites,
and Zn1−xMgxO has the same wurtzite
structure as ZnO. Hence, the conclusion
drawn from the Zn1−xMgxO surface would
apply to ZnO. Both the TRMC results and
the TPA data presented here suggest that
ZnO does not provide an exciton dissocia-
tion interface (Figure 6c) but instead func-
tions as an electron-collecting medium for
photoexcited charges dissociated in the
P3HT layer (Figure 6b).

Whether ZnO provides an exciton dis-
sociation interface is still unresolved, as
experimental evidence exists for both
sides. In the literature, it was argued that
the ZnO/P3HT interface is efficient in dis-
sociating excitons based on the magnitude
of EQE.30 Furthermore, if excitons are only
dissociated in the polymer film and not at
the ZnO/P3HT interface and carriers are
collected due to the work function differ-
ence between ZnO and Ag, a metal elec-
trode with a work function similar to that
of ZnO should yield similar device per-
formance. Single-layer organic photo-
voltaic devices are capable of high
open-circuit voltage (>1 V) but produce
very low Jsc.66 Consequently, the highest
performing devices yield a maximum
EQE of ∼1% or a Jsc of ∼50 μA/cm2 for
 single wavelength illumination.67 The Jsc
measured in ZnO/P3HT bilayer solar
cells is one to two orders of magnitude
larger than that of an equivalent device
where the ZnO layer is omitted. A recent
publication on solar cells made of a
P3HT/ZnO blend formed from a ZnO
precursor exhibit 50% internal quantum
efficiency,68 which is higher than the
polaron generation rate in P3HT.62 In
addition, spectrally resolved photo-
induced absorption data taken at steady
state (microsecond time scale) clearly
show a polaron peak in P3HT/ZnO
nanoparticle composites.30,68 The differ-
ences in the picosecond and microsecond
TPA are two-fold: the peak power used in
the excitation is many orders of magni-
tude higher in the picosecond experiment,
and the millisecond experiments were
performed at cryogenic temperatures to
increase signal to noise. Since the time
scale for the two experiments differs by

several orders of magnitude and the low-
temperature experiment substantially
minimizes thermal effects on recombina-
tion, more experiments are needed to con-
clusively resolve the role of ZnO in hybrid
solar cells.

Summary
In summary, the interaction of the poly-

mer with the substrate can substantially
change the morphology at the interface.
The structural changes in the interfacial
polymer layer at the donor-acceptor inter-
face are not evident when examining the
bulk properties (e.g., UV-vis absorption or
x-ray diffraction) of the thick layers
employed in the solar cells. These changes
manifest when measuring the action
 spectra of photoresponses (e.g., external
quantum efficiency30 or time-resolved
microwave conductivity65) or using thin
polymer films to model the interfacial
layer. This is because the photoresponse is
primarily generated near the heterojunc-
tion interface due to the short exciton or
electron diffusion length in P3HT.

Due to the strong interaction between
ZnO and the thiophene groups in P3HT, an
amorphous interfacial polymer layer was
formed that exhibits reduced exciton and
polaron lifetimes. However, this polymer-
substrate interaction can be mitigated
using a self-assembled monolayer, conse-
quently restoring the ordering of P3HT.
Experimental results show that the order-
ing of P3HT at the donor-acceptor interface
is critical in determining the recombination
of photoexcited states. Better ordering
leads to longer lifetimes and enhanced
photocurrent and device efficiency.
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