
HYUN ET AL . VOL. 7 ’ NO. 12 ’ 10938–10947 ’ 2013

www.acsnano.org

10938

November 25, 2013

C 2013 American Chemical Society

Heterojunction PbS Nanocrystal Solar
Cells with Oxide Charge-Transport
Layers
Byung-Ryool Hyun,†,* Joshua J. Choi,‡ Kyle L. Seyler,† Tobias Hanrath,‡ and Frank W. Wise†

†School of Applied and Engineering Physics and ‡School of Chemical and Biomolecular Engineering, Cornell University, Ithaca, New York 14853, United States

N
anocrystal (NC) heterojunction
photovoltaic structures that can be
fabricated by simple processing

techniques are under intense investigation
because of their potential for efficient and
low-cost devices.1�3 It is therefore impor-
tant to identify suitable combinations of
materials from which such heterojunctions
can be formed and to understand the me-
chanisms behind their operation, which is
complicated by difficulties in establishing
accurate electron affinities and ionization
potentials of materials. In heterojunction
solar cells, interfacial layers suppress con-
tact resistance between the active layer and
charge-collecting electrodes,1 create ohmic
contacts, and efficiently transport charges,4

all of which improve the power conversion
efficiency of solar cells without interfacial
layers. Electron and hole blocking can im-
prove the operating voltage, and rapid
dissociation of photogenerated excitons in-
creases photocurrent. In addition, when
the active layer is sandwiched between
two electrodes, the incident light forms a
standing wave inside the active layer.5,6 The

optical intensity can be distributed maxi-
mally within the NC film by using dielectric
contrast and efficiently blocking minority
carriers.7

Various buffer layer materials have been
used at the NC active layer/electrode inter-
face to improve cell performance. Among
them, zinc oxide (ZnO)1,2,8 and titanium
dioxide (TiO2)

4,9 have been used for electron-
transport (hole blocking), whereas
several metal oxides such as molybde-
num oxide (MoO3),

10�12 vanadium oxide
(V2O5),

11,12 and tungsten oxide (WO3)
13

have been used for the hole-transport
(electron-blocking) layer. The use of ZnO
and TiO2 for extracting electrons from NCs
is obvious because they are n-type materi-
als. However, the rationale for the selection
of the hole-transport layer is unclear be-
cause MoO3, V2O5, and WO3 are also n-type.
Thus, the physical mechanism behind the
enhancement of efficiency of solar cells
with those layers, including the interface
selectivity,14 is still in debate, although it
has been attributed to more favorable
energy level alignment.7,11,15
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ABSTRACT Oxides are commonly employed as electron-transport layers in optoelectronic devices

based on semiconductor nanocrystals, but are relatively rare as hole-transport layers. We report

studies of NiO hole-transport layers in PbS nanocrystal photovoltaic structures. Transient fluorescence

experiments are used to verify the relevant energy levels for hole transfer. On the basis of

these results, planar heterojunction devices with ZnO as the photoanode and NiO as the photocathode

were fabricated and characterized. Solution-processed devices were used to systematically study the

dependence on nanocrystal size and achieve conversion efficiency as high as 2.5%. Optical modeling

indicates that optimum performance should be obtained with thinner oxide layers than can be

produced reliably by solution casting. Room-temperature sputtering allows deposition of oxide layers

as thin as 10 nm, which enables optimization of device performance with respect to the thickness of the charge-transport layers. The best devices achieve

an open-circuit voltage of 0.72 V and efficiency of 5.3% while eliminating most organic material from the structure and being compatible with tandem

structures.
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Dye-sensitized solar cells,16�19 organic solar
cells,19�25 and NC light emitting diodes (LEDs)26�28

based on nickel oxide (NiO) have been reported and
show that NiO can be used as an efficient hole-trans-
port layer. NiO is a p-type semiconductor with an
optical energy gap of 4 eV29�31 and a transport gap
of 4.3 eV.32 The ionization potential (IP) of NiO is the
smallest among p-type metal oxides, even allowing
for variation in the literature from 5.16 (ref 33) to 5.4
(ref 27) and 5.5 (ref 34) eV. The electron affinity (EA) of
NiO is reported to be 1.4�1.6 eV.27,35,36 This small value
should enable hole transfer from most NCs, including
Pb salt NCs, to NiO. Furthermore, the hole mobility of
NiO is between 20 and 50 cm2

3 V
�1

3 s
�1 at room

temperature,37 which is high for p-type metal oxides.
Thus, NiO could be an excellent choice for the hole-
transport layer in solar cells. However, up to now, the
use of NiO layers in NC solar cells has not been
reported.
Previous work has shown that the photovoltage of

NC solar cells is proportional to the NC energy gap,1,38

and Nair et al. argue that the primary benefit of
quantum confinement will be to increase the photo-
voltage of the cell.39 Ma et al. reported a study of PbSe
NCs with diameter as small as 1 nm.40 These workers
found that the open-circuit voltage decreases for
diameters below 2 nm, which produced an open-
circuit voltage of 0.6 eV. A similar value was obtained
by use of a shallow-work-function electrode.41 Very
recently, improved passivation of the NC surfaces
allowed an open-circuit voltage of 0.69 V to be
achieved.42

Here, we describe heterojunction PbS NC solar cells
with ZnO photoanodes and NiO photocathodes pro-
duced by simple processing techniques. We first pre-
sent results on photoinduced hole transfer fromNCs to
NiO. With this process as the basis of the devices, we
construct prototype solar cells by low-temperature
solution processing. These devices achieve reasonable
performance, including a power conversion efficiency
of 2.5%. Optimization of the device performance re-
quires greater control of layer thickness, which we
achieve by room-temperature sputtering of the oxide
layers. The resulting devices exhibit an efficiency above
5% and the largest open-circuit voltage (0.72 V) re-
ported for single-junction NC solar cells to our knowl-
edge. In addition to promising performance, these
devices are a step toward all-inorganic structures that
are directly compatible with future tandem cells.16,17

Here we focus on the demonstration of PbS NC solar
cells with NiO photocathodes. A side-by-side compar-
ison study of cells produced by solution processing and
sputteringwill be the subject of futurework, alongwith
the optimal cell design for maximum efficiency.
The relevant energy levels of a heterojunction ZnO/

PbS NC/NiO solar cell are shown in Figure 1. The EA
of n-type ZnO is between 4.2 (refs 19, 43, 44) and 4.35

(ref 45) eV. The EAs for PbS NCs with various sizes were
measured by cyclic voltammetry (CV), and the relevant
energy levels were calculated by using a four-band
model based on a k 3 p Hamiltonian incorporating
quantum confinement of charge carriers together with
dielectric effects.46

The comparison of PbS NC and ZnO energy levels
indicates that electron transfer from PbS NCs to ZnO is
favorable for PbS NCs with diameters less than∼7 nm.
Electron extraction from PbS NCs to ZnO in PbS
NC/ZnO heterojunctions1,2,47 and PbS NC-sensitized
solar cells48 is well established in the literature. Owing
to the low IP value of NiO, hole transfer fromPbSNCs to
NiO is thermodynamically favorable for PbS NCs with
diameters less than ∼5 nm. However, there is no
experimental study of hole transfer from PbS NCs to
NiO. To verify the hole transfer from PbS NC, fluores-
cence quenching measurements were performed with
PbS NCs coupled to NiO.
Direct chemical coupling of PbS NCs to a NiO

mesoporous film with linker molecules with carbox-
ylic acid or other functional groups is difficult in our
experience. This is perhaps surprising, given that dye
molecules with such groups have been used in NiO-
based dye-sensitized solar cells. We circumvented this
problemby first attaching PbSNCs tomesoporous SiO2

film as an inert base platform and then attaching NiO
particles to PbS NCs. The EA of SiO2 is reported to
be 0.9 eV49 or 1.0 eV,50 and its energy gap is 8.9 eV.51

Thus, we expect no charge transfer between PbS NCs
and SiO2. This is supported by results with the CdSe
NC�SiO2 system;52 CdSe NCs have a lower EA than PbS
NCs. Furthermore, electron transfer between PbS NCs
and linker molecules with carbon chains and the thiol
group can be ruled out because of the energy level
alignment.46 PbS NCs were first coupled to mesopor-
ous SiO2 film with mercaptocarboxylic acid; then
oleic acid ligands on the surface of PbS NCs were
removed with 2-mercaptoethanol (MEtOH). Finally,

Figure 1. Energy levels of ZnO/PbS NC/NiO thin films.
Values for the conduction band (CB) of n-type ZnO range
from 4.2 to 4.35 eV (orange block), and the valence band
(VB) of p-type NiO ranges from 5.16 to 5.5 eV (green block).
Symbols are measured values for PbS NCs, and lines are
calculated energy levels.

A
RTIC

LE



HYUN ET AL . VOL. 7 ’ NO. 12 ’ 10938–10947 ’ 2013

www.acsnano.org

10940

the NiO nanoparticles were coupled to PbS NCs by
physical contact. Details are in the Methods or Sup-
porting Information.

RESULTS AND DISCUSSION

Fluorescence transients were measured for PbS NCs
of diameter 3.5, 4, 5, and 6 nm. The spectral range of
our photodetector (950�1700 nm) precludes the in-
vestigation of larger NCs. The fluorescence of the
3.5 nm PbS NCs in tetrachloroethylene (TCE) decays
with a time constant of 1.7 μs (black line in Figure 2a).
The decay times for control samples of SiO2�PbS NC
(green line) and SiO2�PbS NC�MEtOH (orange line)
systems are 0.8 and 1.1 μs, respectively. While the
energy level alignment does not allow charge transfer
between PbS NCs and SiO2, we conjecture that the
slightly faster recombination for the PbS NC�SiO2

system derives from a combination of aggregation of
PbS NCs on the surface of the SiO2 and changes in the
NC surface chemistry.53 In contrast, the NC fluores-
cence is quenched dramatically in the presence of the
NiO (Figure 2b); the fluorescence decay is close to
the ∼1 ns instrument response. For the larger NCs,
quenching is also observed, but it is much slower
(Figure S2 in the Supporting Information). The decay
maintains a microsecond-scale time component in
addition to the nanosecond component.
The time for the population to decay to 10% of the

initial photoexcited value, for example, does not in-
crease monotonically with NC size, which would
be expected in a Marcus-theory view of the charge

transfer. If we assume that the observed decrease in
lifetime arises from hole transfer into NiO, the hole
transfer rate constant can be determined through the
expression46,54 kHT = 1/τNC�NiO� 1/τNC, where τNC�NiO

and τNC are 1/e decay times of the PbS NC�NiO system
and PbS NCs, respectively. Our previous work46

showed that the fluorescence decays of isolated NCs
andNC�TiO2 are the same if the LUMO level of the NCs
is lower than the conduction band of TiO2. The LUMO
of the PbS NCs is well below the conduction band of
SiO2. This leads us to conclude that the PbS NC�SiO2

system should have the same fluorescence decay as
the isolated PbS NCs. Thus, we used the 1/e times
the PbS NCs in TCE for calculating the hole-transfer
rate. In Marcus theory,55,56 the logarithm of the charge-
transfer rate is a quadratic function of the change in
free energy. In the present experiments, this is deter-
mined by the energy difference between the highest
occupied molecular orbital (HOMO) energies of PbS
NCs and the valence band of NiO (taken to be 5.16 eV).
The dependence of the hole-transfer rate on the
change in free energy (inferred from Figure 1) is sum-
marized in Figure 2c. The rate generally increases with
the free-energy difference, as expected within Marcus
theory, although there is a reproducible deviation
from the trend for the largest NCs. The results also
suggest that the IP of NiO may be smaller than 5.2 eV,
which is consistent with the value from X-ray photo-
electron spectroscopy.33

Results from optical studies detailed abovemotivate
the study of NiO films as the photocathode in NC thin

Figure 2. (a) Transient fluorescence traces of 3.5 nm PbS NCs in TCE (solid black line), SiO2�MPA�PbS NC composites (solid
green line), SiO2�MPA�PbS NC�MEtOH composites (solid blue line), and SiO2�MPA�PbS NC�MEtOH�NiO composites
(solid red line). (b) Transient fluorescence of 3.5 nm PbS NCs coupled to NiO nanoparticles, along with the instrument
response. (c) Dependence of hole transfer constant, kHT, on the change in free energy for the PbS NC�NiO system.
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film solar cells. First, we fabricated heterojunction solar
cells by sequential spin-coating of NiO sol�gel, a
solution of PbS NCs, and ZnO nanoparticles on ITO
substrates (Figure 3a). Detailed procedures are in the
Methods section. Briefly, the NiO sol�gel precursor
was prepared by dissolving nickel acetate tetrahydrate
in methanol,27 and colloidal ZnO nanoparticles were
prepared from zinc acetate dihydrate in ethanol.57,58

The NC films were treated with ethanedithol (EDT) to
increase the film conductivity.1,59,60 A high work func-
tion metal (Al, Au) was used as the back electron or
hole-collecting electrode to reduce sensitivity to air.
Device fabrication was performed under ambient
conditions.
Figure 4a shows representative J�V curves of solu-

tion-processed NiO/PbS NCs/ZnO devices for various
diameters of PbS NCs. We observe a linear relation
between VOC and the size-dependent energy gap of
PbS NCs consistent with prior reports on Schottky and
excitonic lead salt NC solar cells.1,38 A significant increase
in the open-circuit voltage is observed with decreasing
diameter of the NCs. A linear dependence of VOC optical
energy gap of the NCs is observed (Figure 4b).
The highest VOC (0.68 V) is achieved for NCs with

2.8 nmPbS NCs (Eg = 2 eV) after 2 h of air exposure. This
is very close to the highest value (0.69 V42,61) achieved
by colloidal NC solar cells. We note that the air ex-
posure leads to a substantial increase in both the VOC
and the fill factor (FF), and the photodoping induces a
slight increase in photocurrent (data in the Supporting
Information). Nitrogen exposure has no such positive
effect, which suggests that the enhancement of the

device performance is related to an oxygen-induced
reaction in air. The best performance is obtained with
3 nm NCs, and a power conversion efficiency of 2.5% is
achieved (Figure 5). With NC sizes for which hole
transfer is marginally favorable or unfavorable energe-
tically (greater than ∼4 nm) we observe reverse-bias
breakdown in the J�V curves. The VOC achieved with
the NiO layers is slightly higher than the values10,62�65

achieved with MoO3 layers. However, we do not attach
significance to the difference, as the comparison is not
controlled.
The solution-processed devices have relatively high

open-circuit voltage, and that of the best device is
close to the highest reported for lead-chalcogenide NC
solar cells.40�42 However, the observed voltages are
not close to fundamental limits. The 3 nm PbS NCs
between ZnO and NiO contact layers experience simi-
lar energy level offsets for electron and hole extraction
to the photoanode and photocathode, respectively.
Nonradiative recombination reduces the photocurrent
and the free charge concentration, which lowers the
open-circuit voltage by decreasing the quasi-Fermi
energy difference between electrons and holes. Strong
suppression of nonradiative recombination is required
to maximize the photocurrent.66 The dark saturation
current in solar cells mainly comes from the nonradia-
tive recombination processes in the device, and thus
dark saturation current can be considered a direct
measure of the nonradiative recombination in the
device. The optimized interfacial layer thickness is
critical for reducing the dark saturation current by
passivating localized traps in the NCs close to the
junctions, and previous works have shown that layer
thicknesses between5 and 50nmcan lead to significant
improvement in the performance of solar cells.10�13,67

We investigated the optimal thickness of the ZnO
and NiO layers by optical modeling. Because of the
dielectric contrast, reflections at interfaces affect the
distribution of the optical field inside the solar cell
structures. The generation of excitons depends on the
distribution of the optical energy density, which con-
sequently influences the photocurrent action spectra.
This distribution can be optimized by controlling the

Figure 4. (a) Typical J�V curves of ITO/NiO/PbS NC/ZnO/Al devices for various diameters of PbS NCs. (b) VOC versus optical
energy gap of PbS NCs.

Figure 3. Device configuration of (a) solution-processed
PbS NC solar cells and (b) inverted PbS NC solar cells with
sputtered ZnO and NiO layers.
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thickness of the interfacial layers. We calculated the
absorbance profile of the device stack as a function of
NiO and ZnO layer thicknesses using a transfer matrix
formalism68�70 (Supporting Information). The struc-
ture glass/ITO/ZnO/PbS NCs/NiO/Au was used for the
calculation of the optical modeling. As inputs to the
calculations, the wavelength-dependent complex in-
dex of refraction of each layer in the device stack was
measured using variable-angle spectroscopic ellipso-
metry. Results of the ellipsometry measurements are
shown in Figure 6a.
The ellipsometry data were modeled with a set of

Lorentz oscillators to obtain the complex index of
refraction. The accuracy of the optical modeling was
checked by comparing the calculated reflectance spec-
tra from each thin film to the measured reflectance
spectra using a spectrophotometer equipped with an
integrating sphere. Calculations of the optical intensity
in the device structure were performed assuming a
fixed, 100 nm thickness of the EDT-treated PbS NC
(1140 nm absorbance peak) layer and varying the ZnO
and NiO thicknesses from 0 to 100 nm. The results
show that the short-circuit current density is optimized
near a NiO thickness of 25 nm, while thinner ZnO layers
always produce higher current. In practice, the ZnO
layer should be as thin as possible without sacrificing
the integrity of the film. The peak at 25 nm for the NiO

layer can be understood as an optical spacer effect: the
placement of the active layer a few tens of nanometers
away from the field-quenching metal electrode signif-
icantly increases the optical intensity in the active
layer.5,71

The optical model suggests an optimal thickness of
ZnO and NiO layers in the range of 5 to 40 nm to
maximize the current density. However, deposition of
high-quality layers with thickness below 30 nm is
difficult via solution-based methods due to inherent
surface roughness of such films. Furthermore, sol�gel
NiO films require a high-temperature thermal treat-
ment in air, which increases the resistivity of the ITO
substrate. This naturally decreases the device
performance72 and will eventually be an impediment
to tandem-cell development.
To overcome the limitations of solution-processed

films, we deposited thin films of ZnO and NiO by room-
temperature dc sputtering. This approach facilitates
the fabrication of inverted solar cells, which have
several advantages over the regular device struc-
ture seen in Figure 3a, such as improved stability and
design flexibility for tandem or stacked cells. In the
inverted device structure, ZnO and NiO layers are
introduced above ITO or below the metal electrode
as n-type and p-type interfacial layers as in Figure 3b.
ITO is naturally n-type, so it is better suited to use as
an electron acceptor, as is the case in the inverted
structure.
The room-temperature sputtering conditions for

depositing the crystalline ZnO and NiO layers were
investigated based on the previous literature.73 The
detailed information for the sputtering conditions and
physical characterizations of the sputtered films can be
found in the Methods and Supporting Information.
The optical model suggests that greater than 60%

increase in short-circuit current density can be ob-
tained if the thickness of the oxide layers is tuned over
the range 0�100 nm. We probed the relationship
between film thickness and current density in devices
based on EDT-treated active layers of 3 nm PbS NCs
and 10 nm ZnO photocathodes. The open-circuit

Figure 5. J�V curve of the best device prepared with
sol�gel NiO, with 3 nm PbS NCs.

Figure 6. (a) Complex index of refraction of glass, ITO, NiO, and ZnO layers. (b) Current density calculated for varying
thicknesses of ZnO and NiO layers.
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voltage is about 0.63 V for all devices (Figure 7a).
However, the current density varies substantially. The
current density exhibits a sharpmaximumwith respect
to the thickness of the NiO (red squares in Figure 7c).
On the other hand, when the thickness of the ZnO layer
is varied with the thickness of the NiO layer fixed at
10 nm, the optimal thickness of ZnO is about 10 nm,
but the difference of the current densities with 20 or
40 nm devices is relatively small (Figure 7c). Interest-
ingly, the device with 5 nm ZnO shows a dramatic
decrease in the current density. The best device has an
open-circuit voltage of 0.72 V, short-circuit current of
13.3 mA/cm2, and fill factor of 0.55, and achieves 5.3%
efficiency. The open-circuit voltage is the largest
reported for a NC solar cell to our knowledge.
The device structure based on a ZnO photoanode

and a NiO photocathode deposited by room-tempera-
ture sputtering offers attractive features for NC tandem
solar cells.58,74 Metal oxide layers are commonly pro-
cessed at high temperature to increase their crystal-
linity for better charge-carrier mobility.75,76 High-
temperature processing can present challenges in
the fabrication of multijunction solar cells comprising

temperature-sensitive NCs or organic active layers.
Solution processing techniques generally lack the re-
quisite precision in the fabrication of high-quality thin
metal oxide films. The use of room-temperature-
sputtered ZnO and NiO layers should enable fabrica-
tion of a simple series connection of photoanode/NCs/
photocathode structures with accurately optimized
layer thicknesses, which can give the sum of the max-
imum voltages of the component electrodes.20

CONCLUSION

In conclusion, we have synthesized and character-
ized NC solar cells with inorganic charge-transfer
layers. Devices made with sol�gel NiO reach 2.5%
efficiency. Sputtered films allow better control of film
thickness, and room-temperature sputtering produces
reasonably good films while avoiding thermal damage
of theNCs. Optical modeling guided the determination
of the optimum structure, which has 10 nm thick NiO
and ZnO layers. Such devices exceed 5% efficiency and
exhibit the highest open-circuit voltage reported for an
NC solar cell. The approaches described here offer a
route to efficient all-inorganic NC solar cells.

METHODS

PbS NC Synthesis and Purification. PbS NCs were synthesized
based on a variation of a previous literature report.77 Briefly,
20 mL of 1-octadecene (ODE) was added to a three-neck flask,
whichwas vacuumed and purgedwith nitrogen gas three times

to allow it to degas. The ODE was then heated to 110 �C,
followed by two vacuum/purge cycles for 5 and 2 min to
remove water and allow it to degas further. Afterward, the
ODE was allowed to cool to room temperature in a nitrogen
environment. Then 420 μL of bis(trimethylsilyl)sulfide (TMS)was
added to the 20 mL of ODE and allowed to mix thoroughly. In

Figure 7. Typical J�V curves of the inverted PbS NC solar cells with the room-temperature-sputtered ZnO and NiO films. (a)
The thickness of the ZnO layer was fixed at 10 nm, and the thickness of the NiO layer was varied from 0 to 40 nm. (b) The
thickness of the NiO layer was fixed to 10 nm, and the thickness of the ZnO layer was varied from 5 to 40 nm. (c) Summary of
current density with varying layer thickness. (d) Results from best device.
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another three-neck flask, PbO, oleic acid, and ODE were mixed,
degassed, and purged at 110 �C as before. Once the solution
turned clear, indicating the formation of lead oleate, the flask
temperature was lowered to a certain temperature. Themixture
of TMS and ODE was then extracted and rapidly injected into
the lead oleate solution using a syringe. After injection, the
temperature dropped and the solution turned dark brown,
indicating the formation of PbS NCs. The nanocrystal solution
was left on the heating mantle for 3 min and, afterward, was
cooled rapidly to room temperature with an ice bath. The
nanocrystals were collected into centrifuge tubes, precipitated
by adding twice the amount acetone as NC solution, and
centrifuged for 5 min under ambient conditions. The super-
natant was discarded and the NCs were redispersed in hexane.
Acetone was once again added until the entire solution turned
cloudy, and then theNCswere centrifuged, rinsedwith acetone,
and dried. The NCs were washed this way one more time for a
total of three precipitations, and finally, they were redispersed
at 40 mg/mL in chlorobenzene for solar cell fabrication and
filtered through a 0.2 μmPVDF syringe filter to remove any dust,
particulates, and NC aggregates.

PbS NC-Sensitized Mesoporous SiO2 Films. Four grams of colloidal
SiO2 nanoparticles in water (Nalco 2327, diameter = 20 nm,
40 wt % aqueous dispersion) was diluted with 3.2 mL of water,
and then, 0.64 g of polyethylene glycol (MW 20 000) was added
into the diluted dispersion of SiO2 nanoparticles. The mixture
was stirred for at least 2 h. Thin films of SiO2 nanoparticles were
prepared on the glass substrate by using a spin-coating tech-
nique (1000 rpm, 30 s). Films were subjected to 450 �C heat
treatment for 2 h. The temperature was then lowered to room
temperature. Repeated steps of spin-coating and temperature
treatment yielded the transparent mesoporous SiO2 film of
∼10 μm thicknesses. At the last thermal treatment, films were
lowered to 120 �C. The hot films were placed directly in a 0.20 M
3-mercaptoacetic acid (MPA) (or 3-mercaptopropyl-trimethoxy-
silane, MPS) in toluene solution for 12 h. Films were washed
three times with toluene and placed directly in PbS NCs in
toluene for 24 h to sensitize PbS NCs. The PbS NC�SiO2 films
were washed three times with toluene to remove the unbound
PbS NCs and then were dipped in a 1 M 2-mercaptoethanol in
toluene solution to remove the oleic acid at the surface of the
PbS NCs. The NiO nanoparticle solution was prepared by
dispersing 1 g of NiO nanopowder (Inframat Advanced Materi-
als, diameter = 20 nm) in 10 mL of water. After 0.5 h sonication,
the NiO dispersion was left overnight to settle the big aggrega-
tions. The light brown supernatant was carefully pipetted. To
add NiO nanoparticles inside the PbS NC�SiO2 mesoporous
film, a few 100 μL of NiO nanoparticles in water was dropped
into the PbS NC�SiO2 film and water was removed by an evap-
oration vacuum pump. This was repeated two or three times
to fill the empty space inside the mesoporous film. The NiO
nanoparticle-covered film was sealed by putting another
cleaned glass slide on top and sealing the sides with UV-curable
epoxy. Encapsulated samples were stable against oxidation for
several months.

Fluorescence Lifetime Measurements. The samples were excited
at a repetition rate of 1 kHz by femtosecond pulses of a Ti:
sapphire laser system with an optical parametric amplifier
(at 680 nm) or regenerative amplifier (at 800 nm). The sample
was exposed to intensity levels below 10 mW/cm2 so that the
excitation level was always well below one electron�hole pair
per dot. Fluorescence below 1000 nm was monitored with
a Si avalanche photodiode single photon counting module
(PerkinElmer, SPCM-AQRH-44-FC). The time-resolved fluores-
cence measurements were performed in the time-correlated
single photon counting (TCSPC) mode with a TCSPC board
(PicoQuant, TimeHarp 200) and a digital delay generator
(Stanford Research Systems, DG645) under right-angle sample
geometry. The fluorescence decay curves were analyzed by
means of iterative reconvolution using the FluoFit. Fluorescence
lifetime measurements between 1000 and 1600 nm were per-
formed with an InGaAs photomultiplier tube module (H10330-
75, Hamamatsu, Inc.). The output was fed into a digital oscillo-
scope (Tektronix TDS 520A) and averaged, which provides

adequate temporal resolution of decay times in the microse-
cond range.

Solution Processed Solar Cells. a. NiO Layer. We followed the
procedure of ref 27. Briefly, the nickel acetate tetrahydrate
(Aldrich) was dissolved in methanol to a concentration of
0.4 M. An equimolar quantity of diethanolamine (Aldrich) was
added under stirring. ITO substrate was cleaned by successive
ultrasonic treatment in detergent, purified water, acetone, and
propanol before drying under nitrogen. Thin films were pre-
pared by spin-coating the sol�gel precursor onto the ITO sub-
strate under ambient conditions at a spin speed of 3000 rpm for
30 s. Samples were then placed immediately into a tube furnace
and annealed under air at 425 �C for 10 min, forming a dense,
polycrystalline material. Film thicknesses were measured by a
stylus profiler to be 30�40 nm thick.

b. ZnO Layers. ZnO nanoparticles were synthesized in am-
bient air. A 1.76 g portion of zinc acetate dihydrate was dis-
solved in 150mL of ethanol with vigorous stirring and heated to
60 �C for 1 h. Parafilm was used to block solvent evaporation
during the heating and the entire reaction time. In a separate
container, 6.4 mL of a tetramethyl ammonium hydroxide
(TMAH) solution (28% in MeOH) was added to 50mL of ethanol.
Over 10 min, the TMAH solution was slowly added to the zinc
acetate solution at regular intervals. During this time the
temperature of the zinc acetate solution was maintained at
60 �C with continuous stirring. Subsequently, the solution was
heated at 60 �C for 30 min, after which the heater and stirrer
were removed. After cooling to room temperature, the solution
was kept refrigerated at∼5 �C. This mother-liquor solution was
stable for over ∼5 months. ZnO nanoparticles were collected
from the refrigerated solution immediately before device fab-
rication. To prepare devices, 5 mL of the solution was typically
mixed with 20 mL of hexane to precipitate the ZnO particles.
After centrifugation, the supernatant was removed and the
white precipitate was dissolved in isopropyl alcohol.

c. EDT-Treated PbS NC Layer Deposition. PbSNCsat40mg/mL
in chlorobenzenewere deposited by spin-coating from a Laurell
WS-400A-6NPP-LITE. All spin steps were carried out at 1000 rpm
for 30 s. First, 250 μL of NC solution was dispensed onto the
substrate using an automatic pipet, and then the substrate was
spun. Second, 1 mL of 0.1 M ethanedithiol in acetonitrile was
swiftly dispensed on the substrate, left for 30 s, and then spun.
The short EDT ligands replace the longer oleic acid ligands,
improving conductivity through improved inter-NC coupling.
Third, the substrate was rinsed with pure acetonitrile, spun,
rinsed with pure chlorobenzene, and spun to remove residual
ligand molecules and NCs. This three-step spin process of
deposition, ligand exchange, and rinsing was one cycle. Three
cycles were performed to produce ∼100 nm thick NC films.

d. Fabrication of Solar Cells. The samples were loaded into a
metal evaporator, and the evaporation chamber was pum
ped down to ultrahigh vacuum (∼10�6 Torr). Au, Ag, or Al was
thermally evaporated at a rate of 0.5 Å/sond for the first 100 Å
and at 2�3Å/sond for the rest of the deposition. Typically a total
of 400�600 Å of metal electrode was deposited.

e. Device Characterization. Device testing was performed
with a source measurement unit (Keithley 236). Samples were
irradiated with 100 mW/cm2 AM1.5 illumination from a Solar
Light 16S-002 solar simulator. Light output power was cali-
brated with a Newport 818P-010-12 thermopile high-power
detector. Small spectral mismatch was not taken into account in
these measurements.

Room-Temperature Sputtered ZnO and NiO Layers. ZnO was de-
posited at a rate of 1.5 Å/s by reactively sputtering at a base
pressure of 10�6 Torr with a 2 in. diameter Zn target in a 4:1
Ar/O2 pressure ratio at 5 mTorr and 65 W of dc power. NiO was
deposited at a rate of 1.7 Å/s by reactively sputtering at a base
pressure of 10�6 Torr with a 2 in. diameter Ni target in a 99:1
Ar/O2 pressure ratio at 10 mTorr and 57 W of dc power.
Substrates sat on a rotating stage with a mask over the edges
to keep the ITO bare for good electrical contact.
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