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Here we report on heterojunction PbS quantum dot (QD) solar cells using RF magnetron sputtered CdS as
the n-type window layer. These solar cells generate large open circuit voltage compared to previously
reported PbS-QD solar cells. Our investigations of this device design show an optimized CdS film
thickness of 70 nm and an optimized PbS QD diameter of ∼2.7 nm, corresponding to a bandgap energy of
∼1.57 eV. Under simulated AM1.5 G illumination, we attain short circuit current as high as 12 mA-cm�2,
an open circuit voltage of 0.65 V and efficiency as high as 3.3%.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Researchers have been investigating suitable n-type hetero-
partners for PbS quantum dot (QD) solar cells for several years. To
date, only ZnO and TiO2 in their various forms (nanoparticles,
nanowires, and bulk thin film) have been widely used as n-type
heteropartners for PbS QDs solar cells. With these heteropartners,
QD solar cells have shown promising efficiencies in the 4–7% range
up to 7.4% [1,2]. ZnO is a wide bandgap (3.37 eV) II–VI semicon-
ductor, and typically shows n-type character even in the absence
of intentional doping with low carrier concentration. The synthesis
of nanocrystalline (NC) TiO2 paste for industrial production
involves a lengthy process which may be economically challen-
ging, [3] and because of its relatively small electron affinity, TiO2

cannot be utilized for all sized PbS QDs (efficient electron transfer
from PbS QDs to TiO2 occurs only for QD diameters below
approximately 4.3 nm) [4]. These facts, together with the desire
to expand our knowledge of photovoltaic (PV) materials science,
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suggest consideration of other possible heteropartners for the PbS
QDs solar cells.

In this study we have explored sputtered CdS as a hetero-
partner for PbS QD solar cells for comparison with ZnO and
nanostructure TiO2. CdS is a non-stoichiometric n-type semicon-
ductor with a direct band gap energy of 2.42 eV [5]. We report
here on CdS/PbS-QD heterojunction solar cells that show an open
circuit voltage as high as ∼0.65 V. To our knowledge, no previous
report has been made on photovoltaic devices based on RF
magnetron sputtered CdS as a window layer for a PbS QD thin
film absorber layer [6].

Thin films of CdS have been studied extensively over the past
three decades, owing in large part to the fact that CdS has been the
most widely used and most successful n-type window layer for
high efficiency thin film solar cells based on CdTe [7,8] and Cu
(InGa)Se2 (CIGS) [9,10]. Various techniques such as chemical vapor
deposition [11], RF magnetron sputtering [12], and chemical bath
deposition [13] have been used to make uniform and transparent
CdS films to produce high efficiency solar cells. For CdS, sputtered
films have shown both larger crystalline grain size as well as
smoother surface roughness as compared with films produced by
chemical bath deposition [14]; in addition, we find excellent
adhesion qualities for the sputtered CdS films. Sputtering offers
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potential benefits in terms of deposition rate, substrate through-
put, and film thickness uniformity.
2. Experimental

2.1. Materials

All chemicals, oleic acid (OA), octadecene (ODE, 495%),
hexamethyldisilal-thiane ((TMS)2S), lead(II) oxide (PbO, 99.9+%),
ethyl alcohol (EtOH, absolute, anhydrous), acetonitrile (99.8%
anhydrous), hexane (C6H14, anhydrous, 95.0%), and 1,2-ethane-
dithiol (98.0%), were purchased from Sigma-Aldrich except EtOH
and OA, which were obtained from Fisher Scientific.
2.2. PbS QD synthesis

The synthesis of PbS QDs is based on the slightly modified
version of Hines and Scholes [15] and is carried out under an inert
atmosphere using standard Schlenck line techniques. In a typical
synthesis, for example to synthesize ∼2.9 nm diameter
QDs: 2 mmol of PbO, 10 g of ODE, and 1.14 g of OA are heated to
120–1221C under N2 in a 100 mL round bottom three neck flask.
The mixture is continuously stirred with a magnetic stirrer. The
mixture is heated until all the PbO is dissolved completely
typically within 45 min.

In the glove box, 1 mmol (TMS)2S is dissolved in 3.16 g of
nitrogen-purged ODE. The mixture is loaded in a syringe with a
needle. The heating mantle is removed and the mixture is injected
immediately at 110 1C into a three neck flask. When the tempera-
ture of the mixture reaches room temperature, purification is done
in air by adding ∼5 mL of hexane and ∼30 mL of EtOH and
centrifuging at 5000 rpm for about 20 min. The supernatant is
removed and sediment is cleaned two more time with hexane/
Fig. 1. (a) Schematic of the PbS QD/CdS heterojunction solar cell. (b) Cross-sectional scan
(a). (c) Schematic of the energy band diagram of an ITO/CdS/PbS-QD/Au solar cell.
ethanol. QDs so obtained are dried under nitrogen and utilized for
the experimental purposes.

2.3. PbS QD solar cell fabrication

PbS-QD film (absorbing layer) fabrication was completed using
the layer-by-layer (LbL) deposition method reported elsewhere
[16,17]. Patterned indium tin oxide (ITO) coated glass substrates,
obtained from Thin Film Devices, Inc., were cleaned by sonication
using micro-90s (concentrated cleaning solution) and deionized
water. Cleaned glass substrates were then dipped into a beaker
containing 15–20 mL of QD solution with the concentration of about
8 mg/mL prepared in hexane in a 30 mL beaker followed by a second
beaker containing 1 mM EDT solution in acetonitrile. Approximately
20 to 40 dip cycles resulted in QD films of 150-200 nm thickness.
Dip-coating was performed either by hand or using a dip coater from
NIMA Technology, England. The added thickness of the QD film from
each cycle depends on the concentration of the colloidal solution and
the removal speed (typically ∼0.7 mm/s) of the substrate from the
solution. For heterojunction solar cells, CdS was used as the window
layer (n-type semiconductor) and was deposited by RF magnetron
sputtering in an Ar atmosphere. Prior to deposition of CdS, the
chamber was heated to 270 1C for 30 min. The transparent and
conducting ITO layer shows a sheet resistance of 32 Ω/& and forms
the top contact of the device. A 150 nm thick gold (Au) film is used as
the bottom contact and is deposited either by electron beam
evaporation or thermal evaporation methods. Au was selected as
the back contact, due to its high work function, to minimize back
junction effects [1,18]. Six cells were fabricated on a single substrate,
each with an active area of 0.0975 cm2.

2.4. PbS QD solution, film, and device characterization

Absorbance spectra (optical density, OD) were measured using a
Perkin-Elmer, Lambda 1050, UV/VIS/NIR spectrophotometer.
ning electron microscopy (SEM) of the PbS QD/CdS junction solar cell illustrated in



K.P. Bhandari et al. / Solar Energy Materials & Solar Cells 117 (2013) 476–482478
Photoluminescence spectra (PL) were measured using Fourier
Transform Photoluminescence Spectroscopy (FT-PLE). Instrumental
set up of FT-PLE is very similar to the one explained by McDonald
et al. [19]. Current–voltage measurements were done with a
Keithley 2440 Source-Measure Unit under illumination from an
Oriel 91195A-1000 solar simulator, and external quantum efficiency
(EQE) measurements were acquired using a PV Measurements Inc.,
Model IVQE8-C QE system. X-ray diffraction (XRD) spectra were
obtained using a Dragon/PXRD; surface roughness for the CdS and
PbS-QD films were determined by AFM using a Veeco D3300 V.
Fig. 2. Current–voltage (I–V) characteristics of a CdS/PbS-QD heterojunction solar
cell recorded in the dark and under 100 mW-cm�2 simulated AM1.5 illumination.
The device was assembled using ∼200 nm thick EDT treated PbS-QD film deposited
from ∼2.7 nm diameter QDs, ∼70 nm thick CdS film and gold contact. VOC, JSC, FF
and PCE of this cell were 638 mV, 12.0 mA-cm�2, 43.5% and 3.3% respectively.
3. Results and discussion

Fig. 1 shows the complete solar cell device structure, its cross-
sectional view, and equilibrium band diagram. Varying the thick-
nesses of both the n- and p- type layers, we found the best cell
performance using 70 nm of CdS and 150–200 nm of PbS QDs. The
completed device was processed for cross-sectional imaging using
focused ion beam (FIB) milling, and imaged by scanning electron
microscopy (SEM). A layer of platinum was deposited onto the Au
layer to avoid Ga+ ion implantation and milling of the Au surface
during FIB processing [20].

The X-ray diffraction pattern of CdS thin films (see Supporting
Information, Fig. S1) deposited at a sputter power of 50 W showed
a most prominent diffraction peak at 2θ¼26.481, corresponding to
the (002) lattice plane of CdS. The (002) peak, as well as several
other peaks arising from (100), (002), (101), (110), (103), (200),
(112), (201) and (004) lattice planes, represent the hexagonal
wurtzite crystalline phase with inter-plane spacing of 5.83 Å
[21,22]. Scherrer analysis of the primary diffraction peak (002)
indicates that the film consists of oriented grains with an average
size of 33 nm. The optical transmittance of the CdS film was
measured for the wavelength range 350–2000 nm (Fig. S2). A
70 nm thick CdS film transmits at 460% for incident light of
wavelength longer than 515 nm.

In order to construct the solar cell′s band diagram, we investi-
gated the electronic and interface properties of sputtered CdS and
LbL PbS QD thin films. Work functions of CdS films and PbS-QDs
were measured by Kelvin probe (KP) and ultraviolet photoelectron
spectroscopy (UPS). Work functions of these thin films measured by
KP were 4.4 eV (CdS) and 4.5 eV (PbS-QD films). Similarly, the work
functions derived by UPS measurements were 4.5 eV (CdS) and
4.9 eV (PbS-QD films). UPS was also used to calculate the valence
band maximum (VBM) for both CdS and PbS-QD films. The VBM
obtained with respect to the Fermi level, which is considered as the
zero binding energy in the UPS spectrum, were 2.0 eV (CdS) and
0.6 eV (PbS-QD films) (Fig. S3). Liu et al. [23] found the work function
of CdS to be 4.7 eV and the VBM to be 2.2 eV using a similar method.
The band offset at the interface is one of the most important
properties for a semiconductor heterostructure device, and enables
the design and optimization of different contacts to minimize the
loss of photogenerated carriers resulting in a cell with higher
conversion efficiency. X-ray photoelectron spectroscopy (XPS) and
UPS were used to determine the valence band offset ΔEV and
conduction band offset ΔEC at the CdS/PbS-QD heterojunction. As
discussed in the Supporting Information, the valence band offset
between CdS and PbS-QD was found to be 1.4 eV, and the deduced
conduction band offset was determined to be 0.57 eV for a PbS-QD of
size ∼2.7 nm. The carrier concentrations of the bulk CdS and PbS-QD
films were determined using capacitance–voltage testing methods
and Mott–Schottky analysis as discussed in Supporting Information.

Under illumination, electron–hole pairs photo-generated within
the depletion region are separated by the built-in electric field with
electrons drifting to the CdS and holes drifting to the PbS-QD layer.
When the device terminals are shorted, excess electrons in the CdS
flow through the external circuit to recombine with the excess
holes in the PbS QDs side—this represents the photocurrent. The
current–voltage (I–V) characteristics of our best device is shown in
Fig. 2. To complete this device, we deposited a 70 nm thick CdS film
followed by a PbS-QD film (QD diameter of ∼2.7 nm, first exciton
peak at ∼792 nm, or 1.57 eV) of approximately 200 nm thickness
(Fig. S4 presents absorbance and photoluminescence spectra). This
solar cell exhibited an open circuit voltage, VOC of 638 mV, short
circuit current, JSC of 12.0 mA-cm�2, and overall photo-conversion
efficiency (PCE) of 3.3% when illuminated with 100 mW-cm�2

simulated AM1.5 G.
We can compare these results with heterojunction devices

based on other partner materials such as CdS, ZnO, Bi2S3, and
TiO2. Hernandez–Borja reported a study of CdS/PbS solar cells
which were not based on quantum dot PbS. Their devices were
fabricated using chemical bath deposition, and achieved an effi-
ciency of ∼1.6%. The JSC value of 14 mA-cm�2 and VOC value of
290 mV make sense in that the bandgap energy of bulk PbS is just
∼0.4 eV and therefore their device absorbs a much larger portion
of the solar spectrum [24]. In a report by Gao et al., solar cells
utilizing 1.6 eV band gap PbS QDs and NC ZnO achieved VOC, JSC
and PCE values of o600 mV, o5.0 mA-cm�2 and o2.0% respec-
tively [18]. Choi et al. constructed a solution processed tandem
solar cell with NC ZnO as a heteropartner within each of two
junctions formed using PbS-QD thin films of 1.0 eV and 1.6 eV
band gap energies [25]. The best PbS-QD tandem solar cell
attained a VOC of 0.91 V, though the JSC, FF, and PCE were all lower
than we report here. Luther et al. constructed a 3% efficient bilayer
PbS/ZnO QD heterojunction solar cell using air-stable 1.3 eV PbS
QDs [26]. Comparing their results to ours at similar QD bandgap
energy, their FF is larger than we obtain, resulting in a larger PCE
at similar JSC and VOC values. Recently, Brown et al. demonstrated
improvements in PCE for ZnO/PbS-QD heterojunction device
through the incorporation of a MoO3 interlayer between the PbS
QD layer and the back contact [27]. They achieved an efficiency of
3.5% from QDs having an effective bandgap of 1.3 eV and using
gold as a back contact. For larger dots their devices show slightly
better performance than what we have achieved at the same dot
size. Employing 3.5 nm diameter PbS QDs and an approach similar
to that of Brown et al., Gao et al. fabricated NC ZnO/PbS-QD solar
cells showing 4.4% PCE with a JSC of 18 mA cm�2, which was at the
time the certified record QD device efficiency [1]. Rath et al. [28]
employed Bi2S3 nanocrystals as an n-type semiconductor in their
p–n junction based solar cell based on p-type PbS-QD. Their best
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device demonstrated VOC 0.44 V, with a power conversion effi-
ciency of 1.6% for 860 nm (1.4 eV bandgap energy) PbS-QDs and
over 1% for 1300 nm (0.95 eV) PbS-QDs. Several other reports of
PbS QD solar cells exist with PCE results in the 3–5% range [29,30].
Recently, a record QD thin film solar cell efficiency was reported by
Ip et al. based on a hybrid passivated PbS QD layer deposited onto
a ZnO/TiO2-coated substrate [2]. Ip et al. achieved a remarkable
PCE of 7%, suggesting that further improvements lie ahead for the
field. Subsequent to submission of our manuscript, Chang et al.
reported results similar to ours employing chemical-bath-
deposited CdS as the window layer for their PbS-QD device and
achieving comparable efficiency of 3.5% [31].

Experimental and theoretical maximum (modeled) external quan-
tum efficiency (EQE) for the solar cell from Fig. 2 is shown in Fig. 3.
Fig. 3. External quantum efficiency spectrum of the PbS-QD solar cell featured in
Fig. 2 from both theoretically and experimentally obtained data. In the theoretical
curve, charge collection contribution from both CdS and PbS-QD layers are
considered and recombination losses are neglected.

Fig. 4. Dependence of VOC, JSC, FF and PCE on the diameter and effective band gap energ
using∼200 nm thick EDT-capped PbS-QD film deposited onto ∼70 nm thick CdS. Diameters
First, the complex refractive index, ~n λð Þ ¼ n λð Þ þ ik λð Þ, for the materials
used were obtained by spectroscopic ellipsometry (SE). Afterwards,
the electric field strength and photo-induced carrier generation rates
were calculated as functions of wavelength and position in the film
stack following the method outlined by Petterson et al [32]. Specifi-
cally, we apply an optical model based on a 2�2 system transfer
matrix [32] to model the QE and current losses of our solar cell devices
shown in Fig. 1(a). Finally, the EQE curve shown in Fig. 3 was
calculated by summing the photons absorbed within the CdS and
PbS-QD layers, assuming one electron–hole pair per absorbed photon.
While including recombination can in principle yield more detailed
performance modeling, specific recombination considerations are
excluded as the QD film electronic properties are not yet fully
understood. The result shown in Fig. 3 is a prediction of the maximum
EQE curve attainable with the given solar cell structure.

The photocurrent generated between 515 and 900 nm is attribu-
table to absorption in the PbS-QDs absorber layer followed by electron
transfer to the CdS window layer. The small peak in EQE near 450 nm
in Fig. 3 represents photocurrent contributed by the CdS film, which
absorbs strongly for photon energies above the bandgap of ∼2.4 eV
(515 nm). Unlike CdTe/CdS thin film solar cells, our data shows
contributions from carriers photogenerated in the thin CdS window
layer. However, light absorption within the CdS at wavelengths below
∼512 nm do show a relatively poor EQE of ∼35%; such losses do not
occur within ZnO films which exhibit a bandgap energy close to
3.37 eV and therefore show better transparency in this spectral region.

Our optical model shows that we could improve collection by
reducing reflectance at 550 nm and in the near infrared region
(NIR) of the spectrum (Fig. S5). This model was also used to
calculate the electric field strength and charge carrier generation
rate as a function of the depth and wavelength [33]. Our model
shows that the CdS absorbs light relatively uniformly from 410 nm
to 540 nm (Fig. S6). The QE curve in the 400–540 nm region can be
represented as a contribution from both layers (Figs. S7 and S8). It
y (the first exciton peak, Eg in eV) of PbS-QDs. All solar cell devices were assembled
of the QDs are based on the first exciton peak values as measured in solution [34, 35].
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is clear from Fig. 3 that a large portion of loss occurs due to poor
carrier collection and weak photon absorption in the NIR portion
of the spectrum.

The performance of our solar cells can be tuned by changing the
QD size and hence the electronic energy levels within the QDs. Fig. 4
shows the variation of VOC, JSC, FF and PCE for solar cells assembled
using different size QDs as a function of the first exciton peak (effective
band gap energy, Eg) of the QDs in eV. Six devices were fabricated at a
time and reproduced three times. As each prepared substrate consists
of six cells, each column in Fig. 4 is the average of six cells with the
error bar representing the standard deviation. We see that VOC
decreases with decreasing bandgap (increasing QD size and decreasing
quantum confinement). As expected, VOC depends on the valence band
and conduction band (HOMO and LUMO) levels of the QDs and is
strongly correlated with the size of the QDs.

JSC decreases for both smaller and larger size QDs. For smaller
QD diameters (large bandgap), the long wavelength absorption
cut-off moves to shorter wavelength, reducing the portion of the
spectrum absorbed within the PbS-QD layer, resulting in a
decrease in JSC. Larger dots (smaller bandgap) allow larger portions
of the solar spectrum to be absorbed by the PbS-QD layer but the
driving force for electron transport to the CdS is reduced because
of the resulting band alignment. Therefore, judicious selection of
the QD size is necessary to achieve optimal JSC. The fill factor
shows a similar trend as that of JSC while photo-conversion
efficiency demonstrates a maximum for PbS-QDs of diameter
∼2.7 nm corresponding to the first exciton peak at 792 nm.

The variation of VOC, JSC, FF and PCE for solar cells assembled
using PbS-QDs of size ∼2.78 nm corresponds to the first exciton
peak at 816 nm, with respect to CdS film thickness shown in Fig. 5.
Since the thin PbS-QD film (∼200 nm) is deposited on top of CdS
by a solution based method, surface roughness of the CdS film (Fig.
S9) may hinder uniform deposition of the QD film. It is found that
surface roughness of the PbS-QD film (Fig. S10) is larger when
deposited onto thicker CdS films. This rough surface may yield a
higher density of trap centers on the QD film surface, increasing
Fig. 5. Dependence on window layer thickness of the performance of PbS-QDs solar cell
single substrate by depositing a PbS-QD film of thickness ∼200 nm. The PbS QD diame
816 nm (1.52 eV).
the reverse saturation current density (J0). One clear effect of
defect-related recombination is a reduction in the open circuit
voltage (VOC), which depends not only on J0 but also on the photo-
generated current density (Jph) of the solar cell by the relation

Voc ¼ nKT
e

ln
Jph
J0

þ 1
� �

ð1Þ

where n is the ideality factor, K is the Boltzmann constant, T is the
absolute temperature, and e the charge of an electron. J0 depends
on the recombination in the solar cell and may vary by orders of
magnitude. Hence, VOC is one measure of recombination in the
device for the thicker CdS layers as shown in Fig. 5. In our case, VOC

decreases as the CdS thickness increases from 35 nm to 150 nm.
However, for CdS/CdTe solar cells the VOC dependence on CdS
thickness follows an opposite trend. Plotnikov et al.[36] studied
the VOC dependence on CdS thickness for the cells deposited on
bare TEC-15 and HRT-coated TEC-15 substrates and found higher
VOC for higher CdS film thickness until it became maximum for
about 130 nm CdS film. However, they were able to make high
performance CdS/CdTe devices when the CdS film thickness was
about 80 nm on bare TEC-15 and 30–130 nm on HRT TEC-15.

In most of the devices we fabricated with CdS thickness of 70 nm,
higher JSC and ultimately higher efficiencies were observed. The EQE
(Fig. 3) shows an apparent contribution of the CdS to the photocurrent,
especially in the higher energy region. This contribution is found to be
maximized when CdS thickness is 70 nm, indicating an optimum
thickness of the window layer at 70 nm. With increasing photon
energy above the band gap of 2.42 eV, CdS shows an increasing
absorption coefficient. Within CdS, the penetration depth for 2.48 eV
(500 nm) photons is ∼62 nm. As the CdS layer thickness is increased,
the absorption within CdS of higher energy photons reduces the
photon flux absorbed within the PbS-QD layer, and this may in part
explain the observed drop in JSC. The FF is lower for the two thickest
CdS films, in accordance with higher series resistance and lower shunt
resistance (Fig. S11). A high series resistance reduces JSC, and con-
tributes to a reduced FF. A low shunt resistance reduces VOC under load
s. Six devices for each CdS thickness (35, 70, 100 and 150 nm) were fabricated on a
ter used in these studies was ∼2.78 nm, corresponding to the first exciton peak at
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and also lowers the FF. Because of the bulky organic molecules in QDs,
mobility of the charge carriers is low [37], RS values are higher, and RSh
values are smaller than they appear in commercial thin film solar cells.
The series and shunt resistances of our best device are 21Ω cm2 and
204Ω cm2 respectively. Series and shunt resistances of CdS/CdTe solar
cells of device area of 0.08 cm2 obtained by Vigil et al.[38] were
2.9Ω cm2 and 787Ω cm2 when S/Cd ratio was 5/1. The highest
efficiency they achieved from this device is 12.3%. Similarly, from a
device area of 0.25 cm2, Pena et al. [39] obtained series and shunt
resistances 8.0 Ω cm2 and 631Ω cm2 from CdS/CdTe solar cells of
efficiency 6.3% with Cu/Mo back contact.

We studied the stability of the devices by measuring their J–V
characteristics with respect to time following a similar procedure as
Tang et al. [40] For these measurements, two identical devices were
used, keeping one of the devices in ambient atmosphere and another
in an inert N2 atmosphere. Our two month long study shows no
significant differences between storage in ambient air and storage in
an inert atmosphere as shown in Fig. S12. This indicates that the
performance of these devices does not degrade significantly in air on
the timescale of months, though longer time studies are required to
determine the extent of the air-stability of these devices.
4. Conclusions

We report the first heterojunction solar cells based on PbS-QDs and
RF magnetron sputtered CdS thin films, demonstrating an achieved
efficiency of 3.3%. Our devices exhibited high VOC values when
compared to Schottky junction solar cells and other PbS-QDs hetero-
junction solar cells. We find that PbS-QDs with the first exciton peak
near 800 nm yielded the best devices. Similarly, CdS thin films with
thicknesses of ∼70 nm are considered as an optimized window layer
thickness for the CdS/PbS-QD combination. From this study, we
conclude that understanding and optimizing the quality of the PbS
coupled QD film, as well as the properties of the interface between the
CdS and the PbS-QD film, are both essential to enhance the perfor-
mance of heterojunction QD thin film solar cells in the future.
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