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We report on the effect of ZnCdSe/ZnSe core/shell quantum dots (QDs) on the efficiency of organic photovoltaic (OPV) cells. The
QDs were deposited on the back side of indium tin oxide (ITO)/glass substrates by spin coating with poly(methyl methacrylate).
The short circuit current and power conversion efficiency of the OPV cells on the ITO/glass/QDsþPMMA substrate (8.5 mA/cm2

and 3.2%) are lower than those of the control device on the ITO/glass substrate (9.0 mA/cm2 and 3.4%), due to the low transmit-
tance of the QDsþPMMA and discordance between the emission peak of the QDs and absorption peak of the active area in the
OPV cells. It is anticipated that the usage of QDs whose emission peak is coincident with the absorption peak of the active area
would improve the performance of the OPV cells.
VC 2011 The Electrochemical Society. [DOI: 10.1149/1.3589246] All rights reserved.
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Organic photovoltaic (OPV) cells composed of solution-processed
materials have emerged as one of the promising alternatives to sili-
con based solar cells, due to their many potential benefits, particu-
larly for low-cost, large-area, and mechanically flexible substrates,
as well as the possibility of using roll-to-roll fabrication processes.1

OPV cells were fabricated with an active layer composed of a
blend of regio-regular poly(3-hexylthiophene) (P3HT) as an elec-
tron donor and the fullerene derivative [6,6]-phenyl-C61 butyric
acid methyl ester (PCBM) as an electron acceptor, and found to
have a solar conversion efficiency greater than 6.5%.2 However,
this value is still lower than that of silicon based solar cells or dye-
sensitized solar cells (DSSCs), so that many methods have been
investigated. One of the methods involves colloidal semiconductor
quantum dots (QDs) by making use of their novel optical and
electrical properties resulting from their three-dimensional confine-
ment. By combining different-sized QDs on one solar cell,
researchers can create solar cells that absorb more light and,
thereby, deliver power at greater efficiencies compared with solar
cells made of bulk semiconductors. In the field of DSSCs, QDs
made of CdS, PbS, PbSe, CdSe, InAs, or InP were assembled on
the surface of TiO2, and found to transfer electrons to the conduc-
tion band of TiO2 upon visible light irradiation.3–8 In the field of
OPV cells, QDs made of CdS, CdSe, or PbS blended with an active
layer were found to act as an electron acceptor with efficient charge
generation and charge transport.9–11 However, their device effi-
ciency is reported to be very poor compared to that of OPV cells
using PCBM as an electron acceptor.

ZnSe is a direct-band-gap semiconductor with a bulk band gap
of 2.8 eV (below ca. 443 nm) and CdSe has a smaller band gap of
1.7 eV (below ca. 730 nm).12,13 Therefore, ZnCdSe/ZnSe core/shell
QDs can be classified as Type-I. In this kind of core/shell hetero-
structured QDs, the valence band in the core is higher than that in
the shell, but the conduction band in the core is lower than that in
the shell. It is reported that Type-I QD energy alignments produce a
quantum well usually favoring exciton recombination and lumines-
cence rather than dissociation.14 As a result, QDs can be used to
increase the emission efficiency at specific wavelength. If the wave-
length of emitted light from QDs matches with absorption wave-
length of active layer in OPV cells, it is expected that efficiency of
the OPV cells will be enhanced.

In this letter, poly(methyl methacrylate) (PMMA) embedded
with ZnCdSe/ZnSe core/shell QDs (QDsþPMMA) was used to
enhance the absorbance of light and, thereby, deliver power at
greater efficiencies. In order to attach ZnCdSe/ZnSe QDs on the op-

posite side of an indium tin oxide (ITO)/glass substrate, PMMA
layer was used as supporting materials. The active layer of the OPV
cells was composed of a blend of P3HT and PCBM. Thus, the
QDsþ PMMA would increase the light intensity so that more light
will be absorbed to the OPV cells, thereby enhancing the efficiency
of the OPV cells. Therefore, the effects of the QDsþ PMMA on the
performance of the OPV cells are discussed.

In a typical synthesis of the ZnCdSe quantum dots (QDs), 0.572
mmol of ZnO, 0.143 mmol of CdO, 1 ml of oleic acid, and 10 ml of
1-octadecene were placed in a three-neck reaction flask. The mix-
ture was heated to 170�C during degassing. The mixture flask was
then purged with argon and its temperature was raised to 310�C. At
this temperature, 1 ml of oleylamine was rapidly injected first into
the above hot mixture and then a Se solution containing 1.93 mmol
of Se powder in 1 ml of trioctylphosphine was swiftly injected. The
reaction mixture was maintained at 310�C for 20 min for the growth
of the QDs. The surface of the ZnCdSe core QDs was subsequently
coated with a ZnSe shell. A Zn stock solution was prepared by dis-
solving zinc acetate dehydrate (2.86 mmol) in a mixture of oleic
acid (2 ml), oleylamine (2 ml) and 1-octadecene (1 ml) at 150�C
and a Se stock solution was prepared by dissolving Se (7.72 mmol)
in 4 ml of trioctylphosphine at the same temperature. For the coating
of the ZnSe shell, the crude solution of the ZnCdSe core QDs was
cooled to 190�C and the Se stock solution was injected into it first,
followed by the dropwise addition of the Zn stock solution using a
syringe pump. Then, the mixture was kept at 190�C for 20 min to
complete the growth of the ZnSe shells. The ZnCdSe/ZnSe QDs
were washed three times with a combined hexane/methanol solvent,
and then dispersed in chlorobenzene.

A sol composed of 1 or 2 g of PMMA in 5 ml of chloroform was
prepared and mixed with 2 ml of the QDs in chlorobenzene. Glass
coated with ITO (150 nm thick, �20 X/sq) was used as the starting
substrate. The sol was coated on the back side of the ITO/glass sub-
strate at a rate of 1000 rpm for 20 s. For use as a reference, an ITO/
glass substrate without QDsþ PMMA films was also prepared.
Active blend films were fabricated between a transparent ITO anode
and a reflective cathode. The ITO surface was cleaned using an O2

plasma for 1 min under a pressure of 100 mTorr with a power of
150 W prior to device fabrication. After the O2 plasma treatment,
the substrates were transferred to an N2-filled glove box. Poly(3,4-
ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS) in
OPV cells with P3HT:PCBM was spin-coated as a hole extraction
layer. P3HT was first dissolved in 1,2-dichlorobenzene to make a 20
mg/ml solution, followed by blending with PCBM at a weight ratio
of 1:1. The blend was stirred for �14 h in a glove box before being
spin-coated on top of the ITO anode. The thickness of the active
layer was measured to be �200 nm by a surface profiler. The
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devices were annealed on a hot plate in a glove box at 130�C for 10
min. The cathode were fabricated by depositing LiF (ca. 1 nm) and
Al (ca. 100 nm) at a base pressure of 2� 10�6 Torr. The active de-
vice area was ca. 0.04 cm2. The current density-voltage (J–V) curves
were measured under air ambient with glass encapsulation using a
Keithley 2400 source measurement unit. The photocurrent was
measured under AM1.5G 100 mWcm–2 illumination. The maximum
power conversion efficiency (PCE) for conversion of solar radiation
to electrical power was calculated by Voc�Jsc�FF

Pinð¼100mW=cm�2Þ � 100, where
Voc is open circuit voltage, Jsc is short circuit current density, FF is
fill factor, and Pin is the illuminated power.

The absorption characteristics of the QDs were measured by
UV-visible absorption spectroscopy (Shimadzu, UV-2450). The
photoluminescence (PL) spectra of the ZnCdSe/ZnSe QDs were col-
lected by a spectrofluorometer (Jobin Yvon Inc., Fluorolog 3)
equipped with a 450 W Xe lamp. The PL quantum yield of a diluted
solution of the QDs with an optical density of �0.05 was calculated
by comparing their integrated emission with that from a Rhodamine
6G standard solution. A JEOL 200 CX transmission electron mi-
croscopy (TEM) operating at an accelerating voltage of 200 kV was
used to measure the size of the QDs.

To generate highly luminescent QDs by their effective surface
passivation, the ZnCdSe core QDs were overcoated with a ZnSe
shell having a higher band gap. As can be seen in the TEM images
of the ZnCdSe core and ZnCdSe/ZnSe core/shell QDs (Figs. 1a and
1b, respectively), the average diameters of the core and core/shell
QDs were measured to be �5.5 and �7.5 nm, respectively, which
indicates that the shell thickness is �1 nm.

As shown in Fig. 2, the core/shell QDs exhibited an excitonic
absorption peak at 577 nm and their PL emission peak at 590 nm
was red-shifted relative to their absorption peak. The solution molar
ratio of Zn2þ in the shell to that of (Zn2þþCd2þ) in the core was

varied and optimized to be 4 to achieve the highest efficiency. The
PL quantum yield of the core/shell QDs was measured to be �75%,
which is higher than (43%) that of the core QDs.

The transmittance values of the ITO/glass and ITO/glass/
QDsþ PMMA film are shown in Fig. 3. 2 g of PMMA sol was used
in this experiment. In all cases, the substrates were illuminated from
the opposite side of the ITO, as shown in the inset. In the range
from 300 to 600 nm, the transmittance of ITO/glass is higher than
that of ITO/glass/QDsþ PMMA. The highest transmittance of ITO/
glass is measured to be 90% and that of ITO/glass/QDsþ PMMA is
85%. In the wavelength range over 600 nm, the transmittance of
both samples is similar. It is considered that the lower transmittance
of the solar cell employing the QDsþ PMMA results in a slightly
lower Jsc compared to that of the solar cell without the
QDsþ PMMA film.

Figure 4 shows the typical J–V curves of the devices on the bare
glass, QDsþ 1 g PMMA film coated glass, and QDsþ 2 g PMMA
film coated glass. In the plot, Voc¼ 0.633 V, Jsc¼ 9.0 mA/cm2,
FF¼ 60.3%, and the power conversion efficiency (PCE)¼ 3.4% for
the device fabricated on bare glass. These values are comparable to
the previously reported ones. However, the introduction of the
QDsþ PMMA film below the glass substrate slightly decreases the
response metrics. The device on the QDsþ 1 g PMMA film exhibits
values of Voc¼ 0.633 V, Jsc¼ 8.5 mA/cm2, FF¼ 58.6%, and
PCE¼ 3.2%, which are comparable to those of the device on the

Figure 1. TEM images of (a) ZnCdSe core and (b) ZnCdSe/ZnSe core/shell
QDs with average diameters of �5.5 and �7.5 nm, respectively.

Figure 2. (Color online) UV-visible absorption and PL emission spectra of
the core/shell QDs with an absorption peak at 577 nm and an emission peak
at 590 nm.

Figure 3. (Color online) The transmittance spectra of the ITO/glass and
ITO/glass/QDsþPMMA film. The light is irradiated from the opposite side
of the ITO, as shown in the inset figure.

Figure 4. (Color online) J–V curves of OPV cell fabricated on bare glass,
QDsþ 1 g PMMA film coated glass, and QDsþ 2 g PMMA film coated
glass.
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QDsþ 2 g PMMA film fabricated in parallel; for the QDsþ 2 g
PMMA film, Voc¼ 0.613 V, Jsc¼ 8.0 mA/cm2, FF¼ 64.0%, and
PCE¼ 3.1%. Compared to the device without the QDsþPMMA
film, the device with the QDsþ PMMA film showed a slightly lower
PCE. As shown in Fig. 3, the transmittance value of ITO on glass
with QDsþ 2 g PMMA is lower than that of the bare ITO on glass.
Therefore, it is thought that the total quantity of light entering into
the device with the QDsþ PMMA film is lower than that without
the QDsþ PMMA film, so that the former showed a slightly lower
PCE.

Based on these experimental observations, the effect of the
ZnCdSe/ZnSe QDsþ PMMA film on the properties of the OPV
cells can be explained as follows. The absorption spectra of the
core/shell QDs showed that the absorption took place in the visible
range from 300 to 600 nm. Therefore, the transmittance value of the
ITO/glass/QDsþPMMA is lower than that of ITO/glass in the
range from 300 to 600 nm, as shown in Fig. 3. This result suggests
that the total amount of light absorbed on the P3HT/PCBM active
area, which strongly affects PCE, is lower in the OPV cell fabricated
on the ITO/glass/QDsþ PMMA substrate compared to the device
on the ITO/glass substrate. The PL emission range of the QDs was
found to be from 570 to 650 nm and the main peak was observed at
590 nm, suggesting that the wavelength of injected light was
changed to 570–650 nm, as shown in Fig. 5. It was reported that the
absorption range of a P3HT:PCBM¼ 1:1 sample annealed at
130�C, whose condition is the same as that in this experiment, is
from 300 to 700 nm and the main peak is at 520 nm.15 It seems that
the emission range of the QDs overlapped with the absorption range
of P3HT:PCBM, but the main peaks did not coincide with each
other. This means that the absorption efficiency of P3HT:PCBM
with respect to the light emitted from the QDs is not maximized.
Therefore, it is thought that the low transmittance of the
QDsþ PMMA film and the discordance between the main emission

peak of the QDs and main absorption peak of P3HT:PCBM induced
a slight decrease from 3.4 to 3.2% of the PCE in the OPV cell fabri-
cated on the ITO/glass/QDsþPMMA substrate.

In conclusion, we reported the effect of ZnCdSe/ZnSe core/shell
QDs on the efficiency of OPV cells. The Voc of the OPV cell with
the QDsþ 1 g PMMA film beneath the glass substrate was the same
as that of the sample without the QDs, but its Jsc and PCE slightly
decreased from 9.0 mA/cm2 and 3.4% to 8.5 mA/cm2 and 3.2%,
respectively. The transmittance value of the ITO/glass sample at a
wavelength of 500 nm is 90%, but that of the ITO/glass/
QDsþ PMMA sample is 80%. The PL spectra showed that the
emission range of the QDs was located between 570 and 650 nm,
which overlaps with the absorption range of the active area of the
OPV cell, P3HT:PCBM. However, the main emission peak of the
QDs was observed at 590 nm, which is not coincident with the main
absorption peak of P3HT:PCBM (520 nm). Thus, the low transmit-
tance of the QDsþPMMA film and discordance between the emis-
sion of the QDs and absorption of P3HT:PCBM induced a slight
decrease of the PCE in the OPV cell fabricated on the ITO/glass/
QDsþ PMMA substrate. It is expected that the usage of QDs whose
emission peak is coincident with the absorption peak of the active
area in the OPV cells would improve the device properties.
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Figure 5. (Color online) Schematic charge transport mechanisms of the
OPV cell with QDsþPMMA film.
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