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We investigated the photovoltaic response of nanocomposites made of colloidal,
infrared-sensitive, PbSe nanocrystals (NCs) of various sizes and conjugated polymers
of either regioregular poly (3-hexylthiophene) (RR-P3HT) or poly-
(2-methoxy-5-(2-ethylhexoxy)-1,4-phenylene vinylene) (MEH-PPV). The conduction
and valence energy levels of PbSe NCs were determined by cyclic voltammetry and
revealed type II heterojunction alignment with respect to energy levels in RR-P3HT for
smaller NC sizes. Devices composed of NCs and RR-P3HT show good diode
characteristics and sizable photovoltaic response in a spectral range from the ultraviolet
to the infrared. Using these materials, we have observed photovoltaic response at
wavelengths as far to the infrared as 2 �m (0.6 eV), which is desirable due to potential
benefits of carrier multiplication (or multi-exciton generation) from a single junction
photovoltaic. Under reverse bias, the devices also exhibit good photodiode responses
over the same spectral region.

I. INTRODUCTION

Semiconductor nanocrystals (NCs) have several prop-
erties that make them attractive for use as the photoactive
material in solar cells. First, the material band gap can be
tuned over a large energy range simply via synthetic
control over the NC-size.1 NCs that have an absorption
onset in the near- to mid-infrared (IR) will also strongly
absorb solar photons of higher energy. Furthermore, it
has been found that NCs efficiently generate multiple
excitons upon absorption of single photons of sufficient
energy via carrier multiplication.2,3 Using this process
one can appreciably increase the photovoltaic power con-
version efficiency above the Shockley–Queisser apparent

thermodynamic limit.4,5 Solution-processable materials
such as semiconductor NCs combined with conjugated
polymers can promote efficient charge transfer and make
possible the production of low-cost, high-efficiency solar
cells.

NCs mixed with conducting polymers have been ac-
tively studied following the work of Greenham, Alivisa-
tos, and co-workers.6–8 Progress in this direction has
been made via study of the NC-polymer composite mor-
phology9 by using polymers that are functionalized to
attach to NC surfaces10 and by improvement of electron
transport via incorporation of branched or elongated
nanoparticles.8,11 Further improvements in solar cell per-
formance can be obtained from more effective collection
of photons from the low-energy portion of the solar spec-
trum, which can be accomplished by utilizing narrow gap
materials with an absorption onset in the IR. Additional
improvements can be obtained through more effective
utilization of the ultraviolet (UV) light via effects such as
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multiple exciton generation.2,3,12,13 The latter also re-
quires the use of IR materials because the effect of multi-
exciton generation causes the optimal power conversion
efficiency of a single junction photovoltaic to shift to
band gap of ∼0.35–0.45 eV5 (depending upon the posi-
tion of the carrier multiplication threshold with regard to
the semiconductor energy gap) in contrast to ∼1.1 eV in
the absence of this effect.4

The development of high-quality IR-absorbing
NCs14–17 promises to expand the spectral responsivity of
photovoltaic cells to the IR region of the solar spectrum,
which is inaccessible with existing organic materials.
Unique challenges are faced in such work, however, be-
cause type II heterojunction alignment (i.e., “staggered”
configuration of band-edge energies, see Fig. 1) of the
material energy levels becomes difficult for small NC
band gaps, i.e., for large NC sizes. Here we demonstrate
photovoltaic performance in PbSe NC-conjugated poly-
mer composites for photon energies as low as 0.6 eV
(2 �m).

Near-infrared photovoltaic and photodiode perfor-
mance have been demonstrated in devices consisting of
PbS NCs and conducting polymers18–21 (as well as
TiO2).22 In our earlier work, we demonstrated photovol-
taic performance from nanocomposites of regioregular
poly-(3-hexylthiophene) (RR-P3HT) and PbSe NCs,23

which was the first report about photovoltaic effect under
solar AM1.5 illumination with intensity 100 mW/cm2 in
such a system. Recently, similar results were presented in
Ref. 24, which describes a device structure made of only
one size of (6 nm) PbSe NCs. The reported device
showed the following performance: the open circuit volt-

age Voc � 0.37 V, the short-circuit current density Jsc �
1.08 mA/cm2, the fill factor FF � 0.37, and a power
conversion efficiency of 0.14% under 1 sun illumination.
Photodiode response has previously been reported for
composites of PbSe NCs and MEH-PPV.25

In our present report, we perform a systematic com-
parative analysis of nanocomposites made of PbSe NCs
of several different sizes (4–10 nm diameter) and com-
bined with either poly (2-methoxy-5-(2-ethylhexoxy)-
1,4-phenylene vinylene) (MEH-PPV) or RR-P3HT as a
hole-conducting material. Specifically, we analyze the
photovoltaic performance of these structures in the con-
text of our results for energy-level alignment in PbSe
NC/polymer systems obtained through direct electro-
chemical measurements. PbSe NCs, which have a band
gap that is size-tunable from ∼0.3 to 1.5 eV,14,15 were
first studied using cyclic voltammetry (CV) to determine
the positions of the band edge conduction and valence
energy levels. NCs were then combined in solution with
either RR-P3HT or MEH-PPV. We find that thin-film
RR-P3HT/PbSe-NC nanocomposite cells show very
clear diode characteristics and sizable photovoltaic re-
sponse with an open circuit voltage of ∼0.3–0.4 V and
short circuit current density of ∼0.2 mA/cm2 in the best
device, under 100 mW/cm2 (AM1.5) solar illumination
conditions.

Photovoltaic performance at IR wavelengths indicates
that photoinduced charge transfer takes place between
the NC and polymer components. Photocurrent under
reverse bias is significantly enhanced in the IR (to Jph ∼
2 mA/cm2), which indicates that the RR-P3HT/PbSe NC
devices can also be used as IR photodetectors. Spectro-
scopic studies of photoresponse over a wide spectral
range are presented.

II. EXPERIMENTAL

The NCs used in this work were synthesized according
to literature methods14,15 and in some instances were
purchased from Evident Technologies (Troy, NY). NCs
were precipitated three times out of hexane by addition of
methanol to remove excess ligand as well as some
amount of surface bound ligand. A blend containing a 6:1
weight ratio of the NCs to polymer was dissolved in
chloroform and then spin-coated (∼100–130 nm thick
layer) onto indium-tin-oxide (ITO)-coated glass sub-
strates (<15 ohms/sq with ∼85% light transmission) that
had been UV-ozone cleaned and coated with poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT-
PSS) hole transporter [Fig. 1(a)]. Four devices were fab-
ricated on each substrate, each having an area of ∼0.09
cm2. A 100-nm-thick aluminum cathode was then depos-
ited under high vacuum. Current–voltage measurements
were performed with a Keithley 236 source-measure unit
(Cleveland, OH). A ThermoOriel 300 W solar simulator

FIG. 1. Energy-level positions of MEH-PPV, P3HT, and PbSe NCs of
different sizes measured by electrochemical cyclic voltammetry. The
dashed line shows the HOMO level of P3HT. Inset shows one example
of such cyclic voltammogram recorded at a sweep rate of 20 mV/s for
PbSe NCs with diameter of 8 nm.
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with AM1.5 filter and light intensity calibrated at 100
mW/cm2 was used as the light source for power conver-
sion efficiency measurements. Results of the latter meas-
urements were not corrected for spectral mismatch.

To construct devices capable of producing a photovol-
taic response, we first needed to determine the position of
the ionization potential Ip and electron affinity Ea of each
size PbSe NCs. Previous cyclic voltammetry (CV) stud-
ies of PbSe NCs were conducted in Refs. 26 and 30.
Specifically, Wehrenberg and Guyot-Sionnest26 have
shown that both electrons and holes can be injected into
PbSe NCs. In our CV studies, to quantify the positions of
electronic levels, we used thin films of PbSe NCs, which
were drop cast from hexane solution onto a 3-mm-
diameter platinum working electrode and dried in a
vacuum oven at 70 °C for 2 h before loading them into
the electrochemical cell. Glassy carbon was used as the
counter electrode, and the reference electrode was Ag/
AgNO3 (0.1 M AgNO3 in acetonitrile). All measure-
ments were carried out in a nitrogen-filled dry box to
minimize exposure to oxygen and water. Similar CVs
were obtained using a gold electrode. The energy levels
of PbSe NCs were estimated using normal hydrogen
electrode (NHE) potential and a reference ferrocene/
ferricinium (Fc/Fc+) redox couple.27

III. RESULTS AND DISCUSSION

Figure 1 shows the schematic energy levels of PbSe
NCs as well as the levels of MEH-PPV and RR-P3HT
(from Refs. 28 and 29). It can be seen that there is a large
energy offset between the conduction bands of the NC
and polymer components, and there is a much smaller
offset between the valence bands. Because the energy
levels of the NCs change with size, type II alignment
(and thus photovoltaic performance) is expected to be
present only for smaller NCs when combined with RR-
P3HT. This loss of type II alignment will limit the onset
of IR response that is possible with this combination of
materials. Furthermore, type II alignment is not expected
for any of the NC sizes in combination with MEH-PPV,
although size dispersion in the NC-component and varia-
tion in polymer conjugation length can possibly allow for
some photovoltaic response. From the relative positions
of the energy levels, better photovoltaic performance is
expected for nanocomposites made of PbSe NCs and
RR-P3HT in comparison to PbSe NCs with MEH-PPV.

Figure 2(b) shows the current–voltage characteristics
of a device [with the architecture shown in Fig. 2(a)]
made of RR-P3HT and 8-nm-diameter PbSe NCs. The
Voc for this device was 0.34 V, Jsc was 0.2 mA/cm2, and
the power conversion efficiency was 0.04% under
AM1.5, 100 mW/cm2, simulated solar illumination (the
efficiency increased to 0.14% under 10 mW/cm2 light
intensity). Figure 2(c) shows a comparison of device

FIG. 2. Comparison of ITO/PEDOT:PSS/Polymer:PbSe NCs/Al (1:6)
composites of PbSe NCs with either P3HT or MEH-PPV: (a) device
architecture and (b) current–voltage characteristics of a device made of
P3HT:PbSe NCs (Eg � 0.67 eV, 8 nm NC size), with open circuit
voltage Voc � 0.32 V, short circuit current density Jsc� 0.24 mA/cm2,
fill factor of 0.43, and a power conversion efficiency of 0.04%.
The inset shows a zoom-in of the region of interest for photovoltaic
performance. (c) Current–voltage characteristics in the dark (dashed
lines) and under AM1.5 illumination (solid lines) for devices made
with P3HT:PbSe NC (black) and MEH-PPV:PbSe NC (red), PbSe NC
size (Eg � 0.78 eV, 5 nm NC diameter) is the same for both de-
vices.
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performance for composites made of a fixed NC size
(5-nm-diameter, band gap 0.78 eV) and either RR-P3HT
(black) or MEH-PPV (red); the weight ratio of the NCs
to the polymer was 6:1. It can clearly be seen that the
device incorporating RR-P3HT shows significantly bet-
ter diode characteristics and a larger photoresponse than
a similar device made of NCs and MEH-PPV, which is
consistent with the energy level alignment shown in
Fig. 1.

To investigate the photoresponse originating only
from PbSe NCs, we illuminated the devices with a
100 mW, 830 nm continuous wave laser. Figure 3 shows
the dependence of (a) Jsc

norm and (b) Voc on NC band
gap. To account for differences in the amount of light
absorbed in different devices (due, for example, to dif-
ferences in their thickness), we normalize Jsc by the de-
vice absorbtivity and also introduce a correction factor,
which accounts for variations in device reflectivity. [Nor-
malized short circuit current density (Jsc

norm) was calcu-
lated by dividing the measured short circuit current den-
sity by the device absorbtivity (A). The latter quantity
was determined from the expression A � (I − T − R)/I,
where I, T, and R are the incident, transmitted, and re-
flected light intensities, respectively. The scattered por-
tion of incident light was not taken into account in the
calculation of A.] The data in panel (a) clearly show that
the photocurrent has an onset at Eg ∼ 0.6 eV (NC diam-
eter is 8 nm), which is consistent with the energy diagram
shown in Fig. 1. Upon absorption of an incident photon
by an NC, the photogenerated exciton dissociates into an
electron and hole at the polymer/NC interface. The elec-
tron remains in the NC and is transported to the Al elec-
trode via hopping from the NC to the NC.31 The hole is

transferred to the polymer and is delivered to the ITO
electrode through the percolated network of conjugated
polymer chains. Charge separation as described above
occurs only if the NC-polymer forms a type II hetero-
junction. According to data in Fig. 1, in the case of P3HT
type-II alignment is achieved for NC sizes smaller than
8 nm. Open-circuit-voltage data in Fig. 3(b) indicate that
Voc increases as the NC band gap is increased. The open-
circuit voltage is 0.15 V for Eg � 0.40 eV (NC mean
diameter is 10nm) and reaches a maximum of 0.49 V at
Eg � 0.81 eV (NC mean diameter is 5 nm).

Figure 4 shows the incident photon conversion to elec-
tron (IPCE) spectrum under photovoltaic conditions
(zero bias), as well as the absorption spectra of PbSe NCs
for three different NC diameters. All of the devices show
IR response due to exciton formation in the NC followed

FIG. 3. (a) Jsc
norm and (b) Voc dependence on PbSe NC band gap

measured for several devices made from the RR-P3HT/PbSe NC
blend. Excitation is from an 830-nm laser diode with a power of
100 mW. Open triangles and squares represent average values of
Jsc

norm and Voc, respectively. The dashed line is a guide for the eye.

FIG. 4. Comparison between IPCE (solid lines) of RR-P3HT/PbSe-
NC composite films and PbSe NC absorption spectra (dashed line) for
indicated PbSe NC diameters. The absorption spectrum of RR-P3HT
is also shown as a dotted line in (b).
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by charge separation with hole transfer to the polymer.
Photoresponse as far to the IR as 2 �m is observed. The
IPCE and NC absorption spectra roughly correlate with
each other over the entire spectral range studied. The
IPCE onset is situated approximately at the position of
the lowest-energy exciton absorption feature for all of the
samples in Fig. 4. Contribution from the polymer is
manifested as a step at ∼2 eV, which is most pronounced
in Fig. 4(b) (in this panel we also show the absorption
spectrum of neat RR-P3HT for comparison) due to, prob-
ably, slightly more polymer composition in that device.
These observations indicate that light absorption in the
NC component of the structure plays a very important
role in the device performance, especially in the IR range
and the higher energy (>2.5 eV) part of the spectrum.

The photodiode response of devices consisting of RR-
P3HT and PbSe NCs are shown in Fig. 5 for two NC
sizes. It can be seen that the application of reverse bias to
the devices causes a significant increase in the spectrally
resolved photocurrent with nearly two-orders of magni-
tude increase of current for low photon energies. The
low-energy onset of the photodiode response is also ob-
served to depend upon the NC band gap as in the case of
the photovoltaic response.

An interesting question is whether the performance of
the structures studied here was affected by carrier mul-
tiplication. Spectroscopic investigations of this process
indicate that in PbSe NCs it occurs at energies greater
than approximately 3Eg.2 Above the 3Eg threshold, the
internal quantum efficiency (IQE) for converting photons
into charge carriers increases almost linearly with a slope
of ∼114%/Eg until it reaches ∼700% (seven excitons per
absorbed photon) at 7.8Eg.32,33 In the experiments re-
ported here, the IPCE values were measured up to ∼8Eg.

Therefore, carrier multiplication could in principle con-
tribute to the photogenerated current. This additional
contribution is expected to lead to a faster growth of
IPCE compared to absorption above the threshold for
multiexciton generation. However, in our experiments,
we observed close correspondence between absorption
and IPCE spectra across the entire range of spectral en-
ergies studied here, indicating that multiexcitons did not
provide any noticeable contribution to the measured pho-
tocurrent. This result is not surprising given that extrac-
tion of multiexcitons from the NCs represents a signifi-
cant challenge. Two specific complications in this case
arise from very short multiexciton lifetimes (tens to hun-
dreds of picoseconds) limited by nonradiative Auger re-
combination2,34 and a potential effect of NC charging. To
take advantage of multiexciton generation, one needs to
develop device architectures that would provide high
charge-transfer rates (exceeding those of the Auger de-
cay) in the case of both neutral and charged NCs. In
non-optimized NC/polymer blends studied in this work,
charge separation was likely not sufficiently fast to com-
pete with the Auger recombination of multiexcitons. Ob-
servations of electron transfer rates of a few to tens of
picoseconds have been reported35,36 between CdS NCs
and TiO2. It was also shown that Auger rates can be
suppressed via shape control,37 though the effect of NC
shape on CM efficiency is still being explored. Removal
of the passivating layer was shown to promote charge
transfer.38

In general, regarding the hybrid system of polymer and
NCs, there are two strategies that can be used to improve
photovoltaic performance: one is to form more homoge-
neous bulk heterojunctions, and the other is to separate
polymer and NC phase completely as in a bi-layer struc-
ture. The first has an advantage of rapid charge separa-
tion for excitons created in any dot; and the second one
may help improve transport within the NC phase (refer,
for example, to Murray’s paper on mobilities in pure-
quantum-dot films of order 10−1 in Ref. 39).

IV. CONCLUSION

In conclusion, we report studies of nanocomposites of
conjugated polymer (RR-P3HT or MEH-PPV) with IR-
sensitive PbSe NCs. Thin film cells show good diode
characteristics and sizable photovoltaic response with an
open circuit voltage of ∼0.3–0.4 V, short circuit currents
of ∼0.2 mA/cm2, and a power conversion efficiency of
0.04%. Photovoltaic response is observed throughout
near-IR to 2 �m (0.6 eV), which is desirable for efficient
utilization of both the IR and UV regions of the solar
spectrum. Devices composed of RR-P3HT show a better
photovoltaic performance than those made from MEH-
PPV. This observation is consistent with results of CV
studies of PbSe NCs, which indicate that the combination

FIG. 5. Comparison of spectral responsivity of RR-P3HT/PbSe-NC
devices under applied bias for (a) 8-nm diameter and (b) 5-nm diam-
eter PbSe NCs. The rapid drop of responsivity near 0.38 �m is due to
ITO absorption.
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of PbSe NCs with MEH-PPV does not provide a type-II
alignment of electronic states. The reported devices did
not show any contribution from multi-excitons to the
photogerated current, while spectroscopic studies show
clear signatures of high-efficiency carrier multiplication
in PbSe NCs in the spectral range studies in this work.
The lack of carrier-multiplication-induced enhancement
in the photovoltaic performance was likely because
charge separation at the NC/polymer interface was not
fast enough to compete with Auger recombination of
multi-excitons.
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