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S
emiconducting quantum dots (QDs)
have attracted considerable attention
as key materials in optoelectronic de-

vices including light-emitting diodes,1 field-
effect transistors,2 photodetectors,3,4 and
photovoltaics.5,6 They offer important advan-
tages over conventional bulk materials such
as solution-processability, low-temperature
fabrication, and quantum size-effect tunabil-
ity of their band gap, which allows their
absorption properties to be optimized for
photovoltaic applications. Quantum dot/me-
tal oxide heterojunctions have been intro-
duced recently and offer several advantages
over previous photovoltaic architectures.
Their inverted structure enables the use of a
stable, high-workfunction electrode and posi-
tions the charge-separating quantum dot/
metal oxide interface at the front of the cell.7,8

In addition, the valence band offset pro-
vides a barrier for hole injection into the
acceptor. This has been demonstrated in
systems consisting of n-type zinc oxide
(ZnO) and p-type lead chalcogenide quan-
tum dots,9�11 resulting in peak efficiencies
of 4.7% for devices displaying carrier multi-
plication effects.12 Research in these quan-
tum dot/metal oxide based solar cells has
focused mainly on the properties of the
quantum dot component.9,13�15 Of the
studies that focus on the metal oxide prop-
erties, most deal with morphological opti-
mization of the interface.16,17 Tuning of the
electrical properties of the metal oxide has
received considerably less attention, but
may be similarly important. For instance,
Liu et al. doped TiO2 films to optimize en-
ergy alignment at the quantum dot/metal
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ABSTRACT Recent research has pushed the efficiency of colloi-

dal quantum dot solar cells toward a level that spurs commercial

interest. Quantum dot/metal oxide bilayers form the most efficient

colloidal quantum dot solar cells, and most studies have advanced

the understanding of the quantum dot component. We study the

interfacial recombination process in depleted heterojunction colloi-

dal quantum dot (QD) solar cells formed with ZnO as the oxide by

varying (i) the carrier concentration of the ZnO layer and (ii) the

density of intragap recombination sites in the QD layer. We find that

the open-circuit voltage and efficiency of PbS QD/ZnO devices can be improved by 50% upon doping of the ZnO with nitrogen to reduce its carrier

concentration. In contrast, doping the ZnO did not change the performance of PbSe QD/ZnO solar cells. We use X-ray photoemission spectroscopy, ultraviolet

photoemission spectroscopy, transient photovoltage decay measurements, transient absorption spectroscopy, and intensity-dependent photocurrent

measurements to investigate the origin of this effect. We find a significant density of intragap states within the band gap of the PbS quantum dots. These

states facilitate recombination at the PbS/ZnO interface, which can be suppressed by reducing the density of occupied states in the ZnO. For the PbSe

QD/ZnO solar cells, where fewer intragap states are observed in the quantum dots, the interfacial recombination channel does not limit device performance.

Our study sheds light on the mechanisms of interfacial recombination in colloidal quantum dot solar cells and emphasizes the influence of quantum dot

intragap states and metal oxide properties on this loss pathway.
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oxide interface and improve minority carrier injection
from the quantum dot film.18 Here we study the
influence of ZnO carrier concentration on the perfor-
mance of PbX (X = S, Se) QD/ZnO solar cells
(architecture shown in Figure 1a) by doping the ZnO
with nitrogen (N:ZnO). We identify trap-assisted inter-
facial recombination as amajor loss channel in the PbS/
ZnO system and demonstrate a 50% improvement in
open-circuit voltage when charge carrier densities in
the ZnO are adjusted to limit this recombination.
Quantum dot/metal oxide bilayer devices are ex-

pected to result in a depleted-heterojunction structure.7

To estimate the band structure, an effective medium
picture is assumed, whereby representative bulk proper-
ties are used to describe the quantum dot layer. Carrier
concentrations around 1016 to 1017 cm�3 are typically
reported for PbS and PbSe quantum dots.5,19�21

Commonly used oxides, on the other hand, are char-
acterized by higher carrier concentrations, e.g., 1017 to
1020 cm�3,22�25 due to shallow intrinsic donors such as
zinc interstitials andoxygenvacancies in ZnO.26 It follows
that the built-in potential is accommodated almost
entirely in the quantum dot layers, as shown in
Figure 1b. It is believed that photogenerated excitons
are dissociated by the built-in field in the quantum dot
layer, and electrons and holes are transported by drift
and diffusion to the collection electrodes.7 Recombina-
tion is known to occur in the quantum dot layer via trap-
assisted recombination, Auger processes, and radiative
decay, as shown in Figure 1c (ii)�(iv).27�29 Due to
the high concentration of photogenerated carriers in
the vicinity of the quantum dot/metal oxide interface,
recombination at this interface may also play a role, as
shown in Figure 1c (i). Studies of PbS QD/PCBM devices
have identified interfacial recombination as an impor-
tant loss mechanism, which can be faster than recombi-
nation in the bulk of the quantum dots.30,31 Interfacial
recombination has likewise been highlighted as an
important process in quantum dot-sensitized solar cells,
given the large interfacial area of these devices where a
quantum dot sensitizer is coated onto a mesoporous
metal oxide with a large surface area.32 However, the
extent of this interfacial recombination in quantum dot/
metal oxide heterojunctions and its dependence on the
properties of the constituent quantum dot and metal
oxide layers are poorly understood.
The properties of metal oxides can be controlled

through their synthesis conditions or by introducing
external dopants.18,33�37 Atmospheric atomic layer
deposition (A-ALD), also known as spatial atomic layer
deposition, is a fast, scalable technique that can be
used to print conformal oxide coatings at low tem-
peratures in atmospheric conditions, making it com-
patible with inexpensive substrates for low-cost
photovoltaics (e.g., roll-to-roll printing on plastics).38,39

In contrast to conventional ALD, where precursors are
sequentially cycled through a reaction chamber, A-ALD

moves a sample under alternating flows of precursor
gases. A manifold head is used to deliver laminar
flows of the precursors, which are separated by flows
of inert shielding gas. The ability to control the
properties of oxides via doping is well established for
ALD techniques through the simple addition of dopant
precursors.23,35,40�42 Nitrogen doping has been shown
to reduce the carrier concentration of ZnO made by
ALD by several orders of magnitude23 and under
certain conditions even results in p-type behavior.35

The nitrogen is believed to introduce an acceptor level
via substitution on oxygen lattice sites, compensating
the intrinsic donors.43

Here, we combine N:ZnO with PbSe and PbS quan-
tum dots, which are well suited to form a depleted
heterojunction solar cell with ZnO. The electronic
properties of the quantum dots are determined largely
by their size and surface characteristics. The size
determines the band gap of the quantum dots, and
the surface is believed to act as a source of electronic
states within the band gap that prohibit efficient
charge transport and aid recombination.6,44 Notably,
a large fraction of the atoms in a quantum dot are
exposed to a surface site, making this an important
consideration. Characterization of the PbS and PbSe
quantum dots produced here using a variety of tech-
niques (photoemission spectroscopy, transient photo-
voltage decay, transient absorption, aswell as light and
dark IV scans of operating solar cells) indicates a great-
er concentration of intragap states in the PbS quantum
dots as compared to the PbSe quantum dots.
In this work, we probe the interfacial recombination

process in PbX (X = S,Se) QD/ZnO solar cells by (i) varying

Figure 1. (a) Device structure and (b) working mechanism
of a quantum dot/metal oxide solar cell. (c) Possible decay
channels for photogenerated species in the PbS/PbSe
quantum dots include (i) recombination via interfacial
states, (ii) trap-assisted recombination, (iii) Auger recombi-
nation, and (iv) radiative decay.
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the nitrogen doping of A-ALD ZnO and (ii) studying both
PbS and PbSemodel systems. This allows us to study the
effect of (i) the carrier concentration of the ZnO layer and
(ii) the density of intragap states in the PbX layer.
Interfacial recombination is found to be prevalent in
devices where the quantum dot layer possesses a sig-
nificant quantity of intragap states and the electron
concentration in the adjacent oxide layer is high. How-
ever, we show that the recombination can be limited by
appropriate tuning of the metal oxide properties.

RESULTS AND DISCUSSION

i. Solar Cell Performance. WedepositedZnO films using
an A-ALD system with diethyl zinc as the zinc precursor
and water as the oxygen source. Varying quantities of
ammonia (NH3) were added to the water to introduce
different amounts of nitrogen dopant. Throughout this
work, the amount of nitrogen dopant is quantified by
the concentration of the ammonia solution used, e.g., N:
ZnO (33%NH3) corresponds to a N:ZnO filmmadeusing
a 33% NH3 in H2O solution, the highest dopant con-
centration used in this study. X-ray photoemission
spectroscopy (XPS) data, presented in Section S1 of
the Supporting Information, indicate that we success-
fully incorporated nitrogen into the oxygen lattice sites,
resulting in a bulk doping level of up to 0.22 ( 0.04
atomic percent. The ZnO was verified to be polycrystal-
line wurtzite ZnO by X-ray diffraction (XRD), as shown in
Figure S2 of the Supporting Information. Scanning
electronmicroscopy revealed smooth, continuous films,
with grain sizes on the order of 10�50 nm for a film
approximately 250 nm thick, consistent with that re-
ported previously for films made in a similar manner.35

For device fabrication, ZnO was deposited on ITO/
glass substrates followed by a PbX quantum dot layer
approximately 150 nm thick and a MoO3/Au contact.
The PbS and PbSe quantum dots with band gaps of
approximately 1.3 and 1.02 eV, respectively, were
synthesized as detailed in the Methods section. Figure 2
shows the current�voltage characteristics of the
PbSe/ZnO and PbS/ZnO solar cells with a 200 nm
ZnO layer and a variety of nitrogen doping levels.
The performance of the PbSe solar cells exceeds that
of the PbS cells due to a superior photocurrent. The
power conversion efficiency of our PbSe solar cells

approached 3% under simulated AM1.5G illumination,
while the efficiency of the PbS solar cells varied be-
tween 0.8% for the undoped ZnO and 1.5% for the
maximumdoping level (33%NH3). A striking difference
in the dependence of device performance on nitrogen
doping level is observed for the two systems. While the
open-circuit voltage (VOC) of the PbSe solar cells re-
mains constant over the entire range of ZnO carrier
concentrations studied, it increases dramatically with
increasing doping level (lower carrier concentration)
for the PbS solar cells (see Figure 3).

We note that the open-circuit voltages for the PbSe
solar cells were slightly lower than the highest voltages
of the PbS solar cells because the quantum dot band
gapwas smaller (1.02 eV for PbSe vs 1.3 eV for PbS). The
open-circuit voltage is expected to scale with the
quantum dot band gap, as observed for similar solar
cells.9,45 We observed the beneficial effect of ZnO
doping on the VOC of PbS solar cells with ZnO layers
as thin as ∼50 nm (see Supplementary Figure S9),
consistent with dense, homogeneous ZnO films.

Resistivity, Hall effect, and ultraviolet photoemission
spectroscopy (UPS) studies (detailed in Section S1 of
the Supporting Information) indicated that the main
effect of nitrogen doping is a reduction in the carrier
concentration from∼1019 cm�3 in the undoped ZnO to
∼1017 cm�3 in the N:ZnO (33% NH3). Thus the open-
circuit voltage of the PbS solar cells increased by more
than 50% when the ZnO carrier concentration was
reduced by 2 orders of magnitude. The open-circuit
voltage of a solar cell is the voltage at which recombina-
tion current equals photocurrent. The short-circuit
photocurrent of both the PbSe and PbS devices was

Figure 2. Current�voltage characteristics of solar cells with (a) PbSe and (b) PbS quantum dots and ZnO doped with various
quantities of nitrogen precursor.

Figure 3. Open-circuit voltage as a function of nitrogen-
doping precursor fraction.
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relatively unchanged by nitrogen doping of the ZnO,
suggesting that the increase in VOC of the PbS/N:ZnO
solar cells results from a reduction in the effective rate
constant for recombination. This dependence of VOC on
the properties of the ZnO layer in the PbS cells strongly
suggests that an interfacial recombination process is
prevalent. In comparison, the PbSe devices appear
insensitive to ZnO doping, indicating that a bulk me-
chanism may be the dominant recombination channel
and the interface less important.

To investigate the difference between our PbS and
PbSe systems, we examined their XPS, UPS, and infra-
red absorption spectra as well as mobility values
derived by dark current measurements of devices
operated in the space-charge-limited regime (see Sup-
plementary Section S2). These measurements indi-
cated that the two materials differ electronically as
well as optically, and we find a significantly higher
concentration of intragap states in our PbS quantum
dots. The diminished role of interfacial recombination
that we observed here for the PbSe devices, which are
characterized by a cleaner band gap, would therefore
suggest that intragap states play a crucial role in
interfacial recombination in colloidal quantum dot
solar cells. In the remainder of this study, we examine
interfacial recombination in these devices and the
cause of the distinctly different behavior in the PbS
and PbSe systems.

ii. Transient Photovoltage Studies. Measurement of the
transient photovoltage decay provides a way of di-
rectly probing the recombination in a solar cell. Upon
illumination at open circuit, a voltage is produced
across the device. When the light is switched off,
charges recombine, resulting in a decay of the photo-
voltage. A fast decay of the voltage corresponds to fast
recombination. We performed transient photovoltage
measurements without background illumination, in
order to probe specifically at low carrier densities,
where the effect of any intragap states should be most
pronounced. The intensity of the light-emitting diode
was controlled such that the photovoltage was be-
tween 0.1 and 0.2 V so that a subset of the states within
the band gap is probed.

Figure 4 shows the photovoltage decay of PbSe and
PbS solar cells with undoped ZnO and N:ZnO (33%
NH3). We find that when undoped ZnO is used, re-
combination is more significant in the PbS cells
(photovoltage decay is about 3 times faster than in
the PbSe cell with undoped ZnO). This is in agreement
with the low VOC measured for PbS/ZnO. However, we
find that doping the ZnO to reduce its free electron
concentration results in a 10-fold increase in decay
time for the PbS devices. As the same batch of PbS
quantum dots was used, this dramatic change in decay
kinetics cannot be attributed to recombination in the
bulk of the quantum dot layer. Instead it provides
direct evidence that the improved VOC we observed
in the PbS cells follows directly from a reduction in
interfacial recombination due to doping of the ZnO (to
reduce its carrier concentration).

Furthermore, the clear dependence of the recom-
bination rate on the ZnO carrier concentration sug-
gests that the supply of holes to the interface for
recombination is reasonably fast in the PbS cells. If
hole transport to recombination centers was the limit-
ing factor, we would not expect the recombination
time to vary with electron concentration. This hole
transport occurs despite the expected presence of an
opposing internal field, as shown in Figure 1b. Nagpal
et al. showed that intragap states can result in non-
band-like transport in thin films of quantum dots,44

such that it is possible that the higher concentration of
intragap states observed in our PbS quantum dots
mediates the tunneling of holes to (or the trapping of
holes at) the interface for recombination. In contrast,
the decay time is independent of ZnO doping (within
experimental error) for the PbSe solar cells. This sug-
gests that the low density of intragap states in the PbSe
quantum dots might limit the transport and capture of
holes at the interface. As a result, the interfacial re-
combination is independent of the electron concen-
tration and negligible compared to bulk processes.

We hence conclude at this stage that interfacial
recombination in the PbS/ZnO solar cells is mediated
by a comparatively large hole recombination current,
such that the recombination rate can be limited by

Figure 4. Photovoltage decaymeasurements on undoped and nitrogen-doped (a) PbSe and (b) PbS solar cells. The solid lines
show monoexponential fits to the data with the time constant displayed in the inset.
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controlling the density of electrons available for re-
combination. In contrast, the PbSe/ZnO solar cells
show a lower recombination rate that is independent
of electron concentration and thus is likely limited by
hole transport to the interface and determined by bulk
properties. To find out more about recombination
currents in these solar cells, we investigated the dark
currents in our devices.

iii. Dark Current. The dark current can give further
clues about recombination in our devices, as we expect
the dark current in a heterojunction to be dominated by
recombination at the heterointerface. As seen in Figure 5,
both the PbSe and PbS devices showed a decrease in
overall dark current upon doping. This decrease can be
attributed in part to the lower carrier concentration of
the N:ZnO, which decreases the conductivity of the
oxide. Reducing the carrier concentration of the ZnO is
also expected to increase the built-in potential in the
ZnO, which may inhibit the flow of electrons to the
interface for recombination. Band diagrams of our
devices were simulated using PC1D software46 (see
Figure S8a in the Supporting Information) and con-
firmed that an increased built-in potential is expected
in the ZnO for the doping levels considered here. The
dark currents of the PbS solar cells show an almost
ohmic behavior in forward and reverse bias, indicating
a negligible barrier for charge carriers to recombine.
This effect can be seen in both doped and undoped
ZnO/PbS solar cells. Upon illumination, our PbS cells
change from an ohmic profile to a more diode-like
behavior (see Figure 2b). Previous experiments by
Nagpal et al. on optical field effect transistors (OFETs)
indicated that conduction in quantum dot films in the
dark is mainly due to intragap states, while it becomes
more band-like upon illumination.44 Thus the ohmic
characteristic observed here for our PbS/ZnOdevices is
consistent with our assertion of a higher density of
intragap states in the PbS quantum dots. Furthermore,
the ohmic nature of the dark current demonstrates that
the intragap states facilitate the tunneling of holes to
the interface for recombination, despite the presence
of an opposing built-in potential. This is consistent with
our transient photovoltage measurements on PbS/
ZnO, where the dependence of recombination rate

on the ZnO electron concentration indicated a com-
paratively fast hole capture rate (see Figure 4b). While
the work of Naghpal et al. indicates that the extent of this
intragap transport will be reduced under illumination, the
current characteristic of the PbS/ZnO device under illu-
mination (Figure 2b) is still far from that of an ideal diode,
suggesting that some intragap behavior remains.

In contrast, we observed diode behavior in both the
light and dark for our solar cells based on PbSe
quantum dots, consistent with a low intragap state
density. We hence expect that hole transport to the
interface is inhibited and that residual interfacial re-
combination is likely overshadowed by other recom-
bination mechanisms present in the bulk of the
quantum dot film. In agreement with Ip et al. we
attribute the better device performance of the PbSe
solar cells to a lower intragap state density.6

iv. Transient Absorption. We have established that the
increased VOC in our PbS/N:ZnO solar cells is due to
reduced interfacial recombination that is mediated by
intragap states in the quantum dots. We now use
transient absorption (TA) spectroscopy to examine
how the doping of ZnO with nitrogen suppresses this
interfacial recombination. TA spectroscopy uses a
narrow band pump beam to create a population of
excited states at time t= t0. At some later time t= t0þΔt,
a broadband beam is used to probe the system
and the transmission T1 is recorded. The differential
transmission ΔT/T = (T1 � T0)/T0 is then calculated,
where T0 is the transmission of the unperturbed system.
Since the pumpbeampromotes species from the ground
state to higher lying excited states, the magnitude of the
absorption of the ground state is reduced (i.e., transmis-
sion is increased), yielding apositiveΔT/T signal known as
the ground-state bleach (GSB).

Here we performed long-time (1 ns to 0.1 ms) TA
measurements on the PbS and PbSe devices at short
circuit with both undoped ZnO and N:ZnO (33% NH3).
Samples were excited at 532 nm (20 nm pulsewidth)
and probed in the near IR (800�1650 nm). Figure 6
shows the kinetics of the GSB of our devices. The decay
of the GSB (repopulation of the ground state)

Figure 5. Dark current of PbS and PbSe solar cells. Figure 6. Transient absorption ground-state bleach (GSB)
of PbSe and PbS devices with undoped ZnO and N:ZnO
(33% NH3).
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corresponds to the successful collection of photogen-
erated charges or their recombination within the
device. Doping of the ZnO is expected to have little
influence on hole collection from the PbS and PbSe
layers, such thatwe can attribute differences in our GSB
signals to electrons present in the quantum dots.

ThePbSedeviceswith undopedZnOandN:ZnO (33%
NH3) exhibit almost identical decay kinetics over the
whole range of 1 ns to 0.1 ms, indicating that photo-
generated charge collection and recombination pro-
cesses are unaffected by the ZnO carrier concentration.
In the PbS devices on the other hand, a clear difference in
decay kinetics is observed when the ZnO is doped with
nitrogen to reduce its carrier concentration. For times
longer than 1 μs, a long-lived tail is observed for the PbS/
ZnO device, which suggests that electrons accumulate in
the PbS layerwhenundopedZnO is used. These could be
photoexcited electrons that are generated in the quan-
tum dots and accumulate at the PbS/ZnO interface or
electrons from the ZnO that back-transfer into the PbS. In
contrast, the PbS/N:ZnO (33% NH3) device shows no
long-lived signal. This indicates that electron collection
from the PbS by the oxide is improved and/or back-
transfer of electrons from the oxide to the PbS is limited
by doping the ZnO to reduce the occupancy of its
electronic states, either of which would reduce the
amount of interfacial recombination.

Given that the conduction band edges are similarly
positioned for our PbS and PbSe (see Figure S8 in the
Supporting Information) and similar couplings be-
tween the PbX quantum dots and ZnO are expected,
we would anticipate that electron transfer from the
conduction band of the PbS quantum dots would be
similarly efficient to the ZnO and N:ZnO (33% NH3), as
was the case for the PbSe quantumdots. The long-lived
GSB signal in the PbS/ZnO device therefore suggests
that the measured electrons do not reside exclusively
in the conduction band of the PbS. Instead, some
electrons in the PbS layer likely accumulate at the
trap states within the band gap of the PbS quantum

dots. Interestingly, the decay of the GSB signals for the
PbS/ZnO and PbS/N:ZnO (33% NH3) devices between
20 ns and 20 μs is similar, with the exception of a
constant offset (a larger ΔT/T at all times for the
undoped ZnO). This suggests that in the PbS/ZnO
device the additional species of long-lived “trapped”
charges are created within the first 20 ns, and then
between 20 ns and 20 μs the extraction and recombi-
nation rates for “free charges” are the same as in the
PbS/N:ZnO (33% NH3) device.

On the basis of the measurements presented thus
far we propose an interfacial recombination mecha-
nism as illustrated in Figure 7. In the PbSe devices, the
absence of a high density of intragap statesmeans that
most photogenerated electrons in the quantum dot
layer near the interface are located in the PbSe con-
duction band and are injected into the conduction
band of the oxide, as shown in process 1 of Figure 7a. A
sufficient quantity of vacant electron states is present
in the ZnO such that electron collection from the PbSe
is efficient and doping the oxide to reduce its concentra-
tion of free electrons does not significantly influence
charge collection kinetics. In the absence of a significant
quantity of intragap states and the presence of a built-in
field that inhibits hole transport to the interface, interfacial
recombination (process 2 of Figure 7a) is limited and bulk
recombination mechanisms may dominate.

In the PbS devices on the other hand, electrons
accumulate near the interface in the large density of
intragap states (within 20 ns of illumination). The accu-
mulated electrons may originate from the quantum dot
layer (photogenerated electrons) or from the adjacent
ZnO (back-transfer of electrons), as illustrated in
Figure 7b. The simulations presented in Figure S8b of
the Supporting Information indicate that a high elec-
tron density is expected at the surface of the undoped
oxide. If not removed, these electrons accumulated in
the PbS intragap states are liable to recombine with
holes in the quantum dots. Notably, the intragap states
facilitate the transport of holes to the interface for

Figure 7. Proposed interfacial recombination mechanism of PbX/ZnO solar cells. (a) Cells with PbSe quantum dots exhibit
efficient electron collection from the PbSe conduction band by the oxide (1) and limited interfacial recombination (2). (b) PbS
quantum dots exhibit an increased density of intragap states that increase the interfacial recombination of photogenerated
electrons by facilitating hole transport to the interface (2) and trapping electrons from the conduction band of the quantum
dots or adjacent ZnO.When the ZnO is doped to reduce its carrier concentration, the back-transfer of electrons from the ZnO
is reduced and/or some of the trapped carriers can be recovered by injection into sub-band-gap states of the ZnO (3).
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recombination, as indicated by transient photovoltage
anddark currentmeasurements (process 2 in Figure 7b).
Accumulated electrons may be collected by being re-
excited to the PbS conduction band, then transferring
into the ZnO conduction band, in a manner similar to
the PbSe devices (process 1 in Figure 7b). Alternatively,
since metal oxides are known to have a significant
density of sub-band-gap surface states,47,48 the pres-
ence of such states in the ZnO may facilitate the
collection of accumulated electrons directly from the
PbS intragap sites, as shown in process 3 of Figure 7b. In
this process, the charge transfer rate is expected to
depend on the density of accepting states.49,50 Doping
the ZnO will significantly reduce the occupancy of its
mobile electronic states near its surface, e.g., from a
population of more than 1016 cm�3 at a depth of 2 nm
from the interface for the ZnO with a bulk concentration
of 1019 cm�3 to less than 1010 cm�3 for the N:ZnO with a
bulk carrier concentration of 1017 cm�3 (as determinedby
our simulations in Figure S8b of the Supporting
Information). This provides a greater density of accepting
states for electron transfer. Therefore, by doping the ZnO
to reduce its carrier concentration by 2 orders of magni-
tude, we prevented the back-transfer of electrons to
intragap states in the PbS quantum dots and/or enabled
faster charge transfer from intragap states in the PbS
quantum dots to sub-band-gap states in the oxide.

v. Intensity-Dependent Measurements. Finally, to verify
the interfacial recombination mechanism outlined in

Figure 7, intensity-dependent measurements were
performed to characterize the accumulation of elec-
trons at the metal oxide/quantum dot interface. In a
photovoltaic device where the transport and removal
of the electrons and holes are unbalanced, space
charge is known to build up within the device. As
noted by Goodman and Rose,51 this space charge
places a fundamental limit on the achievable current
output, as the photogenerated current can reach a
maximum electrostatically allowed value. Light-intensity-
dependent measurements of the photocurrent of a
solar cell allow identification of whether a solar cell
current is space-charge limited.51,52 If the space charge
does not limit the overall current, the photocurrent
scales linearly with light intensity. When the photo-
generated current exceeds the electrostatically al-
lowed current and thus will be limited by the space
charge, the current then scales with light intensity to
the power 3/4. Hence the two regimes can be distin-
guished by their dependence on light intensity.

Figure 8 shows the photocurrent Jph (difference
between light and dark current) as a function of light
intensity for the PbSe (a) and PbS (b) devices, with
undoped ZnO and N:ZnO (33% NH3). The photocurrent
is shown for effective applied voltages (defined as V0� V

with Jph(V0) = 0) of 0.4 and 0.5 V for PbSe and PbS,
respectively. For these V0� V, the photocurrents show a
square-root dependence on voltage for all intensities
considered (see Supplementary Figure S10). It is in this

Figure 8. Light-intensity-dependent photocurrent for (a) PbSe and (b) PbS solar cells.

Figure 9. Band diagramof the effect of doping the ZnO on PbSQD/ZnOdevices. (a) Space charge builds up near the interface
in solar cells with undoped ZnO, limiting the device performance. (b) Doping the ZnO results in more efficient electron
collection and/or reduced back-transfer of electrons from ZnO, suppressing electron population in the intragap states.
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square-root voltage dependence regime that any space-
charge effects are expected to be visible.54

We see in Figure 8a that the photocurrent of the
PbSe solar cells scales with light intensity at a slope
reasonably close to unity, regardless of the ZnOdoping
level. For the PbS system (Figure 8b), the cells with
undoped ZnO show a slope of 3/4, indicating that they
are space-charge limited, which results in increased
recombination. Nitrogen doping of the ZnO increases
this slope to a value more similar to that in the PbSe
devices. The fact that the space-charge-limited regime
is reached for PbS on ZnO but not for PbS on N:ZnO
(33% NH3) provides additional evidence that electrons
accumulate in the PbS at the interface with undoped
ZnO (see Figure 9). As discussed in Section S1.iii of the
Supporting Information, the carrier mobility in our ZnO
is reduced by less than an order of magnitude with
nitrogen doping, such that the avoidance of the space-
charge limit is unlikely to be attributable to more
balanced charge transport and is instead due to dif-
ferent electron collection efficiencies from the PbS. To
further support this conclusion, we prepared solar cells
using ZnO films that were synthesized at lower tem-
peratures, for which a lower electron mobility within
the ZnO is expected (identical PbS quantum dots were
used). Those solar cells did not show the increased VOC
we saw upon doping, suggesting that unbalanced
charge removal from the PbS, rather than unbalanced
charge transport through the device, is responsible for
the accumulation of space charge.

Figure 9 demonstrates the accumulation of space
charge in the PbS devices. In the PbS QD/ZnO devices
(Figure 9a), the back-transfer of electrons to the PbS
intragap states and/or poor collection from these states
results in the buildup of a larger space charge in the PbS
QD near the interface than in the PbS/N:ZnO devices
(Figure 9b). This space charge alters the steady-state
electric-field distribution in the device, concentrating it
near the PbS/ZnO interface in such a way as to enhance
the collectionof trappedelectrons. This reduces thewidth
of the collection region and the electrostatically allowed
current, thus limiting the achievable photocurrent.

CONCLUSIONS

In this study we examined the influence of (i) the
carrier concentration of the ZnO layer and (ii) the

density of quantum dot intragap states on interfacial
recombination in PbX (X = S,Se) quantum dot/ZnO
solar cells. ZnO films were synthesized using a scalable
A-ALD technique and doped with nitrogen to vary the
carrier concentration by 2 orders of magnitude. Char-
acterization by XPS, UPS, IR absorption, and transport
measurements indicated a greater density of intragap
states in our PbS quantum dots than the PbSe dots. A
general picture for interfacial recombination in PbX/
ZnO quantum dot solar cells was presented in Figure 7,
which is consistent with results from transient photo-
voltage, dark current, transient absorption, and light-
intensity-dependent photocurrent characterization. In-
tragap states in the quantum dots trap electrons near
the quantum dot/metal oxide interface and facilitate
the transport of holes to the interface for recombina-
tion with the trapped electrons. The trapped electrons
may originate from absorption within the QD layer
and/or may be back-transferred from the ZnO. In the
presence of a significant density of intragap QD states,
this recombination may be limited by reducing the
ZnO carrier concentration to prevent the back-transfer
of electrons and/or enable the collection of trapped
electrons via sub-bandgap states in the ZnO. This
model is also consistent with the device characteriza-
tion performed in this work. The performance of our
PbSe cells (few intragap states) was independent of the
carrier concentration in the ZnO, with a constant VOC
around 0.4 V and power conversion efficiency ap-
proaching 3%. The efficiency of the PbS cells (high
density of intragap states) on the other hand increased
from0.8% to 1.5% (VOC increased from<0.3 V to>0.45 V)
as the ZnO carrier concentration was reduced by nitro-
gen doping. Our study demonstrates the nature of
interfacial recombination in quantum dot/metal oxide
solar cells and stresses the importance of controlling the
properties of the quantum dots and metal oxide.
Namely, the synthesis of quantum dots with clean band
gaps is desirable, and the ability to control the electrical
properties of the metal oxide, in addition to the ener-
getic position of its conduction band edge, is important
in systems prone to interfacial recombination. We have
demonstrated that nitrogen doping is an efficient tech-
nique to achieve this control and can be used to
improve the efficiency of scalable quantum dot/metal
oxide solar cells.

METHODS

Quantum Dot Synthesis. All chemicals are purchased from Sigma
Aldrich if not stated otherwise andwere anhydrous if available. PbS
quantum dots were synthesized according to an existing synthesis
procedure reported previously.53 In a typical synthesis lead oxide
(0.47g, 2.1mmol, 99.99%) andoleic acid (11mL, 35mmol, technical
grade, 90%, OA) in 1-octadecene (25 mL, technical grade, 90%,
ODE) are degassed at 100 �C under vacuum for 3 h. Upon lead
oleate formation the solution is set under nitrogen and heated to

130 �C. Separately, the sulfur precursor bis(trimethylsilyl) sulfide
(210 μL, 1mmol, synthesis grade, TMS) in ODE (4mL, anhydrous) is
prepared under inert atmosphere and rapidly injected into the
degassed Pb-oleate solution. Upon injection the solution is slowly
cooled to room temperature by removing the heatingmantle. The
quantum dots formed are flocculated by addition of an ethanol/
hexanemixture, washed twice using the same solvents, and stored
in octane under a nitrogen atmosphere.

The synthesis of PbSe quantum dots follows previous
work.45 In summary, lead diacetate trihydrate (1.3 g, 3.4 mmol,
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trace metal basis, 99.999%) is degassed with OA (2.1 mL,
7.6 mmol, technical grade, 90%) in ODE (19mL, technical grade,
90%) at 80 �C under vacuum for 2 h. Under inert atmosphere,
the solution is then heated to 160 �C and the Se precursor
solution, consisting of Se (0.85 g, 10.8 mmol, 325 mesh,
99.999%, Alpha Aeser) and diphenyl phosphine (26.1 μL,
15 μmol, 98%) in tri-n-octylphosphine (10.8 mL, 24.2 mmol,
97%), is injected rapidly. After 1.5 min the reaction is quenched
by placing the flask into a water bath. The formed PbSe
quantum dots are separated from the reaction solution by
flocculating with an n-butanol/methanol mixture in a nitrogen-
filled glovebox. Hexane, n-butanol, andmethanol are used for two
additional cleaning steps. Finally, the quantum dots are dispersed
in octane and stored under nitrogen.

The PbS and PbSe quantum dot absorption spectrum is
shown in Supplementary Figure S4.

ZnO Synthesis. ZnO films were deposited on ITO/glass sub-
strates at 150 �Cusing anA-ALD systemoperatedunder chemical
vapor deposition conditions. The substrates were sonicated in
acetone and 2-propanol, then placed in a UV/ozone cleaner for
10 min prior to deposition. Diethyl zinc was used as the zinc
source and water as the oxygen source. Varying amounts of
ammoniawere added to thewater to control the level ofnitrogen
doping. Nitrogen was used as the inert gas to bubble the
precursors, carry the precursors to the substrate, and shield the
adjacent precursor flows. The ITO/glass substrates were passed
underneath the precursor flows at a distance of approximately
60 μm and speed of 50 mm/s. From 120 to 2400 zinc�water
cycles were employed to deposit films of varying thickness.
Thickness measurements with a Dektak Profilometer indicated
a deposition rate of approximately 0.16 nm per cycle. Following
deposition, all filmswere annealed for 1 h at 350 �C on a hot plate
in air.

Materials Characterizaton. X-ray Diffraction. Measurements
were performed using a Bruker D8 theta/theta XRD systemwith
Cu KR radiation (λ = 0.15418 nm) and a LynxEye position-
sensitive detector. Scanning electron micrographs were ob-
tained using a LEO VP-1530 field emission SEM.

Photoemission Spectroscopy. The PES samples were trans-
ferred to the ultrahigh-vacuum chamber (ESCALAB 250Xi) for
UPS/XPS measurements. UPS measurements were performed
using a double-differentially pumped He gas discharge lamp
emittingHe I radiation (hν=21.22 eV) with a pass energy of 2 eV.
The low-energy edge of the valence band is used to determine
the ionization potential of the measured film.54 XPS measure-
ments were carried out using an XR6 monochromated Al KR
X-ray source (hν = 1486.6 eV) with a 650 μm spot size. Arþ ion
gun etching was performed using an ion energy of 3000 eV.

Absorption Measurements. Films were spin-cast on Spectro-
sil quartz glass substrates. The spectra were collected using a
Hewlett-Packard HP 8453UV�vis spectrometer and a PerkinElmer
Lambda 9 UV�vis�IR spectrometer for infrared absorption.

Resistivity andHall EffectMeasurements. Films of 1 cm2were
deposited on borosilicate glass and examined in a van der Pauw
geometry with Al�In contacts. A Keithley 6221 current source, a
Keithley 182 nanovoltmeter, and a home-built differential
electrometer with an input resistance of 1014Ωwere employed.

Device Fabrication. To fabricate solar cells, ZnO films were
deposited on prepatterned ITO slides as described above. They
were transferred to a nitrogen-filled glovebox, and quantumdots
(15�35 mg/mL in octane) were deposited by a layer-by-layer
technique. A thin layer of quantumdotswas spin-cast on theZnO
films followed by dropping 1,3-benzenedithiol (BDT) in acetoni-
trile (0.02 M) on the film to cross-link the quantum dots. Three
seconds after BDT deposition the liquidwas spun off followed by
spinning cycles with pure acetonitrile and pure octane. This was
repeated until the desired thickness (150 nm) was reached.
Molybdenum trioxide (7 nm) and 80 nm gold were deposited
as the top contact. As a control study, a subset of the solar cells
was fabricated without the molybdenum trioxide interlayer, and
we find the same relative differences in device operation be-
tween PbS and PbSe and between doped and undoped ZnO,
although the overall device performance is worse.

Device Characterization. Current�Voltage Characterization. Mea-
surements were taken using a Keithley 2636A source-measure

unit in the dark and under an Oriel 92250A solar simulator,
corrected for spectral mismatch. Light-intensity-dependent mea-
surementswere taken under the same solar simulatorwith a series
of attenuators (23�100%) and by changing the light level of the
solar simulator (0.5 sun to 2 sun).

External Quantum Efficiency. We measured the photore-
sponse as a function of photon energy using light from an Oriel
Cornerstone 260 monochromator. External quantum efficien-
cies were calculated from this, comparing the solar cell photo-
response to the response from a reference diode.

Photovoltage Decay. Measurements were carried out using
a green (525 nm) light-emitting diode connected to a Hewlett-
Packard 8116A pulse/function generator producing a 100 ms
square voltage pulse. The voltage response from the solar cell
was recorded using an Agilent DSO6052A digitalizing oscillo-
scope (input impedance 1 MΩ). Measurements were taken
without background-light bias. We also performed measure-
ments with a 1 sun background illumination; however the RC
constant of our measurement setup was too slow to resolve the
faster dynamics under those conditions.

Transient Absorption. The PbS device kinetics of the GSB
were measured between 910 and 970 nm at a pump fluence of
10 μJ/cm2, which is in the linear regime. The kinetics of the GSB
of PbSe devices were measured slightly more toward the red
(1150 and 1300 nm) due to the lower band gap. Pump fluence
was kept at 2.8 μJ/cm2. All kinetics were measured at a white-
light bias of about 2% sun to simulate the UV doping of the ZnO
occurring under operation conditions. The bias was chosen
such that the total photocurrent is in the linear regime, i.e., that
the overall current is the sum of the contributions from pump
and probe beam as well as the white-light bias.
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