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ABSTRACT: Fullerene and acenequinone compounds have been examined as electron
mediators between a p-type semiconductive polymer and two n-type oxide
semiconductors. Composite interlayer materials and photovoltaic test cells were
assembled and studied for their fluorescence quenching, current−voltage, and quantum
efficiency behavior to characterize the efficacy of the acceptor-sensitizers as electron-
selective interlayers. The sensitizers are generally more effective with titanium dioxide
than with zinc oxide, due to the difference in magnitude of dipole-induced vacuum level
shifts at the respective oxide interfaces. In titanium dioxide-based solar cells, where dipole effects are weak, photovoltage and fill
factor increase in a trend that matches the increase in the first reduction potential of the acceptor-sensitizers. Photosensitization
of the oxide semiconductor by the acceptor-sensitizers is observed to operate either in parallel with the polymer as an alternate
photosensitizer or in series with the polymer in a two-photon process, according to an acceptor-sensitizer’s first reduction
potential. In zinc oxide-based solar cells, where dipole effects are stronger, the acceptor-sensitizers impaired most devices, which
is attributed to an upward shift of the oxide’s conduction band edge caused by dipole-induced vacuum level shifts. These results
have broad implications for designing electron-selective interlayers and solid-state photocells using sensitized oxide
semiconductors.
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■ INTRODUCTION
Hybrid inverted solar cells that employ metal oxide semi-
conductors such as titanium dioxide (TiO2) and zinc oxide
(ZnO) with organic semiconductive polymers have been
investigated for several years now as an alternative to all-
organic bulk heterojunction composites (Figure 1).1−9 The
oxide semiconductors serve the role of the n-type semi-
conductor component paired with p-type semiconductive
polymers such as poly(3-hexylthiophene) (P3HT) and various
poly(phenylenevinylene) and polyfluorene derivatives. The
appeal of substituting the oxide semiconductor for an organic
acceptor is in the ease and/or reliability of nanostructuring the
donor−acceptor interface, as well as in the superior
conductivity of the oxide semiconductor relative to an organic
semiconductor. Despite these advantages, hybrid inverted solar
cells have yet to equal, let alone surpass, the performance of all-
organic bulk heterojuction devices. The shortcoming of these
hybrid composites is the inferior efficiency of interfacial
electron transport at the donor−acceptor interface when the
acceptor is an oxide semiconductor. Electron transfer at the
P3HT-TiO2 interface, for example, has been separately
examined by photoluminescence quenching and time-resolved
microwave conductivity (TRMC)10,11 and found to be poorly
efficient. In P3HT-Zn1−xMgxO composites, TRMC analysis has
shown that most photogenerated charge carriers form within
the P3HT bulk rather than at the interface, and must transfer as

free carriers into the oxide acceptor.12 The yield of free
photogenerated charge carriers within P3HT and other p-type
semiconductive polymers upon illumination is not high, so
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Figure 1. Electron transport events in polymer-oxide excitonic solar
cells.
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fullerene acceptors including C60 and [60]PCBM are
commonly blended into the polymer component to increase
the photocurrent yield, creating a donor−acceptor−acceptor
electron cascade with at least three possible electron transfer
interfaces: polymer−oxide, polymer−fullerene, and fullerene−
oxide.6,13−17

More recent studies have substituted or complemented the
bulk fullerene acceptor by placing fullerenes directly at the
polymer−oxide interface.18−23 Other interfacial modifiers,
including ruthenium−polypyridyl, zinc porphyrin, and other
dyes,18,24−28 as well as other aromatic and aliphatic molecular
species, have been explored to varying degrees of electron
transfer enhancement.20,25,26,29 None of these interfacial
modifiers match the photocurrent boost from blending
fullerenes into the polymer bulk, and not all are intended to
create an electron cascade. Other factors cited for the benefits
of molecular interfacial modifiers are: (1) providing a low-
dielectric interface environment that improves the wettability of
the oxide component by the polymer24,26 or alters the polymer
chain packing near the oxide surface,29 (2) lowering the
conduction band edge by interface dipoles of carboxylate
binding groups and/or the overall molecular dipole of the
molecular modifier,30−32 (3) photosensitizing the oxide with
the molecular monolayer and thermally transferring holes into
the polymer,27,28 and (4) inhibiting back electron transfer
(recombination) from the oxide conduction band to the
polymer.24,26

We have investigated the importance of an electron transport
cascade at interfacially modified P3HT-oxide semiconductor
junctions by examining a set of acceptor-sensitizers (Chart1)

having increasingly negative first reduction potentials at
interfaces of P3HT with ZnO and TiO2 nanorod films. For
interfaces of pristine polymer with oxide semiconductors, we
propose that an increase in reduction potential of the
intermediate acceptor-sensitizer should provide greater over-
potential for electron transfer into the oxide (Figure 2),
possibly boosting photovoltaic performance. As a tunneling
barrier against recombination at the oxide interface, such
sensitizers can in principle be helpful even for devices using a
P3HT/PCBM blend, wherein the electron cascade is not
expected. These electron cascade effects should be observable
when dipole-induced vacuum level shifts are minimal, but will
be muted when dipole effects are stronger.
We found that the use of these interfacial monolayers is

helpful with TiO2, regardless of whether PCBM is included or
omitted in a given device. In contrast, when P3HT/PCBM
blends were used with ZnO, the acceptor-sensitizers severely
reduced the photocurrent and photovoltage, although some
devices without PCBM were enhanced by sensitization.

Photosensitization by some of the acceptor-sensitizers was
apparent at P3HT-TiO2 interfaces, despite insufficient ener-
getics for electron transfer from neutral photoexcited acceptor
molecules to the oxide. We propose that this photocurrent
generation could arise from hole transfer from photoexcited
acceptors to P3HT, leading to dark (thermal) electron injection
into the oxide semiconductors by the resulting radical anion
acceptor-sensitizers.

■ RESULTS AND DISCUSSION
Selection of the Acceptor-Sensitizers. We chose the

easily prepared C60-M (Figure 2) as the benchmark acceptor-
sensitizer because various monoadduct fullerenes have already
been reported to enhance charge transfer at interfaces between
P3HT and either ZnO or TiO2.

18−21 Additional molecular
acceptor compounds include an e,e,e-trisadduct fullerene (C60-
T), and a naphthacenequinone (NcQ). The equatorial
placement of malonic acids on the trisadduct C60-T was
chosen to enable a most-stable tridentate binding configuration
at the oxide surface. Table 1 shows the redox potentials, in
descending order, for the neutral excited and/or radical anion

Chart 1. Acceptor-Sensitizers Investigated in This Studya

aC60-M = monoadduct [60]fullerene. C60-T = trisadduct [60]-
fullerene. NcQ = naphthacenequinone.

Figure 2. Qualitative view of energetic considerations of electron
transport at polymer-sensitizer-oxide interfaces. Solid lines indicate
photoinduced electron transport. Dotted lines indicate dark (thermal)
electron transport. CS = charge separation. CR = charge
recombination. CB = conduction band. VB = valence band. SC =
semiconductor.

Table 1. Redox Potentials of Organic Semiconductors and
Conduction Band Edges of ZnO and TiO2

a

substance ESOP(*/+) RP(−)/CBE ref

P3HT (dry) −1.95b 36
P3HT −1.10 37,38
NcQ S−1.08/T−0.57c −1.13d,e 39

C60-T S−0.44/T−0.17 −0.86e 40

PCBM S−0.29/T−0.01 −0.67d 41,42

PCBM (dry) S−0.61/T−0.4b −0.9f/−0.4g 36,42−44
C60-M S−0.2/T0.1 −0.64e 40,42,45

ZnO (dry) −0.60g 6
TiO2 (dry) −0.5g/−0.25g 32,46

aAll potentials determined for solvated species vs. SCE or converted to
SCE from other electrodes47 or vacuum level,48 where indicated.
ESOP = excited state oxidation potential. RP = reduction potential.
CBE = Conduction Band Edge. SSinglet excited state. TTriplet excited
state. bOriginally reported vs vacuum (UPS). cReported for 5,12-
naphthacenequinone. dOriginally reported vs ferrocene couple.
eMeasured from ester derivative. fOriginally reported vs vacuum
(IPES). gOriginally reported vs vacuum (Kelvin probe).
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states for P3HT and all the acceptor species examined in this
study, along with the band edge potentials for ZnO and TiO2 as
measured in air. The excited state oxidation potential (ESOP)
is determined via the ground state oxidation potential (Eox) and
the excited state energy (E0−0) by eq 1:

= − −E EESOP ox 0 0 (1)

An important caveat for the table is that the Kelvin probe data
are reported for anatase TiO2, whereas the TiO2 nanorods we
employ in this study are rutile.33 Although the conduction band
edge of rutile TiO2 is reported to be 200 mV positive of the
band edge of anatase TiO2 in the presence of electrolyte,34 no
corresponding offset has been reported in dry conditions. We
could find no literature report for a Kelvin probe measurement
of undoped rutile TiO2 at the time of preparing this
manuscript, however we note that a reported measurement is
available for rutile TiO2 doped with 0.05 wt % Nb, placing the
band edge at 4.2 eV below vacuum for the [110] crystal face,35

which is the operative surface of the TiO2 nanorods as grown
for this study.33

Voltammetrically-determined redox potentials for dissolved
polymeric and molecular semiconductors are commonly
converted to the vacuum scale and assumed to be relevant to
the solventless environment of solid-state material composites
such as bulk heterojunctions and hybrid excitonic solar cells.
Unfortunately, reported redox measurements for dry photo-
electroactive compounds by methods such as Kelvin probe
contact potential, ultraviolet photoelectron spectroscopy
(UPS), and inverse photoemission spectroscopy (IPES) do
not consistently agree with one another or with values obtained
by liquid phase voltammetry. For example, Kelvin probe
measurement of the energy level for PCBM radical anion (−0.4
V vs SCE) places the species at lower energy than gauged by
cyclic voltammetry in solution (−0.67 V vs SCE), which is
lower still than that determined from IPES (−0.9 V vs SCE).
There is a need for a clearer understanding of whether and how
the redox potentials of polymeric and molecular semi-

conductors may shift from a solvated to solventless environ-
ment. For this study, we have relied on the assumption that the
acceptor-sensitizers must be all affected in a uniform manner,
such that the hierarchy of first reduction potentials of these
compounds in solution will be maintained in solid-state films.

Synthesis of the Acceptor-Sensitizers. Preparation of
the C3-symmetric C60-T was adapted from a reported
synthesis of such equatorial (e,e,e)-trisadduct fullerenes by
Hirsch and co-workers (Scheme 1).49 Compound NcQ has
been previously reported starting from 1,4-anthraquinone,50 but
that synthesis requires a laborious preparation of the unstable
precursor 2-hydroxymethyl-1,3-butadiene.51 We devised a
shorter, easier route through the fusion of methylnaphthoqui-
none and α,α,α′,α′-tetrabromoxylene. The resulting methyl-
naphthoquinone 5 is oxidized to the corresponding carboxylic
acid NcQ without damaging the quinoidal keto groups by the
use of Na2Cr2O7 under forcing conditions.52

Growth of Nanostructured Oxide Materials. We
prepared ZnO nanorod films following the seeding method
by Ohyama and co-workers,53 and using a modification of the
growth conditions reported by Hodes and co-workers.54

Nanorods of ∼50 nm diameter were grown to 300 nm height
(see Figure S1 in the Supporting Information). This height is
sufficient to achieve near-opacity in the region of the visible
spectrum where the polymer absorbs (400−600 nm), and
thickness is otherwise minimized to compensate for the weak
charge carrier mobility in the polymer. P3HT films that are
thicker than ∼300 nm experience greater series resistance due
to the conductivity of charge carriers being inferior in organic
semiconductors compared to inorganic semiconductors. TiO2
(rutile) nanorods were grown using the hydrothermal method
reported by Liu and Aydil (see Figure S2 in the Supporting
Information).33 We observed a ∼90 min induction period for
nanorod growth, after which the growth is rapid. Achieving
short nanorod films of reproducible height requires careful
timing. Because these TiO2 nanorods are thicker (∼100 nm
diameter), their surface area enhancement relative to a planar

Scheme 1. Synthesis of C60-T from Commercially Available Starting Materials

Scheme 2. Synthesis of NcQ from Commercially Available Starting Materials
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surface is minimal. Taller nanorod films give better surface area
for the electron transfer interface, but incur the series resistance
of the poorly conductive polymer. A film height of ∼750 nm
was found to give the best current−voltage behavior for
unsensitized TiO2. Shorter films (200 nm) exhibited much
lower photovoltages. Further work in this direction is in
progress to control the growth at short film heights and narrow
the nanorod diameter, but was not crucial to this study.
Assembly of Hybrid Inverted Organic Solar Cells.

Durrant and co-workers showed that short-circuiting of hybrid
inverted OPVs could be prevented by blocking the electron
recombination at the interface where P3HT meets the
conductive oxide substrate.5 We prepared TiO2 underlayer
films by thermal evaporation of titanium metal to 100 Å
thickness, followed by annealing of the Ti film to 450 °C under
ambient atmosphere. Upon annealing, the translucent gray Ti
film becomes a clear, colorless TiO2 film of ∼10 nm thickness
as measured by profilometry. This electron-selective interface
has only a mild effect on the resulting solar cell output,
exhibiting a slight increase in photovoltage (see Figure S3 in the
Supporting Information), but its consistent use prevents the
assembly of short-circuited devices, whereas without the TiO2
underlayer we found that a high percentage of devices were
shorted. The TiO2 underlayer also provides a convenient
seeding for the growth of rutile nanorods. Further details on the
device assembly are available in the Supporting Information.
Fluorescence Quenching and Current−voltage Be-

havior in Sensitized P3HT-TiO2 Devices. Steady-state
fluorescence quenching studies (Figure 3) show that P3HT

fluorescence increases when embedded within TiO2 nanorods,
most likely due to the loss of polymer chain crystallization. This
indicates that fluorescence quenching due to photoinduced
electron transport at the P3HT-TiO2 interface is weak. Another
possible explanation is that a significant amount of P3HT is
farther than the exciton diffusion length (∼10−20 nm) from
the TiO2 surface. SEM images of the TiO2 nanorods film (see
Figure S2 in the Supporting Information) indicate that the
average spacing between nanorods is quite narrow (<50 nm),
so we attribute the lack of fluorescence quenching to a poor
quantum yield of electron transfer at the polymer-oxide
interface. Some quenching is observed between P3HT and
acceptor-sensitizer monolayers as the first reduction potential
of the sensitizer trends more positive, reflecting an increasing
driving force for electron transfer. Subtle differences in the
shape of the luminescence peaks may indicate conformational
differences in the polymer chain packing induced by the change
in wettability at sensitized oxide surfaces relative to bare TiO2.

Dramatic evidence for altered electron transport behavior is
shown in the current−voltage and quantum efficiency behavior
of test devices having P3HT-Acceptor-TiO2 interfaces. Figure 4

shows that a reduction in dark current for sensitized TiO2-
based devices compared to bare TiO2, which is usually a good
sign that photovoltaic performance will be improved. The
acceptor-sensitized cells do show improved photocurrent,
photovoltage and fill factor. Photovoltage and fill factor
improvements correlate to the rise in the reduction potentials
of the acceptor-sensitizers. Table 2 details the photovoltaic
performance of these and other cells tested in this study.

Photoinduced electron transfer across P3HT-Acceptor-TiO2
interfaces is more efficient than at the binary P3HT-bare TiO2
interface. The trend in the inhibition of dark current matches
the photovoltage improvement, suggesting that the acceptor-
sensitizer monolayer is behaving as an electron-selective
contact, presumably as a tunneling barrier to electron transport
from the TiO2 conduction band electrons to P3HT. When the
reduction potential of the acceptor-sensitizer is well above the
conduction band edge (CBE) of the TiO2, the density of states
in the sensitizer monolayer at the energy level of the TiO2 CBE

Figure 3. Fluorescence of P3HT as neat film, and on bare and
sensitized TiO2 nanorods.

Figure 4. Current−voltage behavior of P3HT-acceptor-TiO2 devices
under 1 sun illumination (upper) and in the dark (lower).

Table 2. Photocurrent, Photovoltage, Fill Factor, And
Efficiency of Devices Prepared in This Studya

TiO2 surface JSC (mA/cm2) VOC (mV) FF PCE (%)

bare-TiO2 1.34 216 0.36 0.11
C60-M-TiO2 1.56 241 0.36 0.13
C60-T-TiO2 1.92 280 0.37 0.20
NcQ-TiO2 1.72 609 0.56 0.59

aJSC = short circuit current density; mA/cm2 = milliamps per square
centimeter; VOC = open circuit voltage; mV = millivolts; FF = fill
factor; PCE = power conversion efficiency.
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may be too low to support tunneling of the oxide-to-P3HT
electron transport.
Surface Dipole Effects in Solid-State Sensitized Oxide

Materials and Devices. Another factor in interpreting the
data in Figure 4 is that surface dipoles may alter the effective
local vacuum levels of the P3HT and TiO2 domains. The dipole
effect has been observed and described in dye-sensitized solar
cells having liquid electrolyte or solid-state hole conductor as
well as for polymer−oxide composites.25,30,55,56 When an
intervening monolayer of molecules can direct a net dipole at
the interface, the side at the negative end of the dipole
experiences a higher local vacuum level relative to the side at
the positive end of the dipole (Figure 5). Local dipoles at

carboxylate binding groups will push negative toward the oxide,
whereas overall molecular dipoles will vary from one sensitizer
to another. The P3HT-acceptor interface may also generate a
charge-transfer dipole which would point the negative end
toward the oxide surface.57 The strength of such a dipole would
relate to the degree of charge transfer at the interface. When a
dipole is positive toward the oxide semiconductor, the vacuum
level at the oxide is lowered relative to the polymer phase, with
the result that photocurrent increases but photovoltage suffers
(Figure 5, left). When a dipole is negative toward the oxide, the
vacuum level at the oxide is raised, and photocurrent suffers but
photovoltage is boosted (Figure 5, right). The enhancement of
one trait (current or voltage) comes at the cost of the other.
Dark current trends are also consistent for this paradigm, giving
reduced dark current when the oxide semiconductor’s vacuum
level is raised, and increased dark current when the oxide’s
vacuum level is lowered. The monolayer is only slightly affected
by the shift,55 and the unbound organic phase remains
unmodified from its original vacuum level.25 The magnitude
of the vacuum level shift can be determined according to eq 2:

μ θ
ε ε

Δ =V
N coss

r 0 (2)

In eq 2, ΔV is the magnitude of the vacuum level shift, μ is the
surface dipole moment, Ns is the density of dipoles in the
surface monolayer, cos θ is the angle of the dipoles from the
surface normal, εr is the dielectric constant of the medium, and
ε0 is the permittivity of free space. The inverse relation between
the local dielectric constant εr and the magnitude of the vacuum

level shift means that high dielectric oxides like rutile TiO2 (εr =
86)58 will have much weaker dipole-induced shifts compared to
low dielectric oxides like ZnO (εr = 8).59

DFT calculations for our 3 sensitizers indicate that both
fullerenes display dipoles that align roughly parallel to the
monolayer (i.e., not directly toward either side of the interface),
whereas the NcQ sensitizer has a dipole that points the
negative end toward the P3HT (see Figure S11 in the
Supporting Information). The effects seen for the acceptor-
sensitizers in Figure 4 show increased photocurrent and
photovoltage, and decreased dark current. These traits do not
fit to a dipole effect for a dipole pointing at either side of the
interface. We therefore conclude that dipoles are not the
dominating effect in the current−voltage behavior of acceptor-
sensitized TiO2 interfaces. The trend of rising first reduction
potentials for these sensitizers does fit the pattern of improved
photovoltage and fill factor and reduced dark current. The
photocurrent enhancement for NcQ is less than that for C60-
T, which may be attributed to weaker driving force for electron
transfer at the P3HT-NcQ interface, as judged by the lack of
fluorescence quenching for the P3HT-NcQ-TiO2 device
(Figure 3).

Photosensitization by the Acceptor-Sensitizers. The
external efficiency of a solar cell, also known as the IPCE
(Incident Photons Converted to Electrons), expresses the
efficiency of converting the photon flux into photocurrent at
each wavelength according to eq 3:

λ
=

J

P
IPCE(%)

1240 sc

in (3)

JSC and Pin represent the photocurrent and the power intensity
of the incident light, respectively, at a given wavelength λ.
Subtle differences in the ratio of P3HT photosensitization at
500 vs 600 nm in the IPCE spectrum for the P3HT-NcQ-TiO2
and P3HT-bare TiO2 test cells (Figure 6, top) indicate some
conformational difference in the polymer at the bare vs. coated
TiO2 surfaces, in agreement with the fluorescence spectra. For

Figure 5. Vacuum level shifts caused by surface dipoles.

Figure 6. Top: IPCE spectrum of the P3HT-NcQ-TiO2 cell (solid
green) overlaid with the P3HT-TiO2 cell (dotted black); Bottom:
Solution-phase UV−vis absorption spectrum for NcQ (EtOH).
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the NcQ-sensitized cell, the peak at ∼400 nm indicates
photocurrent contribution from light absorption by NcQ.
Among the acceptor-sensitizers, only the naphthacenequinone
(NcQ) should have sufficient driving force to donate from
either of its neutral excited states (see Table 1; n.b., S1-T1

crossover: k ≈ 1 × 1011 s−1).60 Whether the photosensitization
by NcQ is by donor-quenching (injection by neutral NcQ* into
TiO2) or by acceptor-quenching (hole transfer from NcQ* to
P3HT, followed with electron injection by NcQ− into TiO2) is
an important question that can only be definitively answered by
transient spectroscopic analysis. Photoexcited naphthacenequi-
none exhibits rapid acceptor-quenching in the presence of
suitable donors.39,61 Voltammetric oxidation of naphthacene-
quinone (1.8 V vs SCE) is reported to be irreversible,62 so a
photochemical pathway relying on the formation of NcQ− is
more likely to lead to a steady-state photocurrent compared to
a mechanism relying on the formation of NcQ+.
Visible light absorption features of both C60-M and C60-T

show broad absorption near 500 nm and strong absorption near
400 nm (see Figure S6 in the Supporting Information). The
IPCE spectrum for the P3HT-C60-T-TiO2 cell has a shoulder
near 600 nm that matches with the P3HT-only device (Figure
7, upper), but has heightened photocurrent around 400 nm.

The IPCE spectrum for the P3HT-C60-M-TiO2 cell has a
significant peak around 400 nm, and only weak shoulder peaks
near 500 and 600 nm that indicate photosensitization by P3HT
(Figure 7, lower). Whereas the C60-T-device can be
interpreted as an overlay of photosensitization by the polymer
and acceptor, the IPCE pattern of the C60-M device is
surprising because the spectrum is dominated by absorption
from the acceptor, with substantial loss of photosensitization by
P3HT. Although the IPCE trace does not precisely match the
UV−vis absorption, we have seen a very similar IPCE spectrum
for photosensitization by C60-M in NiO-based dye-sensitized
solar cells.63 The significant fluorescence quenching in this
TiO2-based device and enhanced photocurrent relative to the
bare-TiO2 control device suggest that no deficit of charge

generation is occurring, but that perhaps the C60-M is an
inefficient electron mediator due to its lower-lying first
reduction potential. We do not know whether the inadequate
driving force for charge injection by C60-M− is because the
TiO2 CBE has raised slightly due to a dipole-induced vacuum
level shift or because the first reduction potential of C60-M in
the solventless environment is significantly lower than in
solution, or if both factors are operative at this interface.

Effects of the Sensitizers in P3HT/PCBM-TiO2 Devices.
Loss of P3HT-photosensitization is also experienced in the
C60-M sensitized device using a blend of P3HT/PCBM
(Figure 8, upper) along with reduced photocurrent and

increased dark current compared to the control cell with bare
TiO2 (Figure 8, middle and lower). The scale of quantum
efficiency is boosted between the two C60-M-sensitized devices
with/without the PCBM component. Charges generated in the
P3HT/PCBM blend must be contributing to photocurrent, but
their passage is gated by photosensitization of the C60-M
monolayer, acting as an electron trap between the P3HT/
PCBM blend and the TiO2. This is Z-scheme photo-
sensitization. Just as a kinetic analysis of a multistep catalytic

Figure 7. IPCE spectra for P3HT-C60-T-TiO2 cell (top) and P3HT-
C60-M-TiO2 cell (bottom). In each spectrum, the dotted trace shows
the IPCE for the P3HT-bare TiO2 cell.

Figure 8. Top: IPCE spectra for [P3HT/PCBM]--Acceptor--TiO2
devices. Middle and bottom: Current−voltage behavior in [P3HT/
PCBM]--Acceptor--TiO2 devices under 1 sun illumination and in dark,
respectively.
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cycle would reveal only the slowest process, the quantum
efficiency of such a Z-scheme photosensitization will be
dominated by the least efficient step. Extending the IPCE
analysis into the near-infrared (1200 nm) did not reveal the
well-known absorbance peak of the fullerene radical anion at
∼1050 nm, but this is due to the dilute illumination of 1 sun
intensity: Methods that generate spectroscopically observable
fullerene radical anions require either the intense light of a laser
pulse (pump−probe spectroscopy) or the voltammetric
reduction of a fullerene sample (spectroelectrochemistry).
Energy transfer from long-lived fullerene triplet-excited states
(100 μs)42 in the monolayer could provide the second
photosensitization to radical anion fullerenes within the
monolayer, thereby enabling injection into the TiO2.
Effects of the Sensitizers on Electron Transport in

ZnO Devices. Electron transport mediation by acceptor-
sensitizers on ZnO follows a different pattern from that on
TiO2. Two factors responsible for the difference in electron
transport behavior at ZnO are the increased role of surface
dipole effects at nonpolar ZnO, and a lesser degree of surface
coverage by some sensitizers at ZnO. Surface coverage of the
ZnO is likely to be incomplete because the sensitization time
for coating the ZnO surface must be kept short to avoid etching
that occurs at longer soaking times.64,65 ZnO nanorod films
were soaked for just 20 min in baths of the acceptor-sensitizers,
compared with overnight soaking for the TiO2 nanorods.
Photoluminescence quenching behavior and dark current of
ZnO-based devices were similar to that observed for TiO2
devices (see Figures S7 and S8 in the Supporting Information),
but that is where the similarity between the TiO2-based and
ZnO-based devices ends. For P3HT-only cells, the C60-T
sensitizer, which is likely to achieve the highest surface coverage
due to tridentate binding, exhibits severely reduced photo-
current (Figure 9, upper). The IPCE of the P3HT-C60-T-ZnO
cell shows photosensitization only from the C60-T monolayer.
This resembles the Z-scheme photosensitization seen for the
C60-M-TiO2 cells (vide infra), suggesting that the ZnO CBE
has been raised above the reduction potential of C60-T. This is
not the first instance of a sensitizer impairing a solid state ZnO
device. An earlier report of similar behavior was made by
Ackerman and co-workers, who observed photocurrent decline
in P3HT-ZnO solar cells wherein the ZnO surface was
sensitized with a zinc porphyrin.27 Careful control over the
degree of surface coverage by the sensitizer resulted in the
progressive domination of the IPCE behavior by the sensitizer
even as the overall quantum efficiency deteriorated along with
photocurrent as the sensitizer surface concentration increased.
We note also that few solid state ZnO-based dye solar cells have
been reported up to the present time and are generally inferior
to those based on TiO2.

66 Among the more successful
examples, the deposition of a high dielectric coating over the
ZnO nanorods has particularly enhanced such devices. This
effect has been assumed to be in forming a tunneling barrier to
recombination at the dye−ZnO interface, but we propose that
it may also be helping by muting surface dipole-induced
vacuum level shifts.
C60-M and NcQ show good photocurrent−voltage behavior

relative to the control cell with bare ZnO. These sensitizers are
likely only partially covering the ZnO, so the extent of dipole-
induced vacuum level shift at ZnO should be weaker for these
devices given the lower density of dipoles at the surface (eq 2).
The result is that P3HT can still inject electrons (at bare areas
of the ZnO) even if the acceptor-sensitizers cannot. It is

noteworthy that the IPCE spectra for P3HT-C60-M-ZnO and
P3HT-NcQ-ZnO devices show no photosensitization by the
acceptor-sensitizers. Photovoltage improvements for these cells
are consistent with a raised CBE for ZnO, despite none of the
molecular dipoles for the sensitizers having their negative end
toward the oxide. It would seem that the local dipoles of the
carboxylate groups and/or the charge-transfer dipoles of the
P3HT-acceptor interfaces are determining the vacuum level
shift. A concomitant loss of photocurrent should accompany
the upward shift of CBE, but may be offset by improved
wettability of the ZnO surface. Differences in P3HT photo-
sensitization patterns in the IPCE spectra (Figure 9, middle)
attest to conformational differences for P3HT in the presence
of the acceptor-sensitizer monolayers.
Even partial coverage appears to be a barrier to the P3HT/

PCBM blend (Figure 10), as cells with P3HT/PCBM-ZnO
composition showed greatly impaired photocurrent for all
acceptor-sensitizers. This outcome is a surprising contrast to
results reported by other researchers using fullerene mono-
layers in polymer-ZnO solar cells.21,23 We interpret the

Figure 9. Top: Current−voltage behavior in P3HT-Acceptor-ZnO
devices under 1 sun illumination. Middle: IPCE for P3HT-Acceptor-
ZnO devices. Bottom: IPCE for P3HT-C60-T-ZnO device.
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current−voltage behavior in these cells to indicate that the ZnO
CBE is elevated above the reduction potential for PCBM,
thereby shutting down electron transfer at the organic−
inorganic semiconductor interface. The residual photocurrent
shown for each of these devices is quite similar. We suspect that
this residual photocurrent arises from interfacial electron
transfer at exposed areas of the TiO2 underlayer employed as
a short-circuit barrier in these devices (vide infra). Finally, we
note that P3HT-bare ZnO composites gave the highest
photocurrent of all devices − this is due to the higher surface
area of the P3HT-ZnO interface because the ZnO films have
thin, densely packed, well-separated nanorods whereas our
TiO2 nanorods are densely packed but of larger diameter and
are partially fused (see Figures S1 and S2 in the Supporting
Information). We anticipate that TiO2 nanorod films with
improved morphology and higher surface area will give superior
photocurrent, and we are currently exploring methods to
produce such films.

■ CONCLUSIONS
We have determined that acceptor-sensitizers on rutile TiO2
can provide acceptor-photosensitized charge separation and can
act as a recombination barrier between a remote donor
component (P3HT) and the TiO2 conduction band. Although
weak vacuum level shifts may be occurring in TiO2-base
devices, such shifts do not appear to significantly affect
photovoltaic behavior. The first-reduction potential of the
acceptor-sensitizers determines the extent of donor-quenching
and the success for electron mediation of transferred electrons
arising from donor-sensitization. The photoluminescence
quenching of the polymer and apparent trapping of electrons
in a monolayer of one sensitizer (C60-M) suggest that thermal
electron injection by radical anions is an important pathway for
charge generation from photoexcited P3HT.
In contrast, ZnO appears to be a less reliable oxide

semiconductor for these purposes because of its greater
susceptibility to dipole-induced vacuum level shifts. These
suggest that the choice of oxide semiconductor for polymer-
oxide solar cells and solid state dye-sensitized solar cells must
be made with consideration for the sensitivity of less polar
semiconductors to interface dipoles of the sensitizing
monolayer. In this regard, polar oxides such as rutile TiO2 (ε
= 86),58 anatase TiO2 (ε = 50),67 strontium titanate SrTiO3 (ε
= 300)68, and niobium oxide Nb2O5 (ε = 41)69 will be more
resistant to vacuum level shifts compared to SnO2 (ε = 14)70

and ZnO (ε = 8).59 This insight is valuable both for those

researchers who may wish to avoid dipole-induced vacuum level
shifts and for those who may wish to exploit them.
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