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a b s t r a c t

Poly[2-methoxy-5-(30 ,70-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) capped PbS quantum
dots about 3–6 nm in diameter were synthesized with a novel method. Unlike the synthesis of oleic acid
capped PbS quantum dots, the reactions were carried out in solution at room temperature, with the
presence of a capping ligand species, MDMO-PPV. The quantum dots were used to fabricate bulk
heterojunction solar cells with an indium tin oxide (ITO)/polyethylenedioxythiophene/poly-
styrenesulphonate (PEDOT: PSS)/MDMO-PPV: PbS/Al structure. Current density–voltage characterization
of the devices showed that after the addition of the MDMO-PPV capped PbS quantum dots to MDMO-
PPV film, the performance was dramatically improved compared with pristine MDMO-PPV solar cells.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing demand for energy has already forced us to seek
more environmentally clean energy resources. Solar radiation is
ideal to meet the demand on energy. At the present time, the solar
cells based on semiconductors such as Si and GaAs remain limited
due to the high costs imposed by fabrication procedures involving
elevated temperature, high vacuum, and numerous lithographic
steps [1]. Due to the potential increase in energy conversion effi-
ciency of quantum dot (QD) solar cells to about 66% [2] and the low
fabrication cost, hybrid organic/inorganic QD bulk heterojunction
(BHJ) solar cells fabricated by a solution process have attracted
considerable attentions. Beek et al. [3,4] used nanocrystal ZnO as an
n-type semiconductor to blend with MDMO-PPV as the active layer
of BHJ solar cells, and the overall energy conversion efficiency
reached 1.6%. The cost is reduced but the efficiency is low for the
low charge mobility and low absorption in the near infrared (NIR)
spectrum. Sun et al. [5] reported the solar cells based on the blends
of CdSe tetrapods and poly(p-phenylenvinylene) derivative OC1C10-
PPV, and the maximum energy conversion efficiency reached 2.8%.
This enhanced performance over ZnO hybrid solar cells is due to
both the absorption and the charge transport improvement
resulting from CdSe’s narrow bandgap and tetrapods morphology
All rights reserved.
in nanometer scale. However, CdSe is toxic and can damage the
environment and the human body.

With a narrow bandgap of 0.41 eV, a large exciton Bohr radius
(18 nm) and a strong quantum-size effect in nanocrystalline form,
PbS is widely used in many fields such as solar cells [6–11], infrared
detectors [6,12], infrared electroluminescent devices [13,14], and
optical switches [15]. Furthermore, an efficient multiple exciton
generation has been detected in PbS QD, thus rendering it a prom-
ising candidate for highly efficient photovoltaic devices [16,17].
There are many routes to prepare PbS QDs with different surfac-
tants [18–24]. The most successful QDs used in solar cells and
photodetectors are oleic acid capped PbS QDs or their post-
synthetic ligand exchange products [8,25,26]. However, the 2.5-
nm-long oleic acid ligand inhibits charge transport among the
nanocrystals. To improve charge transport, a post-synthetic ligand
exchange is used to replace the oleic acid with shorter ligands.
However, this adds complexity to the process. Furthermore, the
shorter ligands still impede charge transport between QDs or
different materials.

Using a polymer as surfactant of the nanocrystals can overcome
the disadvantage of the insulator surfactants, and the hybrid
materials show different morphologies [27] and applications.
Poly(N-isopropylacrylamide) (PNIPAM) has been used as the
surfactant in fabrication gold nanoparticles by reduction of HAuCl4
in aqueous solution [28]. Chausson et al. [29] reported that
a nanostructured organic/inorganic hybrid material can be
synthesized via an acido-basic reaction and the modification of the
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Fig. 1. Structure of the solar cells.
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titanoniobate oxide KTiNbO5 by N-alkyl amines. The silica based
hybrid materials have also attracted lots of attentions [30–33] as
well as phosphate glass/polymer hybrids [34] due to some unique
properties. In this paper, we propose a method to prepare PbS QDs
directly in MDMO-PPV solution. High-resolution transmission
electron microscopy (HRTEM) images show that the MDMO-PPV
capped PbS QDs have a narrow size distribution with diameters in
the range of 3–6 nm. Blending MDMO-PPV with MDMO-PPV cap-
ped PbS QDs as the active layer, BHJ solar cells were fabricated. The
current density–voltage (J–V) measurement shows that the devices
with an active layer of MDMO-PPV hybrid with the PbS QDs are
better in photovoltaic performance than those with the polymer
only.

2. Experimental

2.1. Synthesis of MDMO-PPV capped PbS quantum dots

A total of 10 mg MDMO-PPV (purchased from Aldrich) was
dissolved in 30 mL toluene to form an orange semi-transparent
solution. After 10 min of stirring, 6 mL dimethylsulfoxide (DMSO)
was added and the solution became transparent immediately. Then
100 mg lead acetate (Pb(OAc)2) was added. Once the Pb(OAc)2 was
dissolved in the solution completely, 3 mL DMSO solution con-
taining 12 mg thioacetamide (TAA) was added dropwise under
vigorous stirring. After 20 min, the color of the solution changed
from orange to dark red, and the solution retained some trans-
parency. The resulting dark red solution was precipitated by adding
excess ethanol. The precipitate was centrifuged at 7000 rpm for
6 min to remove the unwanted molecular byproducts and washed
with ethanol several times. The weight of the final product was
about 20 mg, indicating that the PbS was about 10 mg after sub-
tracting the weight of MDMO-PPV.

2.2. Fabrication of the BHJ solar cells

The photovoltaic devices were fabricated by spin-coating
a blend of the capped PbS QDs and MDMO-PPV in an appropriate
ratio, sandwiched between a transparent anode and a cathode. The
anode consisted of ITO pre-coated glass substrate modified by
a spin-coating PEDOT: PSS layer. The cathode was aluminum.
Before device fabrication, the ITO-coated glass substrate was
cleaned by detergent, deionized water, acetone and isopropyl
alcohol sequentially, in an ultrasonic bath. A thin layer of PEDOT:
PSS (Baytron 4083) was spin-coated to modify the ITO surface and
annealed at 140 �C for 10 min. Then the substrate was transferred
to a nitrogen-filled glove box. MDMO-PPV was first dissolved in
chlorobenzene to make a 6 mg/mL solution, followed by blending it
with the PbS QDs. The blend was ultrasonicated for 1 h and stirred
for 3 h, and then transferred to the nitrogen-filled glove box. The
active layer was obtained by spin-coating the blend at 1500 rpm for
30 s. After the active layer was annealed in the glove box at 110 �C
for 22 h, aluminum was deposited under a high vacuum as the
cathode. As a reference, pristine polymer solar cell structured as
ITO/PEDOT: PSS/MDMO-PPV/Al was fabricated, and the solar cells
with different annealing processes were also produced. Fig. 1 shows
the structure of the solar cells.

2.3. Characterization

HRTEM for MDMO-PPV capped PbS QDs was performed using
a TECNAI F20 TEM equipped with a field emission gun operating at
200 kV accelerating voltage. Ultraviolet–visible–near infrared
(UV–vis–NIR) absorption spectrum was carried out by an UV-3100
UV–vis–NIR recording spectrophotometer (Shimadzu). Photo-
luminescence (PL) spectrum was carried out at room temperature
(Edinburgh Instruments Ltd., FLS 920). J–V measurements were
performed in forward bias with a computer-controlled Keithley
2400 Source Meter under w100 mW/cm2 illumination from a solar
simulator. A 500 W xenon lamp served as the light source and the
light intensity was calibrated using a standard silicon solar cell. In
the J–V measurement process, the fill factor (FF) was calculated
using

FF ¼ ðJ � VÞmax=ðJsc � VocÞ (1)

where (J� V)max is the maximum product of J and V that can be
calculated from the J–V curve, Jsc is the short circuit current density
and the Voc is the open circuit voltage. Defined as the ratio of the
electric power output of the cell at the maximum power point to
the incident optical power (Plight), the energy conversion efficiency
(EFF) can be calculated using the following equation.

EFF ¼ FF� Jsc � Voc=Plight (2)

Series resistance (Rss) and shunt resistance (Rsh) were obtained
from the J–V curve directly by using

Rss ¼ ðdV=dIÞI ¼ 0 (3)

and

Rsh ¼ ðdV=dIÞV¼0 (4)

respectively.

3. Results and discussions

3.1. Characterization of MDMO-PPV capped PbS quantum dots

MDMO-PPV cannot dissolve in DMSO but can in toluene, while
Pb(OAc)2 cannot dissolve in toluene but can in DMSO. So, we
blended the two solutions in an appropriate ratio to dissolve the
two reactants. When TAA solution was added dropwise under
vigorous stirring, MDMO-PPV capped PbS was formed, accompa-
nied by the change in the color from orange to dark red. The
resultant can be dispersed in toluene and chlorobenzene homo-
geneously. To confirm the existence of PbS, energy dispersive
spectroscopy (EDS) was measured. Fig. 2 demonstrates that the
main elements of the sample are Pb and S. The peaks of C, Cu, and O
are from the copper grid substrate.

TEM and HRTEM, shown in Fig. 3, were used to examine the PbS
growth and quality. From the images, PbS QDs, somehow aggre-
gating, are found. The aggregation may result for the following
reasons. First, for smaller QDs, there exists a weak, albeit long-
range attraction that persists up to higher concentrations in
the solution of polymer and QDs [35]. Second, for small QDs, the
absorption of polymer on the surface of QDs mainly happens in the
form of tails [35], and when the solution vaporizes, the tails may
link the QDs together. Through the measurement of EDS, the dark
particles are PbS QDs. The grey areas without crystal lattice
between them may be the MDMO-PPV. The sizes of QDs are from 3
to 6 nm in diameter, marked by the arrow in Fig. 3a. Fig. 3b is the



Fig. 2. EDS spectrum of the MDMO-PPV capped PbS QDs.

Fig. 4. UV–vis–NIR absorption spectra of the MDMO-PPV capped PbS QDs (excess
MDMO-PPV was removed) and pristine MDMO-PPV. The measurement was made
from solution with a 0.1 mg/mL concentration. The absorption spectra were normal-
ized at the absorption peak of the MDMO-PPV (500 nm).
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HRTEM image of the dark particles in Fig. 3a, which clearly
demonstrates the lattice structure for the QDs.

In order to reduce the influence of the MDMO-PPV in the
measurement of absorption spectrum, the final product containing
50 wt% MDMO-PPV and 50 wt% PbS QDs was dissolved in toluene
and centrifuged at 10,000 rpm to remove the excess MDMO-PPV
that was not absorbed on the QD surface. Bulk PbS has an
absorption peak at 3020 nm corresponding to a small bandgap of
0.41 eV at 298 K [26], and the peak in PbS nanocrystallite should
significantly blue-shift as a consequence of strong quantum
confinement. Fig. 4 demonstrates the UV–vis–NIR absorption
spectrum of the PbS QDs, which extends significantly in both the
NIR and UV ranges as compared with that of the pristine MOMD-
PPV, further confirming the existence of PbS in the MDMO-PPV
matrix. At about 500 nm, there is a shoulder in the absorption
spectrum of the MDMO-PPV capped PbS QDs. The shoulder results
from the absorption of the MDMO-PPV on the surface of the QDs.
Beyond 600 nm where MDMO-PPV has no absorption, the
absorption is mainly from the PbS QDs. Beyond 1500 nm, there is
Fig. 3. TEM and HRTEM images of th
no absorption at all. This blue-shift absorption as compared with
bulk PbS confirms that the MDMO-PPV capped PbS has a nano-
meter size smaller than the Bohr radius.

The distance of Forster transfer of energy is 5–10 nm [36], and the
distance of Dexter transfer of energy is 0.5–1 nm [37], and both the
energy transfer routes can be facilitated due to the direct contact of
MDMO-PPV with the PbS QDs. Furthermore, the charge transfer
between the two materials is also facilitated. Fig. 5 shows the PL
spectra of MDMO-PPV and MDMO-PPV capped PbS QDs under
466 nm illumination from a xenon lamp. Compared with MDMO-
PPV, the MDMO-PPV capped PbS QDs show a significantly lower PL
intensity at the peak of MDMO-PPV, which suggests the PL
quenching of the MDMO-PPV by the PbS QDs in the composite. As
the weight of the capped PbS QDs decreases to 25 wt% in proportion,
e MDMO-PPV capped PbS QDs.



Fig. 5. PL spectra of MDMO-PPV, MDMO-PPV capped PbS QDs (50 wt% PbS) and
MDMO-PPV: MDMO-PPV capped PbS QDs (25 wt% PbS), under illumination of 466 nm
from a xenon lamp. The spectra were measured from the thin films spin-coated with
the same solution dosage of 0.5 mL and MDMO-PPV concentration of 3 mg/mL at
1500 rpm on the quartz substrate.
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the PL intensity of MDMO-PPV increases. This quenching process is
usually accompanied by the charge transfer between the two
materials, the electron generated by the dissociation of an exciton in
the polymer transfers to the PbS QDs, while the hole remains in the
polymer. The charge and energy transfer processes are crucial for the
efficiency improvement of BHJ solar cells.
3.2. Performance of solar cells

UV–vis–NIR absorption spectroscopy was recorded to investigate
the effect on absorption of adding MDMO-PPV capped PbS QDs to
the MDMO-PPV solution used for spin-coating the active layer. In
order to capture the true solar cells absorption change when capped
PbS QDs were added to the MDMO-PPV thin film, samples were
prepared directly on the PEDOT: PSS modified ITO glass. The
absorption spectrum of the active layer should be equal to the
difference between the transmission spectrum of the bilayer struc-
ture of ITO/PEDOT: PSS and that of triple-layer structure of ITO/
PEDOT: PSS/active layer, with reflection being neglected. Fig. 6
shows the UV–vis–NIR absorption spectra of the pristine MDMO-
Fig. 6. UV–vis–NIR absorption spectra of MDMO-PPV capped PbS QDs (50 wt% PbS),
pristine MDMO-PPV and MDMO-PPV: MDMO-PPV capped PbS QDs (33 wt% PbS) thin
films spin-coated with the same solution dosage (0.5 mL) and MDMO-PPV concen-
tration (6 mg/mL) at 1500 rpm on PEDOT: PSS coated ITO glass.
PPV, MDMO-PPV capped PbS QDs and MDMO-PPV: MDMO-PPV
capped PbS QDs (1:2 in weight) thin films on the PEDOT: PSS
modified ITO glass. Unlike the absorption spectrum of MDMO-PPV
on the quartz substrate, the absorption spectrum of MOMD-PPV on
PEDOT: PSS modified ITO glass is relatively wide and low in intensity
in the NIR range, which may result from the influence of PEDOT: PSS
modified ITO glass. Not only the intensity but also the range of the
absorption spectrum is improved by adding PbS QDs to the pristine
MDMO-PPV thin film. Compared with the pure MDMO-PPV capped
PbS QDs thin film, the MDMO-PPV: MDMO-PPV capped PbS QDs
thin film is lower in absorption intensity below 800 nm, due to the
decrease of PbS QDs concentration. The improved absorption, which
enhances the exciton generation efficiency, is one of the most
important factors in improving the efficiency of solar cells.

However, there are also some important factors that affect the
energy conversion efficiency, such as exciton diffusion, exciton
dissociation, charge transport and charge collection. All of these
have a relationship with the film structure and morphology. Fig. 7
shows the J–V curves of solar cells with different active layers.
Compared with the solar cell with pristine MDMO-PPV as the active
layer, the solar cell with MDMO-PPV blended with MDMO-PPV
capped PbS QDs as the active layer has an energy conversion effi-
ciency 16 times larger than that of the pristine solar cell. The
improvement of the energy conversion efficiency results from the
increase of open circuit voltage (Voc), short circuit current density
(Jsc), FF, Rsh, and the reduction of Rss.

For the pristine MDMO-PPV solar cells, once the radiation enters
the active layer, it can be absorbed by photoexcitation of the poly-
mer, followed by the generation of an exciton. The exciton can
diffuse, recombine, or dissociate in the active layer. The diffusion
length of the excitons in polymer is usually smaller than 10 nm, so
when the excitons travel longer than 10 nm, most of them decay.
This process is the main loss process in polymer based solar cells.
Because of the high exciton binding energy in conjugated polymers,
the thermal energy at room temperature is not sufficient to disso-
ciate a photogenerated exciton with the typical binding energy of
0.4 eV into free charge carriers, so the exciton cannot dissociate into
free charge carriers in the polymer itself. Due to the difference in
work function, only the excitons generated near electrodes disso-
ciate into free charge carriers. This is the most important reason for
the low energy conversion efficiency in pristine polymer solar cells.

The conditions change in the BHJ solar cells. Once the radiation
enters the active layer, it can be absorbed by photoexcitation both
of the polymer and PbS QDs, followed by the generation of excitons.
Thus, the generation efficiency is higher than that in pristine solar
cells. Because of the direct blending of MDMO-PPV with MDMO-
PPV capped PbS QDs, the travel length of the excitons can be
Fig. 7. J–V curves of the BHJ solar cells with different active layer structures.
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reduced below the diffusion length through the careful control on
morphology. Most of the excitons can travel to the interface of the
polymer and PbS QDs. In the role of the difference of the highest
occupied molecular orbital (HOMO) of MDMO-PPV and the lowest
unoccupied molecular orbital (LUMO) of the PbS QDs, the excitons
can dissociate into free charge carriers that contribute to the
current of the solar cells. The electrons transport in the PbS QDs and
are collected by the Al electrode, while the holes transport along
the polymer and are collected by the ITO electrode. From our PL
measurement, profound PL quenching was achieved when the
capped PbS QDs were added to MDMO-PPV film, which confirms
that most of the excitons dissociate into free charge carriers and the
excitons’ dissociation efficiency is improved. When the holes and
the electrons transport in the polymer and PbS QDs, respectively,
the recombination of the charge carriers is reduced, which appears
as the decrease of Rss and increase of Rsh.

Furthermore, we also produced poly(3-hexylthiophene) (P3HT)
capped PbS QDs and used them to fabricate BHJ solar cells.
Surprisingly, it is found that the P3HT capped PbS QDs: P3HT BHJ
solar cells are worse in performance than the pristine polymer solar
cells. The Voc and the Rsh are nearly the same, while Jsc is reduced and
Rss is increased. This can be explained by the decreased hole trans-
port in P3HT when PbS QDs are added into the P3HT film, though the
exciton generation and dissociation efficiency are improved.

Annealing is an effective way to control the film morphology,
especially at temperatures above the glass transition temperature
(Tg) of the polymer. Annealing near or above Tg allows morphology
changes in the film that might yield more favorable electrical trans-
port properties in both the polymer and nanocrystal phases. Such
morphology changes could thus yield a more efficient BHJ structure
in the film, and improve both charge separation and transport. Fig. 8
shows the J–V curves of the BHJ solar cells with different annealing
processes. Although the samples without an annealing process
(shown as the ‘‘nonan’’ samples in Fig. 8) show higher Voc, the
annealed solar cells show even higher Jsc and FF. Thus, the energy
conversion efficiency of the annealed samples is improved dramati-
cally. This improvement of Jsc FF and Rss of the annealed solar cells
indicates the improvement of charge separation and transport. After
the active layer was annealed at 110 �C for 22 h, the Al electrode was
deposited, and then the samples were annealed at 110 �C for 16 h
again. These samples are shown as ‘‘prepost’’ samples in Fig. 6.
Compared with the solar cells that were only annealed before Al
electrode deposition and are shown as ‘‘pre’’ in Fig. 6, these samples
show a worse performance in Voc, Jsc, FF, Rsh and Rss as well as
a significantly reduced energy conversion efficiency. This may result
from the diffusion of Al atoms to the active layer during the annealing
process, which may inhibit charge separation and transport.
Fig. 8. J–V curves of the BHJ solar cells with different annealing processes.
4. Conclusion

MDMO-PPV capped PbS QDs were prepared and used as acceptor
in the active layer of BHJ solar cells. The absorption spectra showed
that adding the QDs to the polymer can not only improve the
absorption in the polymer region but also the beyond that region in
both the NIR and UV ranges. This is an important factor in improving
the solar cell efficiency. To optimize the performance of the solar
cells, the influence of the active layer structure and the effect of
thermal annealing were studied. The BHJ solar cell with the highest
energy conversion efficiency in this experiment is that with the
structure of ITO/PEDOT: PSS/MDMO-PPV: MDMO-PPV capped PbS
QDs/Al annealed at 110 �C for 22 h in N2 before aluminum deposition.
The energy conversion efficiency is about 0.013%, more than one
order in magnitude higher than that of the pristine polymer solar cell.
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