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a b s t r a c t

We report on solar cells consisting of a sintered active bilayer of CdSe and PbSe nanoparticles in the

structure ITO/CdSe/interlayer/PbSe/Al, where an interlayer of LiF or Al2O3 was found necessary to

prevent low shunt resistance from suppressing the photovoltaic behavior. We fabricated unoptimized

solar cells with a short-circuit current of 6 mA/cm2, an open-circuit voltage of 0.18 V, and a fill factor of

41%. External quantum efficiency spectra revealed that photons from the infrared portion of the

spectrum were not collected, suggesting that the low bandgap PbSe film did not contribute to the

photocurrent of the structure despite exhibiting photoconductivity. Other measurements, however,

showed that the PbSe film was indeed necessary to produce a photovoltage and transport electrons.

Through sintering, the nanoparticle films acquired bandgaps similar to those of the corresponding bulk

materials and became more conductive. Because the PbSe films were found to be considerably more

conductive than the CdSe films, we suggest that the PbSe layer is effectively behaving like a low

conductivity electrical contact; therefore, this solar cell architecture does not follow typical type-II

heterojunction donor/acceptor models used to describe organic polymer solar cells.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

Inorganic nanoparticles can be synthesized and deposited from
solution and exhibit electrical and optical properties that can be
tuned by varying the size of the particles [1], making them good
candidates for blending with organic polymers in optoelectronic
devices. Several studies have investigated the properties of these
blends in films and hybrid optoelectronic devices [2–11]; how-
ever, these devices frequently suffer from the limited absorption
range, relatively low carrier mobilities, and poor stability of
polymers. Devices fabricated entirely from inorganic nanoparti-
cles offer the potential to overcome these challenges. Gur et al.
[12] first reported on the fabrication of all-inorganic nanoparticle
solar cells based on CdTe and CdSe. With these materials they
obtained photovoltaic devices with a short-circuit current (Jsc) of
11.6 mA/cm2, an open-circuit voltage (Voc) of 0.40 V, and a fill
factor (FF) of 45%. Results indicated that the system behaved like a
type-II heterojunction donor/acceptor system.

Here, we present solar cells based on CdSe and PbSe
nanoparticles and fabricated in the architecture ITO/CdSe/inter-
layer/PbSe/Al, where the nanoparticle films are spin cast from
solutions and the interlayer consists of a thermally evaporated
film of LiF or Al2O3. The literature offers multiple examples in
which a film of an insulating or wide bandgap material has been
ll rights reserved.
used to increase the efficiency of optoelectronic devices. In the
CdTe and CdSe solar cells referenced above [12], a thin layer of
Al2O3 applied over one of the electrodes was required to produce
an appreciable photovoltage. In polymer/TiO2 solar cells, the TiO2

layer serves as an exciton dissociation interface and a hole blocker
[13,14]. In organic light-emitting diodes (OLEDs), a thin film of LiF
preceding the top Al electrode increases the efficiency of the
devices [15–19] either by lowering the work function of the Al
electrode [17] or by introducing a dipole at the interface [19].
A TiO2 shell on ZnO dye-sensitized solar cells aids to reduce the
recombination rate at the oxide/electrolyte interface [20]. Finally,
enhanced optoelectronic device performance is reported when an
insulating interlayer (poly methyl methacrylate, MoO3, Al2O3,
SiO2, or LiF) is introduced within the active layer of the devices
[15,21–24]. The improvement in device efficiency is usually due to
a reduction in space-charge or to better charge injection. However,
unlike most of these studies in which the thickness of the
insulating layer is only a few nanometers, the interlayer in the
devices presented here is around 40 nm thick. Also, in contrast to
the devices in Ref. [12], the ITO/CdSe/(interlayer)/PbSe/Al solar
cells do not behave as a typical type-II heterojunction donor/
acceptor polymer solar cell system.
2. Experiment

CdSe nanoparticles with highest excitonic peak around 620 nm
(particle size around 4 nm) were synthesized by following a
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Fig. 1. (a) Schematic of ITO/CdSe/LiF/PbSe/Al structure, (b) comparison of device

performance in the dark (thin lines) and under AM1.5D illumination (thick lines) of

ITO/CdSe/(interlayer)/PbSe/Al devices, with and without a LiF interlayer, and

(c) dependence of device performance on LiF interlayer thickness.
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procedure similar to that in Ref. [25] in which various carboxylic
acids were used as surfactants in lieu of the more commonly used
trioctylphosphone oxide. In our modified preparation, 4 mmol of
CdCO3, 10 mmol oleic acid, and 15 ml trioctylamine were mixed
together in a three-necked flask. The reactant mixture was heated
to 280 1C under argon for 30 min; then the temperature was
lowered to 240 1C. At this point 2 ml of 1 M tributylphosphine–
selenium complex (TBP–Se), formed by dissolving selenium in
tributylphosphione, was injected rapidly. After 5 min, the heat
source was switched off and the flask was allowed to cool on the
heating mantle.

PbSe nanoparticles with highest excitonic peak around
1200 nm were synthesized, with minor modifications, following
the procedure described in Refs. [7,26]. Briefly, 10 mmol PbO,
30 mmol oleic acid, and 20 ml trioctylamine were heated at 165 1C
under argon and continuously stirred for 30 min, leading to the
appearance of a clear solution indicating the formation of a
soluble Pb complex. To this hot solution, 15 ml TBP–Se was rapidly
injected. The reaction mixture immediately turned dark as PbSe
nanoparticles formed. The reaction was quenched by immersing
the reaction pot in a chilled solvent bath at different times
corresponding to differently sized particles.

The surface of the nanoparticles was passivated by the
coordination of the long-chain ligand used during the reaction:
oleic acid in these cases. Excess of oleic acid in the products was
washed away by subjecting the nanoparticles to repeated
centrifugation and redispersion cycles, a standard procedure
followed in nanoparticle syntheses [25,27]. The capping of the
CdSe nanoparticles was then exchanged with tributylamine,
stearic acid, or pyridine.

Devices were fabricated on ITO-patterned glass by thin film
devices (Fig. 1a). These were cleaned by successively introducing
the substrates into a sonic bath in an Alconox/deionized water
solution, ethanol, and finally acetone, and were dried with a
nitrogen gun. CdSe nanoparticle solution was spin cast at
1000 rpm and then sintered at 400 1C for 10 min in air. CdSe film
thickness ranged from 240 to 550 nm, depending on the
concentration of the nanoparticle solution. A film of LiF was then
thermally evaporated on the CdSe layer, and this was followed by
a film of PbSe nanoparticles, also spun at 1000 rpm and sintered at
400 1C for 10 min in air. PbSe film thickness ranged from 90 to
340 nm. The nanoparticle films were sintered by introducing the
substrates into a tube furnace at setpoint temperature and
removing them quickly while avoiding substrate breakage, once
the allotted time had passed. Finally, Al was thermally evaporated
as the top metal electrode. Interlayers of Al2O3 were obtained
by thermally evaporating a thin Al film over the CdSe layer, and
then sintering at 400 1C for 2 min in air. The solar cell active area
was 3 mm2.

To measure film conductivity, single layer nanoparticle films
were deposited and annealed as described above, followed by the
thermal evaporation of Al contacts and measurement of curren-
t–voltage (IV) curves. The resistivity r was calculated, as described
in Ref. [28], using the equation r ¼ (Rtw)/d, where R represents
the film’s measured electrical resistance, t is the film thickness, w

(3 mm) represents the film width, and d (0.5 mm) represents the
distance between the electrodes.

A Lindberg tube furnace was used for sintering the nanoparticle
layers. IV curves were obtained with a Keithley 2400 source meter.
AM1.5D solar simulation was provided by an Oriel 150 W solar
simulator. Photoaction current spectra were obtained using an
Oriel Corner Stone monochromator coupled to the solar simulator
and a Keithley 2400 source meter, with the wavelength-dependent
light intensity measured by a calibrated Si reference diode. A Park
Scientific atomic force microscope (AFM) was used for the study of
the topography of the films and measurement of film thickness.
The AFM allowed a maximum resolution of around 2 nm vertically
and 50 nm horizontally. Absorption spectra were obtained with an
n&k UV–vis spectrometer.
3. Results

Fig. 1b shows the IV characteristics for a typical ITO/CdSe/PbSe/
Al device and an ITO/CdSe/LiF(34 nm)/PbSe/Al device. The device
without an interlayer shows severe shunting, high dark current,
and no photovoltage or photocurrent. Incorporating an interlayer
into the structure lowers the dark current and produces a
photocurrent and a photovoltage under illumination. The depen-
dence of device performance on the LiF interlayer thickness is
shown in Fig. 1c. The variability in nanoparticle solution and
subsequent film quality led to variable optimal LiF film thickness;
a trend was observed, however, whereby devices showed
enhanced performance for thicknesses up to around 45 nm, and
an overall performance decline, consisting of a decrease in Jsc, no
change or small increase in Voc, and some decrease or no change
on FF, starting around 50 nm. At this stage, we have not optimized
the thickness of the nanoparticle films; however, we observed
that the best devices, such as the 48 nm LiF interlayer device
shown in Fig. 1c, were obtained with the thickest nanoparticle
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Fig. 4. Atomic force micrographs of (a) CdSe and (b) PbSe nanoparticle films. Note

the difference in vertical scales.
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films. This corresponded to a CdSe film thickness of up to 500 nm.
Thick CdSe films were spun from high concentration solutions,
estimated to be up to 130 mg/mL. High-concentration PbSe
solutions were harder to obtain than CdSe solutions; the highest
concentration achieved for PbSe was estimated to be around
90 mg/mL. When using the lowest concentration PbSe solutions
(around 30 mg/mL), it was necessary to sequentially spin and
sinter several layers of PbSe nanoparticles in order to obtain
devices showing a photovoltaic effect. Thinner CdSe or PbSe films
generally led to a decrease in all three of Jsc, Voc, and FF, or to
no photovoltaic effect at all. The IV characteristics of devices
with optimized LiF thickness were: Jsc of 6 mA/cm2, Voc of 0.18 V,
and FF of 41%.

Fig. 2 shows the shunt resistance Rsh of ITO/CdSe/LiF/PbSe/Al
devices monotonically increasing with LiF layer thickness. This
was consistent with the observation that introduction of an
interlayer generally lowered the dark current of the devices. The
shunt resistance was obtained through: Rsh ¼ (dI/dV)�1|V ¼ 0.

To further understand the function of the interlayer, we replaced
LiF with Al2O3 (Fig. 3). These devices showed similar behavior to the
LiF interlayer counterparts, although 20 nm of Al2O3 were sufficient
to achieve IV characteristics similar to those of a device with a
50 nm LiF interlayer. We attribute the difference in thicknesses to
the small but non-negligible conductivity of the LiF layer. By
thermally evaporating a LiF film and an Al electrode on an ITO
substrate and then measuring the IV curve of the structure, we
verified that the LiF films exhibited a conductivity of 10�7 S/cm. We
also tested the effect of introducing a thick, 30 nm LiF interlayer into
a poly[2,5-dimethoxy-1,4-phenylene-1,2-ethenylene-2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylene-1,2-ethenylene]/poly[oxa-1,4-
phenylene-1,2-(1-cyano)-ethenylene-2,5-dioctyloxy-1,4-phenylene-
1,2-(2-cyano)-ethenylene-1,4-phenylene] (M3EH-PPV/CN-ether-PPV)
polymer bilayer system, which has been well studied by our
group in the past [29]. Devices prepared with a 30-nm-thick LiF
interlayer resulted in a Jsc of less than 1mA/cm2, over a two order
Fig. 2. Shunt resistance vs. LiF interlayer thickness in ITO/CdSe/LiF/PbSe/Al

devices.

Fig. 3. Comparison of Al2O3 (20 nm) and LiF (50 nm) interlayer devices.
of magnitude decrease, as well as a greatly reduced Voc of less
than 0.05 V. For the polymer devices, the LiF layer acts as an
impediment to charge transfer and transport.

AFM images (Fig. 4) showed that the CdSe films had a root-
mean-square roughness (Rrms) of less than 5 nm and that the PbSe
films presented an Rrms of up to 16 nm. We did not resolve any
aggregates in the CdSe AFM images, while sintered PbSe
nanoparticle aggregates exhibited diameters of the order of
0.50–0.75mm. Inspection of the as-cast films revealed that the
extent of aggregation and the size of the aggregates in the sintered
film depended more heavily on aggregation in the nanoparticle
solutions than on the sintering process. The CdSe films that
resulted in the best devices had an Rrms of around 2 nm, and we
observed that obtaining very smooth nanoparticle films was
crucial to fabricate the highest efficiency solar cells. The films
appeared to be pinhole free; however, smaller pinholes may have
remained undetected because of the horizontal resolution of the
AFM. Over 50% of the nanoparticle solutions yielded devices that
did not show a photovoltaic response. Over 300 devices were
fabricated. A minimum of 30 devices were tested for each
structure type mentioned below. On average, 40% of the devices
with an interlayer showed reasonable photovoltaic performance;
however, of over 60 ITO/CdSe/PbSe/Al devices, only one showed a
photovoltaic effect, as mentioned below.

In order to inspect the in-plane conduction properties of the
nanoparticle films, IV curves of sintered CdSe and PbSe films were
taken in the dark and under illumination (Fig. 5). For PbSe films,
we measured an increase in the dark current when a voltage was
applied, as well as an increase in conduction when the film was
exposed to light and persistent photoconductivity after the light
source was removed. The persistent photocurrent is evidence for a
large trap density in PbSe, similar to the previous results on cast
CdSe nanoparticle films [30]. Under illumination, PbSe films
showed a resistivity r at least one order of magnitude smaller
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Fig. 5. Current vs. voltage of annealed CdSe and PbSe films in the dark and under

illumination (for image clarity, the dark current of the CdSe film was omitted).

Fig. 6. EQE of ITO/CdSe/LiF/PbSe/Al solar cells vs. the absorption of an as-cast (ac)

CdSe film, a sintered (sint.) CdSe film, and a sintered PbSe film.
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than the corresponding r in the dark (100 and 101O cm,
respectively). Fig. 5 also shows that current tended to flow more
easily through PbSe than through CdSe films. In fact, CdSe films
exhibited a r of 103O cm under illumination and a r of 106O cm
in the dark. The calculated r values of our films are significantly
lower than the resistivities for low-temperature annealed or as-
cast nanoparticle films reported in the literature, which may be as
high as 1014O cm at 200 K [31]. Annealing our nanoparticle films
at 400 1C most likely removes most of the organic capping and
eliminates interparticle separation [32], which may explain why
our films are considerably more conductive than as-cast or low-
temperature annealed films reported on in the literature.

In Fig. 6, the absorption spectra of an as-cast CdSe film, a
sintered CdSe film, and a sintered PbSe film, as well as the external
quantum efficiency (EQE) of a typical ITO/CdSe/LiF/PbSe/Al device,
are shown. Using the cutoff wavelength of the CdSe absorption
spectra, we can calculate a rough estimate of the bandgap of the
nanoparticle film as-cast and after sintering. Nanoparticles of
different sizes were used to fabricate devices. For the CdSe
particles whose absorption spectra are displayed in Fig. 6, in
particular, we calculate an as-cast bandgap of around 1.97 eV
(630 nm absorption cutoff) and a sintered bandgap of around
1.70 eV (730 nm absorption cutoff).

Further inspection of Fig. 6 shows that the cutoff of the EQE
spectrum coincides with the cutoff of the sintered CdSe film and
that few photons with wavelengths above 750 nm, if any, are
collected as charge at the electrodes. Because the highest excitonic
peak of the PbSe nanoparticles was around 1200 nm, we expected
that these solar cells would collect a portion of the infrared range
of the solar spectrum.

Although the EQE data may seem to suggest that the PbSe film
does not play a role in these devices, other tests demonstrate the
opposite. Ginger and Greenham [30] showed that ITO/CdSe/Al
devices produce a photocurrent, but no photovoltage. We
fabricated ITO/CdSe/LiF/Al and ITO/CdSe/LiF/CdSe/Al devices,
neither of which showed a photovoltaic effect. This suggests that
the PbSe film is a necessary component of the system. To learn
whether holes or electrons exited through the ITO electrode, the
polarity of the current of ITO/CdSe/LiF/PbSe/Al devices was
compared to that of a device for which the electron-collecting
electrode is well identified [14]. It was found that in ITO/CdSe/LiF/
PbSe/Al devices, as well as in devices where the top electrode
consisted of Au instead of Al, holes exited through the ITO and
electrons exited through the top electrode. We inverted the order
of the nanoparticle layers to test the ITO/PbSe/interlayer/CdSe/Al
structure, with and without an interlayer. The devices showed
severe shunting and no photovoltaic response, as was usually the
case for CdSe/PbSe devices that did not have an interlayer (Fig. 1b).
When the top Al electrode was substituted with Au in ITO/CdSe/
interlayer/PbSe/electrode devices, we observed somewhat lower
Jsc’s and FFs, but similar Voc’s.
4. Discussion

We first consider the role the interlayer plays on improving
device performance. Unlike studies in which optoelectronic device
efficiency is enhanced by the introduction of a few nanometer-
thick insulating layer [15–24], the devices presented here require
interlayer films of thicknesses in the tens of nanometers, even
though the roughness of the underlying CdSe films is low. Fig. 3
shows that a device with a 20 nm Al2O3 interlayer has comparable
performance to a device with a 50 nm LiF interlayer. IV curve
measurements of LiF films demonstrated a small conductivity
value of 10�7 S/cm. This could arise from an H2O film adsorbed
onto the hygroscopic LiF or from inhomogeneities in the films due
to unequal rates of evaporation of the constituent atoms [33],
leading to the need for thick interlayers. Nonetheless, the data
suggest that the main purpose of the interlayer is to interrupt
shunting pathways traversing one or both nanoparticle films. This
could take place by shielding the underlying CdSe layer from
direct contact with the top Al electrode or by increasing the
resistance of shunted pathways in the PbSe films, which could
exist along Pb-rich grain boundaries or along other inhomogene-
ities. The increase in shunt resistance with increase in interlayer
thickness is consistent with this hypothesis.

The position of the LiF layer was varied in order to test for
changes in device performance. Devices in the ITO/LiF/CdSe/PbSe/
Al architecture did not show photovoltaic behavior, whereas
devices in the ITO/CdSe/LiF/PbSe/Al and ITO/CdSe/LiF/PbSe/LiF/Al
architectures did show a photovoltaic response. In one instance
alone, we were able to fabricate an ITO/CdSe/PbSe/Al device with
no interlayer, which yielded a Jsc of 1.1 mA/cm2, a Voc of 0.11 V, and
a FF of 25%. This suggests that from an energy level point of view it
is possible to obtain a photovoltaic effect from these devices
without the use of an interlayer; nevertheless, reproducibility was
highly affected by film quality. Placed either between the
nanoparticle films or above the nanoparticle bilayer, the LiF film
may be further reducing leakage by passivating the nanoparticle
surfaces and reducing the number of interfacial traps and
recombination centers.

Since both LiF and Al2O3 can be used to obtain a photovoltaic
effect in ITO/CdSe/interlayer/PbSe/Al nanoparticle devices, we
suggest that the possible formation of an interfacial dipole would
have a relatively minor effect on the functioning of the structure.
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We do consider, however, that the interlayer materials could be
doping the side-lying nanoparticle films and thus offset the
energy levels. If, for example, the energy levels of PbSe were offset
by a few tenths of an eV farther from vacuum, the flow of
electrons toward this material would be the energetically
favorable path for these charge carriers. Finally, considering that
the collected photogenerated charges are produced in the CdSe
layer, and that, thus, we would like to optimize absorption in that
material, the interlayer could be causing a redistribution of light
intensity as in the work by Kim et al. [34]. However, because the
simple ITO/CdSe/Al and ITO/CdSe/LiF/Al devices do not exhibit a
photovoltage, indicating that the PbSe layer is a necessary
component of these solar cells, we conclude that a redistribution
of light intensity would not be the main function of the interlayer.

Finally, we consider the operational mechanism for these solar
cell devices. The EQE of an ITO/CdSe/LiF/PbSe/Al device, shown in
Fig. 6, demonstrates that the solar cells are collecting a negligible
amount of charges at photons of wavelengths above 750 nm,
where the PbSe is expected to contribute. The PbSe nanoparticle
films are known to be photoconductive, indicating that the PbSe
does not contribute, because it is energetically unfavorable for it
to transfer charge to the CdSe layer. Study of the polarity of the
current through these devices revealed that, strikingly, holes are
collected through the ITO and electrons are collected through the
top electrode. This was also the case after substituting Al, the top
electrode material, with Au, suggesting that the choice of
electrodes does not play a dominant role in establishing an
internal field within the solar cell. Following the standard
procedure for illustrating the energy band diagram of a polymer
solar cell system, Fig. 7a shows the energy band diagram of the
structure in which the semiconductor materials are presented
with the corresponding nanoparticle bandgap and any possible
energy level shift due to the presence of the interlayer has been
ignored. The energy levels are obtained from Refs. [9,12,30,35,36].
Although the literature provides examples in which the PbSe film
is the electron transporter [9], the scheme in Fig. 7a suggests that
electrons should exit through the CdSe film.
Fig. 7. Possible energy band diagram for ITO/CdSe/LiF/PbSe/Al devices. Diagram (a)

assumes the bandgaps of the nanoparticles are not affected by sintering. Diagram

(b) assumes that the bandgaps decrease to the bulk values.
As observed by Drndic et al. [32] and as demonstrated in Fig. 6,
the bandgaps of the nanoparticle films approach the values of the
corresponding bulk materials when the films are sintered at
400 1C. Fig. 7b illustrates a possible energy diagram of the
structure accounting for this decrease in the energy bandgaps of
the nanoparticle films once sintered. Since the bandgap of bulk
CdSe has a value of around 1.7 eV and the average bandgap of CdSe
nanoparticles is around 2.0 eV, the change in film bandgap after
sintering will have relatively minor consequences on the energy
band diagram of the structure. However, an analogous change in
the PbSe film could have significant consequences on the device
energetics. Because PbSe has a large Bohr radius (46 nm compared
to only 6 nm for CdSe [37]) and thus shows strong quantum
confinement, the difference in bandgap between bulk and
nanoparticle bandgaps for PbSe is large (0.27 vs. �1.0 eV [38]).
As shown in Fig. 7b, this would cause the lowest unoccupied
molecular orbital (LUMO) of the PbSe film to shift farther from
vacuum and reach a value close to that of the LUMO of CdSe. To
reconcile the polarity of the current with the energy levels in
Fig. 7b, we suggest that while electrons could travel in either the
CdSe or PbSe films because of the similarity in the LUMO energies
of the materials, holes may not be transferred from the PbSe to the
CdSe because it is energetically unfavorable to do so. In this case,
electron–hole pairs generated upon photon absorption in the PbSe
film would not be collected since hole transfer to the CdSe would
not occur, and thus the electron–hole pairs would ultimately
recombine. Further support for this model is the observation that
devices consisting of non-sintered PbSe layers did not exhibit
solar cell performance.

Gur et al. [12] showed that their all-inorganic nanoparticle
CdTe/CdSe system behaved like a donor/acceptor type-II hetero-
junction. Our experiments and the literature suggest that this is
not the case for our system. The energy band diagram for our
system does not present a clear scheme of staggered energy levels,
so that it is not clear that we have a type-II heterojunction. By
noting that our films have similar thicknesses to those presented
in the work by Gur et al. [12], the calculated resistivity values
suggest that our films are more conductive than those in Ref. [12].
Also, because the conductivity of the PbSe layer is a few orders of
magnitude higher than the conductivity of the CdSe, and because
we have found that the PbSe is necessary in order to collect the
charge photogenerated in the CdSe, yet it does not contribute
itself to the photocurrent observed, we believe this system cannot
be described by the donor/acceptor model, used to explain the
behavior of polymer solar cells.

Finally, we considered whether the ITO/CdSe/(interlayer)/PbSe/
Al could be behaving like a p–n junction system. Because bulk
CdSe is an n-type material [39,40], electron transport by the PbSe
film would have had to stem from an even stronger n-type doping
of the PbSe. The literature on bulk PbSe thin films [41,42] indicates
that the photoconductivity in this material, which we observed
and presented in Fig. 5, is possible when oxygen impurities
introduce acceptor levels into the energy band of PbSe, making it
p-type. While it may not be entirely correct to apply literature on
bulk semiconductor thin films, which is mostly based on mono or
polycrystalline systems, to nanoparticle solids, we found the data
in the literature to be irreconcilable with our observations of the
photoconductivity and electron conduction in PbSe. Nevertheless,
it is possible that p–n junction behavior is one of several
competing mechanisms governing the solar cell’s operation,
although not the dominant one. Since the shift in absorption
cutoff and the high conductivities measured indicate that the
sintered nanoparticle films are behaving in some respects like
their bulk counterparts, future studies could reveal that optimized
solar cells fabricated from sintered nanoparticle solids could be
best described by p–n junction theory. Future directions in the
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study of this system must include an effort to further understand
the morphology and transport properties of sintered nanoparticle
solids.
5. Conclusions

We have presented solar cells based on CdSe and PbSe
nanoparticles in the architecture ITO/CdSe/interlayer/PbSe/
Al with IV characteristics Jsc ¼ 6 mA/cm2, Voc ¼ 0.18 V, and
FF ¼ 41%. We found that the system had the highest rate of
success when an interlayer of LiF or Al2O3 was evaporated
between the nanoparticle films. The interlayer aided in reducing
the shunt resistance of the structure. EQE spectra showed that the
PbSe film did not contribute to the photocurrent of the devices;
other data confirmed the need of the PbSe film to obtain a
photovoltaic effect, however. It was argued that through high
temperature annealing, the nanoparticle films acquired bandgaps
similar to those of the bulk materials, and became more
conductive. In particular it was proposed that the PbSe film,
which showed a conductivity several orders of magnitude higher
than that of CdSe, could function as a low conductivity contact.
The direction of the current through the devices indicated that the
holes were exiting through the CdSe film to the ITO electrode. The
energy diagram of the structure indicated that hole transfer from
the PbSe to the CdSe was energetically unfavorable, explaining
why the PbSe layer did not contribute to the photocurrent of the
devices.
Acknowledgment

The authors would like to acknowledge the STTR DOE grant.

References

[1] A.P. Alivisatos, Perspectives on the physical chemistry of semiconductor
nanocrystals, J. Phys. Chem. 100 (1996) 13226.

[2] N.C. Greenham, X.G. Peng, A.P. Alivisatos, Charge separation and transport
in conjugated-polymer/semiconductor-nanocrystal composites studied by
photoluminescence quenching and photoconductivity, Phys. Rev. B 54 (1996)
17628.

[3] A.C. Arango, S.A. Carter, P.J. Brock, Charge transfer in photovoltaics consisting
of interpenetrating networks of conjugated polymer and TiO2 nanoparticles,
Appl. Phys. Lett. 74 (1999) 1698.

[4] D. Godovsky, Device applications of polymer-nanocomposites, Adv. Polym.
Sci. 153 (2000) 163.

[5] S.A. McDonald, P.W. Cyr, L. Levina, E.H. Sargent, Photoconductivity from PbS-
nanocrystal/semiconducting polymer composites for solution-processible,
quantum-size tunable infrared photodetectors, Appl. Phys. Lett. 85 (2004)
2089.

[6] M. Law, L.E. Greene, J.C. Johnson, R. Saykally, P.D. Yang, Nanowire dye-
sensitized solar cells, Nat. Mater. 4 (2005) 455.

[7] K.R. Choudhury, Y. Sahoo, T.Y. Ohulchanskyy, P.N. Prasad, Efficient photo-
conductive devices at infrared wavelengths using quantum dot-polymer
nanocomposites, Appl. Phys. Lett. 87 (2005) 073110.

[8] O. Solomeshch, A. Kigel, M. Brumer, A. Sashchiuk, V. Medvedev, A. Aharoni,
A. Razin, Y. Eichen, U. Banin, E. Lifshitz, N. Tessler, Optoelectronic properties of
polymer–nanocrystal composites active at near-infrared wavelengths (vol. 98,
pg 074310, 2005), J. Appl. Phys. 99 (2006) 079901.

[9] D.H. Cui, J. Xu, T. Zhu, G. Paradee, S. Ashok, M. Gerhold, Harvest of near-
infrared light in PbSe nanocrystal–polymer hybrid photovoltaic cells, Appl.
Phys. Lett. 88 (2006) 183111.

[10] S. Gunes, H. Neugebauer, N.S. Sariciftci, H. Roither, M. Kovalenko, G. Pillwein,
W. Heiss, Hybrid solar cells using HgTe nanocrystals and nanoporous TiO2

electrodes, Adv. Funct. Mater. 16 (2006) 1095.
[11] W.U. Huynh, J.J. Dittmer, N. Teclemariam, D.J. Milliron, A.P. Alivisatos,

K.W.J. Barnham, Charge transport in hybrid nanorod–polymer composite
photovoltaic cells, Phys. Rev. B 67 (2003) 115326.
[12] I. Gur, N.A. Fromer, M.L. Geier, A.P. Alivisatos, Air-stable all-inorganic
nanocrystal solar cells processed from solution, Science 310 (2005) 462.

[13] A.C. Arango, L.R. Johnson, V.N. Bliznyuk, Z. Schlesinger, S.A. Carter,
H.H. Hörhold, Efficient titanium oxide/conjugated polymer photovoltaics for
solar energy conversion, Adv. Mater. 12 (2000) 1689.

[14] A.J. Breeze, Z. Schlesinger, S.A. Carter, P.J. Brock, Charge transport in
TiO2/MEH-PPV polymer photovoltaics, Phys. Rev. B 64 (2001) 125205.

[15] Y. Zhao, S. Liu, J. Hou, Effect of LiF buffer layer on the performance of organic
electroluminescent devices, Thin Solid Films 397 (2001) 208.

[16] H. Heil, J. Steiger, S. Karg, M. Gastel, H. Ortner, H. von Seggern, M. Stossel,
Mechanisms of injection enhancement in organic light-emitting diodes
through an Al/LiF electrode, J. Appl. Phys. 89 (2001) 420.

[17] R. Schlaf, B.A. Parkinson, P.A. Lee, K.W. Nebesny, G. Jabbour, B. Kippelen,
N. Peyghambarian, N.R. Armstrong, Photoemission spectroscopy of LiF-coated
Al and Pt electrodes, J. Appl. Phys. 84 (1998) 6729.

[18] D. Grozea, A. Turak, Y. Yuan, S. Han, Z.H. Lu, W.Y. Kim, Enhanced
thermal stability in organic light-emitting diodes through nanocompo-
site buffer layers at the anode/organic interface, J. Appl. Phys. 101 (2007)
033522.

[19] C.J. Brabec, S.E. Shaheen, C. Winder, N.S. Sariciftci, P. Denk, Effect of LiF/metal
electrodes on the performance of plastic solar cells, Appl. Phys. Lett. 80 (2002)
1288.

[20] M. Law, L.E. Greene, A. Radenovic, T. Kuykendall, J. Liphardt, P.D. Yang,
ZnO–Al2O3 and ZnO–TiO2 core-shell nanowire dye-sensitized solar cells,
J. Phys. Chem. B 110 (2006) 22652.

[21] D. Xu, Z. Deng, X. Li, Z. Chen, C. Liang, Enhanced quantum efficiency in
polymer electroluminescence devices by inserting an ultrathin PMMA layer,
Appl. Surf. Sci. 253 (2007) 3378.

[22] H. You, Y. Dai, Z. Zhang, D. Ma, Improved performances of organic light-
emitting diodes with metal oxide as anode buffer, J. Appl. Phys. 101 (2007)
026105.

[23] L. Niu, F. Zhang, The effect of Al203 nanolayers on the efficiency of organic
light-emitting devices, Semicond. Sci. Technol. 21 (2006) 1639.

[24] D. Liu, F. Teng, Z. Xu, S. Yang, L. Qian, Q. He, Y. Wang, X. Xu, Enhanced
brightness and efficiency in organic light-emitting diodes using SiO2 as buffer
layer and electron-blocking layer, J. Lumin. 122 (2007) 656.

[25] L.H. Qu, Z.A. Peng, X. Peng, Alternative routes toward high quality CdSe
nanocrystals, Nano Lett. 1 (2001) 333.

[26] W.W. Yu, J.C. Falkner, B.S. Shih, V.L. Colvin, Preparation and characterization of
monodisperse PbSe semiconductor nanocrystals in a noncoordinating
solvent, Chem. Mater. 16 (2004) 3318.

[27] A.P. Alivisatos, Semiconductor clusters, nanocrystals and quantum dots,
Science 271 (1996) 933.

[28] G.G. Rusu, M. Rusu, On the electrical conductivity of CdTe thin films
evaporated onto unheated substrates, Solid State Commun. 116 (2000) 363.

[29] S.V. Chasteen, J.O. Härter, G. Rumbles, J.C. Scott, Y. Nakazawa, M. Jones,
H.-H. Hörhold, H. Tillman, S.A. Carter, Comparison of blended versus layered
structures for poly(p-phenylene vinylene)-based polymer photovoltaics,
J. Appl. Phys. 99 (2006) 033709.

[30] D.S. Ginger, N.C. Greenham, Charge injection and transport in films of CdSe
nanocrystals, J. Appl. Phys. 87 (2000) 1361.

[31] N.Y. Morgan, C.A. Leatherdale, M. Drndic, M.V. Jarosz, M.A. Kastner,
M. Bawendi, Electronic transport in films of colloidal CdSe nanocrystals,
Phys. Rev. B 66 (2002) 075339.

[32] M. Drndic, M.V. Jarosz, N.Y. Morgan, M.A. Kastner, M.G. Bawendi, Transport
properties of annealed CdSe colloidal nanocrystal solids, J. Appl. Phys. 92
(2002) 7498.

[33] J.G. Simmons, Conduction in thin dielectric films, J. Phys. D: Appl. Phys. 4
(1971) 613.

[34] J.Y. Kim, S.H. Kim, H.H. Lee, K. Lee, W. Ma, X. Gong, A.J. Heeger,
New architecture for high-efficiency polymer photovoltaic cells
using solution-based titanium oxide as an optical spacer, Adv. Mater. 18
(2006) 572.

[35] B. Wehrenberg, P. Guyot-Sionnest, Electron and hole injection in PbSe
quantum dot films, J. Am. Chem. Soc. 125 (2003) 7806.

[36] A.D. Katnani, G. Margaritondo, Microscopic study of semiconductor hetero-
junctions: photoemission measurement of the valence band discontinuity
and of the potential barriers, Phys. Rev. B 28 (1983) 1944.

[37] F.W. Wise, Lead salt quantum dots: the limit of strong quantum confinement,
Acc. Chem. Res. 33 (2000) 773.

[38] J.S. Steckel, S. Coe-Sullivan, V. Bulovic, M.G. Bawendi, 1.3–1.55mm tunable
electroluminescence from PbSe quantum dots embedded within an organic
device,, Adv. Mater. 15 (2003) 1862.

[39] K.L. Chopra, S.R. Das, Thin Film Solar Cells, Plenum Press, New York, 1983.
[40] D. Yu, C.J. Wang, P. Guyot-Sionnest, n-type conducting CdSe nanocrystal

solids, Science 300 (2003) 1277.
[41] J.N. Humphrey, R.L. Petritz, Photoconductivity of lead selenide—theory of the

mechanism of sensitization, Phys. Rev. 105 (1957) 1736.
[42] F. Briones, D. Golmayo, C. Ortiz, The role of oxygen in the sensitization of

photoconductive PbSe films, Thin Solid Films 78 (1981) 385.


	All-inorganic CdSe/PbSe nanoparticle solar cells
	Introduction
	Experiment
	Results
	Discussion
	Conclusions
	Acknowledgment
	References


