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ABSTRACT Colloidal quantum dot (CQD) photovoltaics combine low-cost solution processability with
quantum size-effect tunability to match absorption with the solar spectrum. Rapid recent advances in CQD

VocJscFF
Psolar

olar energy harvesting requires a
combination of low cost and high
efficiency in order to overcome
balance-of-systems costs.1 Solutionprocessing offers an attractive route to
low cost per area of light-harvesting material; however, the materials must be
carefully chosen to maximize the absorption of the sun’s broad visible and infrared spectrum, and thus produce a high
current density (Jsc) while maximizing the
amount of work extracted from each absorbed photon via a large open-circuit
voltage (Voc) and fill factor (FF). The
power conversion efficiency () for an input solar intensity (Psolar, typically 100
mW cm⫺2) is given by

Crystalline Si, which is a relatively weak
light-absorber,2 requires thick, high-purity
solar cells with correspondingly long carrier
transport lengths;3 organic polymers, which
absorb light very strongly, need a very thin
distributed donor⫺acceptor heterojunction4 to overcome a large exciton binding
energy and low charge mobility.5
Here we introduce the device architecture and concepts that allow colloidal quantum dot (CQD) solar cells to achieve the
joint optimization of Voc, Jsc, and FF. We further present experimental validation of
these concepts through the highest photovoltaic power conversion efficiencies reported in the CQD materials system.
Colloidal quantum dot photovoltaics6,7
offer a widely tunable bandgap, enabling
both optimal-bandgap solution-processed
single-junction cells and also multijunction
architectures. Size-effect tuning also enables the use of inexpensive, abundant
ultralow-bandgap semiconductors otherwise unsuited for photovoltaic energy conversion.8 CQD solar cell efficiencies have increased rapidly in recent years to 3.6%
using the elegantly simple Schottky junction in combination with lead chalcogenides as the quantum-confined
semiconductor.9⫺16 These devices have
harvested photons at wavelengths as long
as 1800 nm, previously unachieved in a
solution-processed device. Impressive
short-circuit current densities reaching as
high as 25 mA/cm2 have been reported as
a result.9 Significant progress has also been
achieved by sensitizing nanoporous TiO2
electrodes with a thin layer of CQD17⫺19
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photovoltaics have led to impressive 3.6% AM1.5 solar power conversion efficiencies. Two distinct device
architectures and operating mechanisms have been advanced. The firstOthe Schottky deviceOwas optimized
and explained in terms of a depletion region driving electronⴚhole pair separation on the semiconductor side of
a junction between an opaque low-work-function metal and a p-type CQD film. The secondOthe excitonic
deviceOemployed a CQD layer atop a transparent conductive oxide (TCO) and was explained in terms of diffusive
exciton transport via energy transfer followed by exciton separation at the type-II heterointerface between the
CQD film and the TCO. Here we fabricate CQD photovoltaic devices on TCOs and show that our devices rely on the
establishment of a depletion region for field-driven charge transport and separation, and that they also exploit the
large bandgap of the TCO to improve rectification and block undesired hole extraction. The resultant depletedheterojunction solar cells provide a 5.1% AM1.5 power conversion efficiency. The devices employ infrared-bandgap
size-effect-tuned PbS CQDs, enabling broadband harvesting of the solar spectrum. We report the highest opencircuit voltages observed in solid-state CQD solar cells to date, as well as fill factors approaching 60%, through the
combination of efficient hole blocking (heterojunction) and very small minority carrier density (depletion) in the
large-bandgap moiety.
KEYWORDS: quantum dot · solar cell · PbS · titanium dioxide · depleted
heterojunction · exciton dissociation · electron transfer
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Figure 1. Comparison of three CQD photovoltaic architectures under photovoltaic operation close to maximum Voc. (a) The
Schottky design has lower FF and Voc for a given Jsc, due to the poor barrier for hole injection into the electron-extracting contact. (b) The depleted heterojunction design combines the advantages of the other two cells, leading to simultaneously maximized FF, Voc, and Jsc. (c) The CQD sensitized cell employs a thin layer of absorber on a high surface area electrode. The lightabsorbing capacity of this design is lower, leading to poor Jsc, while it provides good FF and Voc. EF,n and EF,p are the electron
and hole quasi-Fermi levels; Ec and Ev are the conduction and valence band edges; Jp,PV and Jn,PV are the hole and electron photocurrents (and are equal at steady state); Jp,fwd is the hole current in the forward bias direction.

(on the order of one monolayer; we term these CQDsensitized solar cells, CQD-SSCs), where reported power
conversion efficiencies have attained 3.2%.
The mechanisms that limit efficiency in these past
reports can be readily recognized. For Schottky devices, both the Voc and especially the FF have, to date,
fallen well below their potential. As for CQD-SSC, significantly better Voc and FF have been reported, but the
Jsc values are generally lower.
Here we report a new solar cell architecture that
overcomes the limitations of past CQD photovoltaics
(PV). Our depleted-heterojunction (DH) device achieves
FFs approaching 60%, compared to a previous CQD PV
record16 of 51%, and it achieves an open-circuit voltage
of 0.53 V, compared to a previous CQD PV record of
0.45 V. The short-circuit current density reaches 16 mA
cm⫺2 and exceeds those observed in CQD-SSC devices.
Brought together, the optimized parameters allow our
new architecture to reach an efficiency of 5.1% under
AM1.5g illumination, compared to the best prior reports
of 3.6%.16
We depict in Figure 1, and quantify in Table 1, the
key conceptual issues that have limited previous CQD
PV devices and the architectural advances that led to
the performance improvement we report herein. The
figure compares the Schottky barrier device architecture20 with the DH-CQD device and the CQD-SSC. In the
www.acsnano.org

figure we employ spatial band diagrams to depict the
behavior of CQD films in conjunction with metal contacts and heterojunctions with other semiconductors.
Implied in these representations is an effective-medium

TABLE 1. CQD Solar Cell Figures of Merit for Different
Device Architectures
reference
this work

quantum dot
(Eg)

model

Voc
(V)

Jsc
(mA cmⴚ2)

FF (%)

 (%)

PbS
(1.3 eV)
PbS
(1.1 eV)
PbS
(0.9 eV)

CQD-DH

0.51

16.2

58

5.1

CQD-DH

0.45

13.2

35

2.1

CQD-DH

0.38

11.3

21

0.93

Ma et al.

PbS0.7Se0.3
(1.0 eV)

CQD-Schottky

0.45

15

50

3.3

Debnath et al.

PbS
(1.3 eV)

CQD-Schottky

0.51

14

51

3.6

Lee et al.

PbS
(1.6 eV)

QD-SSCa

0.56

4.58

57

1.46

Giménez et al.

CdSe
(2.0 eV)

CQD-SSC

0.51

7.1

48

1.83

a
Quantum dots not colloidal but prepared by chemical bath deposition on the electrode; quantum confinement effects still evident.

VOL. 4 ▪ NO. 6 ▪ 3374–3380 ▪ 2010

3375

ARTICLE
3376

picture of CQD solids, in which certain physical quantities of importance are averaged over regions of the
nanostructured solid.9,13,15,20 Such physical quantities
include the variation of a built-in or applied field, the
free carrier density, the net charge, the dielectric constant, and the quasi-Fermi-levels over a length scale
considerably greater than the dot-to-dot separation.
From this ansatz flow semiconductor device concepts
such as the establishment of substantially depleted regions having a built-in field, and quasi-neutral regions
in which minority carrier transport is dominated by diffusion. The mathematical underpinnings of this technique lie in the method of multiple scales: the quantum dot length scale determines bandstructure and
transport properties, while averaged variations in carrier density, charge, field, and Fermi levels occur over
considerably longer length scales.
Both the Schottky and the DH architectures show a
depletion layer that arises from charge transfer from
the electron-accepting contact to the p-type CQD film.
Since metals have a very high free electron density21
(⬃1022 cm⫺3), there is a negligible depletion region on
the metal side of the Schottky junction. In contrast, in
the DH-CQD device, the TiO2 electrode is partially depleted in view of its much lower ⬃1 ⫻ 1016 cm⫺3 n-type
carrier density.
The Schottky device is disadvantaged by a number
of factors. First, as light absorption begins at the ohmically contacted side, rather than the junction, many minority carriers (here electrons) must travel the thickness of the entire film before reaching their destination
electrode and are therefore more susceptible to recombination. The DH design, with the transparent electronaccepting TiO2 contact, benefits from minority carrier
separation due to the placement of the junction on the
illuminated side. Second, in the Schottky device, the
open-circuit voltage is often limited by Fermi-level pinning due to defect states at the metal⫺semiconductor
interface;22 in contrast, the TiO2⫺CQD interface may be
passivated during the solution-phase deposition of the
quantum dots. Third, the barrier to hole injection into
the electron-extracting electrode of the Schottky device
becomes much less effective when the device is operating in the photovoltaic quadrant. Both the DH and the
CQD-SSC approaches mitigate this effect by introducing
a large discontinuity in the valence band and by minimizing the electron density in the electron acceptor
near the junction.
The CQD-SSC architecture can show good Voc and
FF since the electrolyte, whether solid or liquid, is usually a good hole transporter, and back-recombination of
electrons and holes across the TiO2⫺electrolyte interface can be blocked. However, a CQD monolayer adsorbed on the TiO2 surface has a lower absorption coefficient than similarly created dye layers, and as such
high Jsc values cannot be reached without compromising the FF. In contrast, the DH architecture can and in-

deed should employ many monolayers of the lightabsorber due to the charge-transporting functionality
of the CQD film.
We now turn to the specific instantiation of these
concepts in our device and the detailed evidence in
support of the advantages we propose. We built a heterojunction between a transparent TiO2 electrode and
an active layer consisting of PbS CQD with varying diameters. The energy level positions of these materials,
consistent with multiple literature reports,23,24 are
shown in Figure 2, along with the solution absorption
spectra. At the smallest size, 3.7 nm, the 1S electron excited state of the CQD lies well above (⬎0.3 eV) the
TiO2 conduction band level, and photoexcited electron
injection into TiO2 would be energetically favorable. The
1P hole level exhibits a large (⬎1.5 eV) discontinuity
with the TiO2 valence band, providing a very large barrier to the undesired passage of majority holes from the
p-type CQD layer into the TiO2 electrode. As the diameter of the CQD increases, the hole injection barrier is increased, while the driving force for electron transfer
into TiO2 diminishes, to the point of becoming negligible at a diameter of 5.5 nm. We note that the uncertainties in the energy levels are substantial (⫾0.1 eV),
but the Fermi level differences act as a very good predictor for the experimentally observed Voc (Figure 2b).
We built the light-absorbing semiconductor medium using layer-by-layer solution deposition of oleatecapped PbS CQD on TiO2 electrodes, where each subsequent layer was treated using a solution of
3-mercaptopropionic acid in methanol. This treatment
displaced the oleate ligand completely and rendered
the CQD insoluble, which allowed 200 nm thick films to
be created using 11 deposition cycles (Supporting Information). The device was then completed with a Au contact deposited through a shadow mask resulting in a
device of area 0.05 cm2. We were also able to build ⬎1
cm2 area devices - the rectifying nature of the TiO2⫺Au
junction helps to prevent electrical shorts at defects in
the PbS CQD film. A cross-section of a typical device is
shown in Figure 2c. Spatially resolved elemental analysis of the cross-section revealed very little interpenetration of the CQD and TiO2 layers.
The photovoltaic response of the bandgap-tuned
DH solar cells is reported in Figure 3a. It is striking that
the short-circuit current remains comparable for all the
CQD sizes studied. The largest CQD films considered in
this study have a negligible conduction band offset
relative to TiO2, yet these 0.9 eV-quantum-confinedbandgap devices (diameter 5.5 nm) still showed a ⬃10
mA/cm2 (area 0.03 cm2) short-circuit current and a Voc of
0.38 V. These observations suggest that a large conduction band offset is not a requirement for efficient electron transfer from the PbS CQD into the TiO2 electrode.
The results are encouraging for the realization of highly
efficient devices, as the requirement of a large band offset between the electron donor and acceptor can im-
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Figure 2. (a) Energy level alignment of TiO2 and PbS CQD
(1S, the first electronic excited state; 1P, the first excited hole
state) of different sizes. The Fermi level is shown as a dashed
line for ⬃1016 cmⴚ3 n-type doping in TiO2 and ⬃2 ⴛ 1016
cmⴚ3 doping in PbS CQD. (b) Solution absorption spectra in
toluene of the three different PbS CQD sizes used in device
fabrication. The experimental Voc values are shown above
each excitonic peak, and the upper limit to Voc, calculated
from the difference in Fermi levels shown in panel (a), is
shown as a dashed line. (c) Cross-sectional TEM of a photovoltaic device. The sample was prepared by focused-ionbeam milling. The line plot shows the elemental distribution as determined by energy-dispersive X-ray analysis
(yellow, S; blue, Pb; green, Ti; cyan, Sn; red, O; light blue,
Au). The scale bar is 200 nm.

pose a substantial efficiency penalty. In organic photovoltaics this appears as a lower-than-desired opencircuit voltage.25,26 Furthermore, a wide range of
junctions should be achievable using a generalization
of this approach; it follows that multijunction devices
can then be realized within a single materialsprocessing architecture.
We also note that the photocurrents in the DH devices conflict with the conclusions drawn from previous photoluminescence quenching experiments23
www.acsnano.org

Figure 3. (a) Unapertured IⴚV response of FTO/porous TiO2/
PbS QD/Au photovoltaic devices from three different CQD
sizes (device area 0.03 cm2). (b) Apertured dark and illuminated J-V curves for the champion device yielding shortcircuit current of 16.2 mA/cm2, open-circuit voltage of 0.51
V, fill factor of 58% and PCE of 5.1% under 94% of one sun illumination. Here the device had a 0.06 cm2 contact area
that was apertured down to a 0.05 cm2 device area to eliminate any lateral collection of photogenerated carriers. (c) Apertured external quantum efficiency and absorption spectra
for a champion device based on PbS CQDs having a bandgap
of 1.3 eV (⬃960 nm first excitonic peak).

where it was suggested that only PbS CQD with a bandgap larger than 1 eV could transfer electrons to TiO2
particles in solution. This suggests that electron backtransfer from TiO2 to the PbS CQD in the DH architecture is strongly suppressed by the built-in field of the
depletion region.
We now focus on the performance of our best devices. These were chosen to have a near-optimal singlejunction bandgap of 1.3 eV (diameter 3.7 nm), and we
report here the average parameters of five representaVOL. 4 ▪ NO. 6 ▪ 3374–3380 ▪ 2010
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tive devices, as well champion device performance.
The representative devices showed a Voc of 0.53 ⫾ 0.02
V, a Jsc of 15.3 ⫾ 1.2 mA cm⫺2 and a FF of 57 ⫾ 4%.
The average AM1.5 power conversion efficiency was 
⫽ 4.9 ⫾ 0.3%. The best device parameters were Voc ⫽
0.51 V, Jsc ⫽ 16.2 mA cm⫺2 and FF ⫽ 58%, yielding  ⫽
5.1%. Figure 3b shows the J-V performance for this
champion 1.3 eV bandgap PbS QD solar cell. We also
fabricated large-area devices (area 1.05 cm2) and obtained the same Jsc ⬎ 15 mA cm⫺2 for the large contacts as for the smaller ones.
We report in Figure 3c the external quantum efficiency spectrum, the ratio of extracted electrons to incident photons as a function of wavelength (also known
as IPCE, the incident photon conversion efficiency spectrum). At short wavelengths, the EQE reaches 60%. Photons at these wavelengths are converted and extracted
more efficiently as light is absorbed closer to the TiO2
interface.27 At longer wavelengths, the distinctive excitonic feature can be resolved and at its peak the EQE is
20%. For comparison we include the absorption curve
for this device in the same figure.
We integrated the product of the measured EQE
spectrum with the AM 1.5 solar simulator spectrum
and obtained 15 ⫾ 1 mA cm⫺2 for the representative
devices. These values agree, within measurement error, with those obtained directly using our solar simulator. This further confirms that there is no decrease in
the EQE spectrum under higher illumination intensities, which is consistent with our high fill factor at solar
intensities.
Our good fill factors are further explicated through
studying the variation of device capacitance with bias
(Figure 4a). This capacitance arises from the depletion
layer due to charge transfer from TiO2 to the PbS CQD
layer. The capacitance, and its associated depletion
layer distributed between the two semiconductors,
peaks at a bias of 0.52 V. This value of built-in potential
agrees well with the observed open-circuit voltage.
This is a direct signature of the presence of a built-in
field that can efficiently drive the separation of photogenerated carriers.
This observed built-in potential is in turn explainable from the Fermi level difference between the n-type
TiO2 and the p-type PbS CQD film. To estimate the doping in the CQD we built a device for further
Mott⫺Schottky analysis28 employing instead a heavily
n-doped compact TiO2 electrode.29 The result is in Figure 4b. The reverse-biased capacitance is used to estimate the permittivity of the PbS CQD layer based on its
200 ⫾ 20 nm thickness measured by scanning electron microscopy. The relative permittivity is thereby calculated to be ⑀r ⫽ 43 ⫾ 4. The slope of A2/C2 vs V in
the linear regime was 1.7 ⫻ 106 m4 F⫺2 V⫺1, from which
the net doping density in the PbS CQD film is found to
be ⬃2 ⫻ 1016 cm⫺3. Combining this information with

Figure 4. Capacitanceⴚvoltage curves of (a) the champion
TiO2/1.3 eV QD PV/Au device. The impedance was acquired
at 1 kHz with a signal amplitude of 10 mV, and is represented
here in terms of equivalent parallel resistance (Rp) and capacitance (Cp) for a device with contact area of 0.06 cm2. (b) a FTO/
compact TiO2/1.3 eV PbS QD/Au structure. MottⴚSchottky
analysis was performed to arrive at approximate values for
free carriers in 1.3 eV PbS QD films.

size-dependent HOMO levels23 we estimate the Fermi
level to lie:
⫺ 4.9 ⫾ 0.1 eV below vacuum for 3.7 nm (ex ⫽
950 nm) PbS CQDs; and
⫺ 4.8 eV ⫾ 0.1 eV below vacuum for 5.5 nm (ex ⫽
1400 nm) PbS QDs.
Literature values for doping density in nanoporous
TiO2 start at n ⫽ 1 ⫻ 1016 cm⫺3.30⫺32 From published
bandedge information for TiO2 of ECB ⫽ 4.1 ⫾ 0.1 eV, we
estimate that the Fermi level lies 4.3 ⫾ 0.1 eV below
vacuum.
We conclude that the built-in potential for the
smaller-dot devices of 0.53 V, and also the somewhat
lower values for the larger-dot devices, can be explained entirely from the Fermi level (semiconductor
work function) difference across the N-p junction.
We now discuss in greater detail the chemical composition of our MPA-capped PbS QD films. Figure 5a
shows the infrared transmittance spectra of pure MPA
as well as MPA-capped PbS QD films. Of note is the relative intensity of the unbound carboxylic acid band at
⬃1703 cm⫺1, and the Pb-bound carboxylate band at
⬃1500 cm⫺1. This suggests that a substantial fraction
of MPA ligands are bound in bidentate fashion to the
PbS quantum dot surface. This type of bidentate binding of MPA to Pb2⫹ has been reported previously.33
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The thermal stability of MPA-capped PbS CQD is also
of great importance in photovoltaic device processing
and use. Figure 5b shows the thermogravimetric analysis
under N2 (heating rate 10 °C min⫺1). No significant mass
loss occurs below 150 °C and a peak loss rate arises at 220
°C. These temperatures are both well above the boiling
point of MPA (⬃110 °C) providing a further indication that
MPA is strongly bound to the PbS surface.

METHODS
PbS CQDs were synthesized using a variation on a literature
method.37 TiO2 electrodes were prepared from a commercially
available TiO2 paste (DSL-90T, Dyesol, Inc.) on SnO2:F-coated
glass substrates (Pilkington TEC 15, Hartford Glass, Inc.). No compact TiO2 was employed except where explicitly stated. Quantum dot films were prepared on TiO2 electrodes by multilayer
spincoating of 37.5 mg mL⫺1 solution in a 3:1 mixture of octane:
decane under ambient conditions. Each layer was deposited at
2500 rpm and treated briefly with 10 vol % 3-mercaptopropionic
acid in methanol also spin-cast at 2500 rpm; each layer was
then rinsed with methanol and octane while spinning at 2500
rpm. The device was then transferred to a glovebox with N2 atmosphere and left overnight. Gold contacts, 15 nm thick, were
deposited by thermal evaporation at a rate of 0.4 Å/s at a pressure of ⬍1 ⫻ 10⫺6 mbar. Contact sizes were 0.061 cm2.
J-V data was measured using a Keithley 2400 source-meter
in N2 environment. The solar spectrum at AM1.5 was simulated
to within class A specifications (less than 25% spectral mismatch)
with a Xe lamp and filters (Solar Light Company Inc.) with measured intensity at 94 mW cm⫺2. The source intensity was measured with a Melles-Griot broadband power meter (responsive
from 300 to 2000 nm), through a circular 0.049 cm2 aperture at
the position of the sample and confirmed with a calibrated so-
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Figure 5. (a) Infrared transmission spectra of
3-mercaptopropionic acid (MPA) and MPA-capped PbS QD
films on silicon. (b) Thermogravimetric analysis of PbS QD
under N2.

We conclude with a discussion of the nature of
charge and energy transport within CQD films and of
the importance of these insights in the design of highperformance CQD PV devices. Recent reports11,12 have
described energy transport in CQD PV devices as excitonic: bound electron⫺hole pairs diffuse, through
Förster transfer, to a charge-separating heterojunction. This has led to the study of very thin devices
(⬃50 nm thick),11 which severely curtails the potential for high Jsc in planar device due to finite optical
absorption coefficients (104 to 105 cm⫺1). Semiconducting materials with strongly bound excitons are
more naturally optimized in a different framework
than the DH architecture (e.g., the CQD-SSC or bulk
heterojunction approach).
For the PbS CQD (Eg ⬃ 1.3 eV) used in our devices,
the time for Förster transfer from one dot to its neighbor are estimated to be in the range of 200 to 400 ns.34
The exciton radiative lifetime is 1⫺2 s.34,35 in these
materials. One would therefore expect efficient Förster
transfer only over a few dot-to-dot transfers. However
our optimal devices have 200⫺250-nm-thick lightabsorbing regions and exhibit high internal and external quantum efficiencies. Förster transfer cannot account for efficient transport over the ⬎⬃ 50 hops over
which charge carriers successfully transit our most efficient devices.
We conclude that transport in these CQD films is
best understood through the rapid dissociation of
excitons in the presence of a built-in field, followed
by drift and diffusion of electrons and holes. The validity of these concepts has been demonstrated elsewhere experimentally36 and is borne out in the beneficial impact of implementing the DH architecture.

lar cell (Newport, Inc.). The accuracy of the power measurements was estimated to be ⫾7%.
The external quantum efficiency spectrum was obtained by
passing the output of a 400W Xe lamp through a monochromator and using appropriate order-sorting filters. The collimated
output of the monochromator was measured through a 1 mm
aperture with calibrated Newport 818-UV and Newport 818-IR
power meters as needed. The measurement bandwidth was ⬃40
nm and the intensity varied with the spectrum of the Xe lamp.
The average intensity was 1.7 mW cm⫺2. The current⫺voltage response was measured with Keithley 2400 source-meters.
Capacitance⫺voltage measurements were performed directly on the photovoltaic devices using an Agilent 4284A LCR
meter. Absorption spectroscopy was carried out on a Cary 500
UV⫺vis⫺IR Scan photospectrometer. Transmission electron microscopy and spatially resolved X-ray elemental analysis was performed on a thin section sample prepared by focused-ion-beam
milling (Material Science Services Corp.).
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