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We report on the fabrication of efficient PbS solar cells, showing power conversion efficiencies
approaching 4% and fill factors of 60% under AM1.5 illumination. The effect of the size of two
different nanocrystals �NCs� on the performance and key parameters of the devices are discussed
together with peculiar features of device functioning. The results prove that the devices are not
under space-charge limitation and the device performance is influenced by charge trapping which is
dependent on the size of the NCs. © 2010 American Institute of Physics. �doi:10.1063/1.3518067�

Photovoltaic devices1–3 and photodetectors4–6 based on
solution-processable colloidal inorganic nanocrystals �NCs�
have recently received increasing attention thanks to the
unique optical and electrical properties7 of the NCs. Due to
quantum confinement, the tunability of the band gap allows
to maximize the absorption of solar radiation in the near-
infrared region for narrow band gap semiconductors such as
PbS and PbSe. Until now, the presence of the insulating mo-
lecular shell around the NCs was considered to be the major
drawback preventing their use in electronics and optoelec-
tronics. Recently, several methods8–13 have been developed
to replace long insulating molecules such as oleic acid �OA�
by shorter ligands which can reduce interparticle spacing
and increase the electronic coupling between NCs. To
fabricate optoelectronic devices, in most of these reports
ethanedithiol14,15 or benzenedithiol11,12,16 �BDT� are used as
bidentate ligands to exchange the original insulating ligands
and crosslink the NCs after thin film deposition.

The active layer of these solar cells is generally fabri-
cated by sequential layer by layer �LBL� deposition such as
dipping15 or spin-coating11,16 of the NC and thiol solutions.
Promising solar cells have been reported using PbS,14,17

PbSe,15 or PbSxSe1−x NCs18 as active layer, boosting power
conversion efficiencies �PCE� up to 3.6%.16 Solar cells based
on junctions between PbX NCs and other semiconductors
have also been reported.11,19–22 In a recent report,21 the fig-
ures of merit of different device architectures are compared
and the major limitations of NC photovoltaic devices are
identified as: �i� low open-circuit voltage �Voc�, approxi-
mately equal to half of the band gap of the NCs, and �ii� low
fill factor �FF�.

In the present work, we report on the fabrication of ef-
ficient PbS solar cells, showing PCEs approaching 4% and
FFs of 60% on a device active area of 4 mm2. Our results
exceed the previously reported literature record16 where a
PCE of 3.6% and a FF of 51% were obtained on an active
area of 2.9 mm2. The device active layer ��140 nm� was
prepared between an ITO anode and a 1 nm LiF/100 nm Al
cathode by a LBL sequential spin-coating method using 5
mg/ml solutions of PbS in chloroform and 0.02M 1,4-BDT
in acetonitrile. To replace the insulating OA ligands by 1,4-

BDT, in each iteration PbS was spin coated at 4000 rpm
followed by soaking of the PbS layer in the 1,4-BDT solu-
tion for 30 s and spin-coating at 4000 rpm to remove residual
solution. Each iteration produces 6–7 nm of PbS film which
allows to precisely control the overall layer thickness.

The ligand exchange in the PbS thin film was followed
by Fourier transform infrared spectroscopy �FTIR�. The
FTIR spectra reported in Fig. 1�a� confirm that the original
insulating oleic acid ligands are replaced by the much shorter
BDT in agreement with a previous report.12 The characteris-
tic vibrations of oleic acid �top part Fig. 1�a�� such as the
strong symmetrical and asymmetrical �COOu� vibrations at
�1400 and 1550 cm−1 and the CuH vibrations at �2856
and 2925 cm−1 are strongly reduced in the BDT treated film
�bottom Fig. 1�a��. In contrast, the typical vibrations of BDT
such as CvC at �1465 cm−1, p-benzene at �805 cm−1,
and the CuS stretch peaks at �660 cm−1 appeared. The
peaks at �1093 cm−1 in the FTIR spectra of the BDT
treated NCs layer are attributed to the Si substrate, being
here more evident because of the smaller film thickness re-
spect to the OA-NCs film. Moreover, the BDT treated
sample shows a feature at 487 cm−1 which can be attributed
to the formation of SuS bonds. The schematic illustration
of PbS NCs cross-linked with BDT molecules is shown in
Fig. 1�b�. The topography of the layers formed by cross-
linked NCs was obtained by an atomic force microscope
�AFM� operating in tapping mode �Fig. 1�c��. The surface of

a�Electronic mail: m.a.loi@rug.nl.

FIG. 1. �Color online� �a� FTIR spectroscopy characterization of PbS thin
films before and after BDT treatment. �b� Schematic of PbS NCs cross-
linked with BDT. �c� AFM topography image of BDT treated PbS thin films.
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the active layer appears to be quite smooth with a rms rough-
ness of 1.7 nm.

The current density-voltage �J-V� characteristics of the
BDT treated PbS solar cells are shown in Fig. 2�a�. The
devices were fabricated using two different sizes of PbS NCs
with diameters of 3.5 �band gap of 1.3 eV� and 4.3 nm �band
gap of 1.1 eV�, resulting in PCEs of 3.48% and 3.93%, re-
spectively. Note that after 21 days of storage in N2 the device
efficiency decreased to �80% of the original value. Current-
voltage characteristics of these devices were measured in ni-
trogen atmosphere under illumination of a white light metal
halide lamp calibrated by a Si reference cell. The PbS solar
cells made with the smaller NCs exhibit higher Voc �0.55 V
instead of 0.46 V� due to the larger band gap. On the con-
trary, the Jsc of the device fabricated with the 4.3 nm PbS
NCs is much larger. This higher short-circuit current could
be due to the reduced band gap, resulting in more extended
absorption, as shown by the IPCE measurements in Fig. 2�b�,
or by the reduced amount of trapping sites at the interface in
the films composed of bigger NCs. The IPCE spectra were
measured from 400 to 1400 nm relative to that of a calibrated
Si and a Ge photodiode. For both NCs the IPCE shows a
maximum of �60% in the visible and �20% in the infrared
region. The calculated Jsc of the devices from the IPCE data
under 100 mW /cm2 of AM1.5G solar irradiation were
113.6 A /m2 in the case of smaller NCs and 144.5 A /m2 for
the NCs with a band gap of 1.1 eV, showing good agreement
with the J-V measurements �see Fig. 2�a��. The devices fab-
ricated using larger NCs show FF exceeding 60% �64% the
best FF achieved�, while in the case of the smaller NCs the
FF is as high as 56%. This lower value of the FF could be a
sign of slightly more efficient recombination of the electron-
hole pairs in the active layer. Similar FFs were only pre-
sented recently by Zhao et al.,23 however for bilayer hybrid
devices using PbS NCs and fullerene derivatives as active

layers. The very high FF values of our devices also suggest
that the photocurrent is not space-charge limited.24

To further prove that our devices are not space-charge
limited, we apply a simple physical model developed by
Goodman and Rose for photoconductive layers.25 Therefore,
the variation of Jsc with the light intensity is plotted in double
logarithmic scale in Fig. 3�a�. The slopes �S� of both curves
were determined from the fit to the experimental data, result-
ing in S�1. This confirms that the photocurrent is not space-
charge limited, but is only determined by the generation rate
of photoexcitations upon illumination. It has been shown that
a space-charge limited photocurrent shows a square root de-
pendence on the effective voltage and a slope S�0.75 due to
the formation of space-charge regions.24,25

Figure 3�b� shows the photocurrent Jph=JL−JD, where JL
and JD are the current density under illumination and in dark,
respectively, as a function of the effective voltage �V0−V�.
The effective voltage was obtained by subtracting the applied
voltage �V� from the compensation voltage �V0� which is
defined as Jph=0. In Fig. 3�b� only two regimes can be dis-
tinguished: �i� small effective voltages �V0−V�0.1 V�
where the drift and diffusion currents compete and vary lin-
early with the voltage and �ii� increasing effective voltages
�V0−V�0.1 V� when the Jph tends to saturate. The third
regime where the Jph would be characterized by the square
root of the effective voltage does not appear, confirming once
more that the devices are not space-charge limited. When
space-charge effects do not play any role and the recombina-
tion is neglected, the photocurrent can be expressed by Jph
=qGL where q is the electric charge, G is the generation rate
of the photoexcitations, and L is the device layer thickness.25

Using the maximum Jph values obtained from the saturation
regime of the plots, the generation rates Gmax were calculated
to be 7�1027 m−3 s−1 �for NCs of 1.1 eV� and 5.4

FIG. 2. �Color online� �a� J-V charac-
teristics of PbS solar cells composed
of two different types of NCs. Inset:
J-V curves on a logarithmic scale in
dark and under illumination. �b� IPCE
spectra of PbS solar cells.

FIG. 3. �Color online� �a� Light inten-
sity dependence of the short-circuit
current �Jsc� and �b� photocurrent �Jph�
of the PbS devices vs the effective ap-
plied voltage �V0−V�.
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�1027 m−3 s−1 �for NCs of 1.3 eV�. Clearly, the devices
composed of larger NCs absorb more light which leads to the
generation of more photoexcitations.

The device active layer can be treated as one intrinsic
semiconducting material with relatively low mobility,13,23

which can be described by the metal-insulator-metal model.
To further understand the working mechanism and limiting
factors of these solar cells, the Voc of the two different NC
devices were plotted versus the logarithm of the light inten-
sity �Fig 4�. For trap-free solar cells, the slope �S� of the Voc
should follow S= �kT /q�, where k is the Boltzmann constant,
T is the temperature, and q is the elementary charge.26,27

However, it has been demonstrated that trap-assisted recom-
bination could enhance the dependence of the Voc on the
light intensity.28 For our devices, the slopes were calculated
from the linear fits, resulting in S=1.38 �kT /q� for smaller
NCs and S=1.25 �kT /q� for the bigger NCs, indicating the
presence of traps in the active layers. We suggest that the
difference between the two devices originates from the depth
lowering of the traps and a decrease of the amount of inter-
faces in the active layer when increasing the size of the NCs.
These results support the idea of a recent report where the
performance of PbSe devices are considered to improve by
changing the depth of trap states with NC band gap.29

In summary, we fabricated solar cells using PbS NCs of
two different diameters. The devices show excellent charac-
teristics, exceeding the former best reports with PCE of
3.93% and FF of 60% under AM1.5 illumination. We dem-
onstrated that the Jsc of the solar cells depend linearly on the
light intensity and no space-charge effects occur. Moreover,
we showed that the active layers are affected by trapping. A
further improvement in the NC layer fabrication limiting the
charge trapping could lead to highly efficient solar cells.
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