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ABSTRACT: Polystyrene spheres are used to template TiO2
with a single layer of 300 nm wells which are infilled with PbS
quantum dots to form a heterojunction solar cell. The porous
well device has an efficiency of 5.7% while the simple planar
junction is limited to 3.2%. Using a combination of optical
absorption and photocurrent transient decay measurement we
determined that the performance enhancement comes from a
combination of enhanced optical absorption and increased
carrier lifetime.
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■ INTRODUCTION

Improvements in the power conversion efficiency of quantum
dot (QD) solar cells is currently propelled by both improving
the electronic properties of materials1−5 and designing novel
device architectures.6−13 Some of the best performing QD solar
cells reported to date have utilized an interpenetrated donor−
acceptor bulk heterojunction structure which simultaneously
gives good light absorption and charge extraction.6,13 In this
paper we use polystyrene beads to template a titanium dioxide
electrode to create a single layer of 300 nm wells which can be
easily filled with QDs to maximize the donor−acceptor
interface and enhance device efficiency through improved
absorption of light and charge collection pathways.
In a thick planar junction device, a charge extraction “dead

zone” exists close to the top electrode where excited carriers are
not extracted as photocurrent. This is due to the film thickness
exceeding the depletion region and diffusion length of minority
carriers. To overcome this 3-D bulk heterojunction is used to
extend the junction interface through the absorber layer thus
allowing more photons to be harvested.6,7 The bulk
heterojunction morphology is engineered such that the
dimensions of the two phases are at the same scale as the
exciton diffusion length in the case of an excitonic junction14,15

or the width of the depletion region in the case of a p−n
junction.6,7,16 It is widely accepted that the charge separation
mechanism at TiO2/PbS QD interface behaves as a depleted
p−n junction.17,18 To maximize photon absorption and ensure
that charge transport is electric field driven, it is essential to
control the bulk morphology that phase separation between
PbS and TiO2 is at the same length of the depletion width
within the PbS. Previous studies to create nanostructured TiO2

templates used nanolithography7,19 or liquid phase deposition
techniques.13,20 In this study we fabricate a porous TiO2

template using polystyrene microspheres to create the optimum
morphology for charge separation and transport.

■ RESULTS AND DISCUSSION

Using capacitance−voltage measurement, we determined the
depletion width of our planar PbS/TiO2 heterojunction at no
applied bias to be 150 nm (Supporting Information) in
agreement with another literature report.17 However, the
optical absorption at 900 nm in a 150 nm thick film is less
than 30%,6 and to achieve over 90% light absorption we would
require a film thickness over 1 μm.21 Hence, to increase the
total absorber thickness, we need to create a macro-structured
electrode. We postulate that the ideal porous structure for an
all-inorganic bulk heterojunction which enhances charge
extraction, while allowing for a thick active layer to maximize
absorption, must have pore diameter on the length scale of
twice the depletion width. This means that all photons are
absorbed within the depletion region and charges generated at
any point in the PbS-filled pores can be extracted by the
internal electric field formed by the p−n junction. It is
important that TiO2 film is around 300 nm in order to create a
monolayer of hollow spheres within the film. This ensures that
all pores are open and can be infiltrated with PbS QDs and
closed voids are predominantly avoided. An additional benefit
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of this structure is that light scattering is most effective in the
visible to near IR region at these pore dimensions.
The fabrication process is summarized in Figure 1. On top of

an FTO-coated glass substrate a compact layer of TiO2 is
deposited to avoid shunt paths forming between the PbS QDs
and the FTO electrode. A composite film of TiO2 containing
300 nm diameter polystyrene (PS) beads was then spin coated
on top, followed by sintering in air at 500 °C. The sintering
removes the organic binders from the TiO2 and PS-beads,
forming a porous TiO2 film containing spherical voids
mimicking the spherical shape of the PS sphere in the film.
The hollow spheres were filled by spin coating PbS QDs from
toluene solution, which allows the PbS to penetrate the pores.
At the same time, a neat capping layer of PbS was built up on
top, isolating the TiO2 from the top electrode.
Scanning electron microscopy (SEM) images of the porous

TiO2 and a finished device are shown in Figure 2. A focused ion
beam was used to prepare cross sections of the films. Images
were taken using the backscattered detector and an accelerating
voltage of 2 kV. This was chosen to maximize the contrast
between the PbS and TiO2. It can be seen that roughly 300 nm
pores are created in a 300 nm TiO2 thin film (Figure 2a). Some
large pores can be seen on the surface, possibly due to
agglomeration of the PS. Figure 2b shows the macro-pores
were in-filled with PbS QDs with no voids observed. Figure 2c
shows a reference planar junction device with well-defined
interface between the PbS and TiO2 layers.
In Figure 3 we show the J−V characteristics of the highest

efficiency macro-porous and planar junction devices. The best
porous device produced a Jsc of 19 mA/cm2, a Voc of 0.51 V, a
FF of 59% and a power conversion efficiency of 5.7%. The table
compares the device parameters and standard deviations
extracted from the current density-voltage (J−V) characteristic
curves of all working devices. The devices with the porous
structure exhibit an enhancement in short circuit current
density under AM1.5G illumination. An enhancement in fill
factor is also observed in the porous device, indicating reduced
recombination. We find the series resistance is 4.7 Ω cm2 for
the macroporous device and 9.4 Ω cm2 for planar this could
result from the lowered dimensionality of the macroporous
TiO2 reducing charge scattering through the film and hence
increasing the short circuit current we observe.
To understand the origin of the increased photocurrent in

the porous TiO2 structure, we looked for evidence from the
enhancement of external quantum efficiency (EQE) at
wavelengths from 400 to 1200 nm. The device with porous
structure displays a higher EQE than the planar device across

the whole range of wavelengths, particularly at short wave-
lengths. To elucidate the EQE enhancement, we first examine
the optical properties of the devices.
In Figure 4 we show the absorption spectra of the planar and

macroporous films. The measurement is performed with and
without an integrating sphere. A significant increased
absorption by the porous film is only observed below 700
nm. From the SEM cross-section images it is clear that there is

Figure 1. Schematic showing the preparation of macroporous TiO2 templated PbS QD solar cell device.

Figure 2. SEM images showing (a) the surface and cross-section image
of the macroporous TiO2 film on a FTO substrate. The pore
dimension is consistent with the diameter of the polystyrene spheres
used; (b) the electron backscattered images of the cross-section of a
PbS/TiO2 bulk heterojunction device and (c) a control planar junction
device made under the same conditions. The scale bar is 300 nm in all
image.
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roughly the same thickness of the neat PbS capping layers in
both porous and planar devices, the difference being that the
porous device has a higher overall volume of PbS as the QDs fill
the pores. Furthermore, we can attribute some enhancement of
photocurrent to increased absorption through light scattering
within the porous structure. Yu et al.22 suggest that a 300 nm
pore size is most efficient in scattering light of visible
wavelengths.23 Our porous TiO2 film looks visually translucent
as the pores behave as scattering centers, leading to a better
light management within the device. This scattering could
explain the particular enhancement of absorption at the shorter
wavelengths. The enhancement in EQE cannot be fully
explained by the optical effects alone, as the porous film does
not show higher optical absorption above 700 nm. Meanwhile,
a higher fill factor suggests repressed recombination in this
device and therefore we now proceed to examine the electronic
properties.
Using semiconductor process simulation Kramer et al.7 and

Fan et al.24 have shown an interpenetrated p−n junction device
to be more efficient in charge extraction by suppressing
Shockley-Read-Hall recombination. A significant increase in
interface area means more carriers are generated in the vicinity
of the junction interface, where the electric field strength is
higher than the region further away from the junction. By this
means the minority carrier rapidly drift to the interface for
separation, reducing the occurrence of trap-assisted recombi-
nation. To measure whether the porous device can reduce trap-

assisted recombination, small perturbation transient photo-
current decay measurements were performed on our
devices.20,25,26 These measurements allow us to monitor the
fate of the excited carriers and to study the recombination and
transport properties of the PbS/TiO2 heterojunction devices.
The cells are illuminated under simulated sunlight at different
illumination intensities and “flashed” by a red light pulse
generated by LEDs. The resulting transient photocurrent and
photovoltage decays are then measured. The mean decay
lifetime can be calculated by fitting the decay to an exponential
function. The light pulse excites additional electrons which will
decay with a lifetime τ.
The transient photocurrent decay curves of both devices

measured at 1 sun background light intensity are shown in
Figure 5a, the inset shows a close-up of the initial decay region.
Both devices have rapid initial decays for 10 μs as free electrons
drift out of the PbS to TiO2 to produce current27 as well as
rapid trapping of the electrons.28 However, the porous device
shows a long-lived tail, with continuous charge extraction up to
3 ms. The origin of this long-lived photocurrent tail has been
associated with a slow detrapping process29 (Figure 5c). We
note that both devices contain porous TiO2, and that usually
slow charge transport and detrapping is considered for
transport within the TiO2. However, the macro-porous PbS
device here contains less TiO2 than the planar film, and as such
we expect the slow tail in the charge collection to be related to
a mechanism in the PbS and not the TiO2. This suggests that
the BHJ has the ability to free charges from traps to produce
higher photocurrent. In fact integrating the current decays for
the two devices to obtain a collected charge, Q, the planar gives
5.65 × 10−9 C/cm−2 while the macroporous gives 4.88 × 10−8

C/cm−2. The difference between these two, 4.31 × 10−8 C/
cm−2, is closely equal to the area under the slow component,
indicating that this is precisely where the additional photo-
current is arising. This is probably assisted by the stronger
electric field close to the interface of the BHJ such that trap-
assisted recombination is reduced. To further verify whether
this slow photocurrent decay dynamic is trap-meditated, we
varied the background intensity as a means to change the
charge occupation density of the trap states in the semi-
conductor. Figure 5b shows the transient photocurrent decay at
different background light intensity. It is evident that a slower
decay rate is observed with decreasing background intensity. At
lower background intensity when more traps are unoccupied,
there is a higher probability for electrons to be trapped in these

Figure 3. J−V characteristic curves of the best porous and planar
devices. The table lists the averaged device parameters for comparison.

Figure 4. (a) External quantum efficiency of porous and planar devices from wavelength 400−1200 nm; (b) absorption spectra of planar and porous
device film, inset showing the integrated sphere-corrected absorption spectra.
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states. The calculated decay lifetime of the planar device is 24
μs, while the porous structure is 280 μs, suggesting terminal
trapping of charges in the planar device, which subsequently
recombine. The extended lifetime in the case of the porous
structure suggests that the trapped charges can be subsequently
extracted. This is confirmed by transient photovoltage decay
measurements which are performed to directly measure the
electron recombination lifetime under open-circuit conditions.
Both planar and porous devices have the same recombination
lifetime of around 20 μs when no charge extraction occurs. We
note that under open-circuit, the charge density is much higher
than under short-circuit conditions, and hence we expect faster
charge recombination under open-circuit conditions. As such,
the lifetime for recombination under open-circuit should not be
quantitatively compared to the charge collection lifetime under
short-circuit.
The light intensity dependence of the normalized Jsc is shown

in Figure 5d. The data are fitted to the power law relationship,

∝ αJ Isc (1)

The porous device produced a nearly linear relationship (α =
0.92) suggesting the device is operated with minimal
bimolecular recombination, while a sublinear relationship is
shown for the planar junction device with α = 0.78. Deviation
of alpha to 1 is attributed to the formation of space charge30

due to the unbalanced transport of electrons and holes,
resulting in a significant increase in recombination.31 The space
charge effect is more significant in the planar device where the
PbS layer thickness is much greater than the transport length of
electrons.

■ CONCLUSION

In summary, improvement in the power conversion efficiency
of QD solar cells has been demonstrated by using a template
macroporous TiO2. By using this bulk heterojunction structure,
the short circuit current has been enhanced by over 30%
compared with a planar junction device, along with a 10%
increase in fill factor. The macroporous device allows a higher
volume of PbS to absorb more photons while maintaining all
charges to be extracted. Absorption has also been enhanced by
the scattering effect of the porous structure, although at present
this enhancement is of secondary importance. The BHJ
structure also enhances the electronic properties by incorporat-
ing a large interface, showing a drastic increase in carrier
lifetime for extraction.

■ EXPERIMENTAL SECTION
Details of the synthesis of PbS quantum dots and device fabrication are
provided in the Supporting Information. SEM images were taken on a
Zeiss NVision 40 FIB-SEM with a Schottky field emission Gemini
column operated at 2 kV.

Macroporous TiO2 electrodes are prepared as follows. Fluorine-
doped tin oxide coated glass (Pilkington TEC 15) was rinsed with
Milli-Q water, acetone, and ethanol and dried with clean dry air. The
substrates were treated by oxygen plasma for 5 min. A compact layer
of anatase TiO2 was formed through spray pyrolysis of titanium
diisopropoxide bis(acetylacetonate) diluted in anhydrous ethanol at a
volumetric ratio of 1:10 using nitrogen as carrier gas. For a planar
junction device, a TiO2 layer was deposited by spin-coating TiO2 paste
(Dyesol 18NR-T) diluted in anhydrous ethanol at 1:4 by weight at
2000 rpm. For macroporous TiO2 film, the same concentration of
TiO2 paste was mixed with polystyrene spheres. The layers were then
sintered in air at 500 °C for 30 min.

Current−voltage characteristics were measured on a Keithley 2400
Sourcemeter under simulated AM 1.5G sunlight at 100 mW cm−2

Figure 5. (a) Transient photocurrent decay of porous and planar junction devices at 1 sun background intensity; (b) transient photocurrent decay
curves of a porous device at different background illumination intensity; (c) schematic illustrating the charge generation induced by the red-light
pulse and the detrapping and recombination process in the depletion region. The detrapping process is likely to occur closer to the interface where a
stronger electric field is present; (d) intensity-dependent measurement of normalized Jsc.
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irradiance generated using an AAB ABET technologies Sun 2000 solar
simulator and calibrated using an NREL calibrated silicon reference
cell with a KG5 filter to minimize spectral mismatch (the mismatch
factor was calculated to be less than 1%). The solar cells were masked
with a metal aperture to define an active area of 0.09 cm2 and
measured in a light-tight sample holder to minimize any edge effects.
To avoid overestimation of active area resulting in an erroneous short
circuit current density,32,33 metal apertures were applied to mask all
our cells.
External quantum efficiency was measured by illuminating the

devices by a halogen lamp fitted with an Oriel Cornerstone 130
monochromator. Light intensity at different wavelengths was
calibrated using a Newport 818 UV enhanced silicon photodetector
and a Newport 918 IR germanium photodetector. The current signal
was measured with a Keithley 6845 picoammeter.
To measure the transient photocurrent and photovoltage decay, a

white light bias was generated from an array of diodes (Lumiled model
LXHL-NWE8 whitestar). The perturbation source was generated from
a red-light pulsed diodes (LXHLND98 redstar, 200 μs square pulse
width, 100 ns rise and fall time), controlled by a fast solid-state switch.
The photovoltage decay was measured on a 1 GHz Agilent
oscilloscope across the high impedance (1 MΩ) port, while the
photocurrent decay was measured through a low impedance port (50
Ω) to enable short circuit condition.

■ ASSOCIATED CONTENT
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Details of PbS QD synthesis, preparation of porous TiO2
template and device fabrication, capacitance−voltage data,
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