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1. INTRODUCTION

Colloidal quantum dots (CQDs), nanometer-scale semi-
conductor crystals capped with surfactant molecules and
dispersed in solution, have provided a powerful platform for
the development of numerous classes of solution-processed
optoelectronic devices over the past decade, including photo-
voltaic cells, photodetectors,1−3 and light-emission devices.4−6

In addition to enabling solution processing, a key advantage of
colloidal quantum dots is the quantum confinement effect;
optical and electrical properties are readily tuned by adjusting
the size and shape of the nanoparticles.7 In photovoltaic
devices, doped semiconductor CQD films are combined with a
metal (Schottky junction cells) or with another semiconductor
(CQD−CQD or CQD−titanium dioxide p−n junctions,
CQD−CQD−zinc oxide p−i−n junctions), along with
asymmetric electrodes, to form a complete functional device.
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This review will focus on the application of colloidal
quantum dots in photovoltaic devices. We survey the
fabrication process, start to finish, addressing advances in
synthesis methods, physical and chemical materials processing
procedures, quantification and improvement of optoelectronic
properties, and device architecture and performance. This
survey addresses the key challenges facing the field: synthesiz-
ing high-quality quantum dot solutions with ideal properties
(band gap, absorption, monodispersity), converting these
solutions into high-quality CQD films (with ideal quantum
dot packing, surface passivation, and absorptive/conductive
properties), and constructing an ideal material stack around the
CQD film to maximize overall device efficiency.

2. QUANTUM DOT SYNTHESIS

2.1. Nucleation, Growth, and Stabilization

For most CQD-based applications, a critical factor is the
synthesis of quantum dots with a highly monodisperse, narrow
size distribution. Studies of the mechanisms underlying the
formation of CQDs have improved current synthetic methods
and led to innovative routes for the synthesis of nanocrystals of
controlled size and shape. The formation of monodisperse
CQDs typically involves two steps: a rapid nucleation followed
by a slow growth.8−10

Key factors controlling the rate of nanocrystal nucleation are
temperature, interfacial tension, and degree of supersaturation
in solution.11 Nucleation can be terminated either by a
reduction in concentration below a critical level or by a rapid
drop in reaction temperature induced by fast injection of the
precursor(s) into a hot coordinating solvent (hot-injection
method).12 Following nucleation, nanocrystal growth begins
with molecular addition of the monomeric precursor(s)
remaining in solution. Two competing effects can be observed
during the growth process: focusing and defocusing. On the
basis of diffusion-controlled growth, a focusing model was
proposed which illustrates the growth rate and size distribution
reduction.13 According to the model, larger particles grow more
slowly than smaller particles because the particle growth rate is
inversely proportional to its radius; narrower size distributions
can be obtained provided secondary nucleation is avoided and
all particles are growing. By contrast, the defocusing effect is
based on the solubility of the particles as a function of their
size; smaller particles dissolve and larger particles continue to
grow due to the higher chemical potential of the smaller
particles. This phenomenon is widely known as Ostwald
ripening.14 It has been demonstrated that, in both diffusion-
controlled and reaction-controlled growth, a critical radius for
the formation of a stable particle exists, and is highly dependent
on the degree of supersaturation.15 In a typical synthesis, the
focusing effect is observed first, with a constant number of
particles and near-symmetrical size distribution. When the
average particle radius exceeds the critical radius, the defocusing
effect prevails; the number of particles decreases, and the result
is a broader and more asymmetric size distribution.
To compensate for the high surface-to-volume ratio of

CQDs, surface-passivating reagents known as surfactants or
ligands are used during synthesis. The majority of established
CQD synthetic routes use surfactant molecules comprised of a
long hydrocarbon tail and a polar head; such surfactants include
oleic acid, oleylamine, trioctylphosphine oxide, or dodecane-
thiol.16 These surfactants can tune the reactivity of the
precursors, improving control over the nucleation and growth

rates.17,18 In addition, the phase,19 morphology,20 and optical
properties21 of CQDs can be tuned on the basis of the choice of
surfactant.
The choice of surfactant is determined by the coordination

chemistry with CQD surface atoms. On the basis of the Lewis
concept of acids and bases, a hard Lewis acid will favor bonding
to a hard Lewis base such as oxygen. By contrast, metal cations
with a lower charge to size ratio (soft acids) prefer bonding to
thiol surfactants (soft bases).7 A review by Talapin et al.22

summarizes the characteristics of CQDs synthesized and
passivated with a wide variety of ligands.

2.2. Synthetic Methods

Size- and shape-controlled synthesis can be achieved using the
thermal decomposition method, a low-cost, high-quality
method.8,9,12,22,23 The separation of nucleation and growth
steps by thermal decomposition can be accomplished using
either the hot-injection or the heat-up method. The hot-
injection method involves the rapid injection of precursor(s)
into a hot, high boiling point surfactant (Figure 1a). The
injection temperature is critical, as it regulates the decom-
position of the precursor(s). Upon injection, nucleation is
initiated due to induced supersaturation. Injecting a room
temperature solution will decrease the overall reaction
temperature, terminating the nucleation stage and commencing

Figure 1. Synthetic methods. Schematic diagrams detailing a number
of CQD synthesis methodologies. (a) Hot-injection synthesis, with
nucleation occurring upon the injection of a room temperature
precursor into a high-temperature surfactant, followed by reaction
cooling leading to the growth phase. Adapted with permission from ref
9. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA. (b)
Noninjection heat-up method. All precursors are present from the
beginning of the reaction, and are steadily heated to initiate nucleation
and growth stages. Adapted from ref 23. Copyright 2007 American
Chemical Society. (c) Flow reactor synthesis, separating the phases of
synthesis with a multistage, low-volume, continual flow synthesis
reactor. Adapted from ref 24. Copyright 2013 American Chemical
Society.
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the growth stage. In the noninjection heat-up method (Figure
1b), the two-step mechanism is achieved through the steady
heating of a mixture of precursor(s) and ligand.23

Continuous flow synthesis has numerous advantages versus
batch methods, including superior control of reaction
parameters, efficient reagent/solvent mixing, simplicity, scal-
ability, and in-line analysis; additionally, this process allows for
full synthetic automation. A recent study showed the impact of
using a dual temperature stage flow reactor (Figure 1c).24 Such
a reactor allows the separation of the nucleation and growth
steps, leading to improved process control and a narrower
CQD size distribution.
Purification of the as-synthesized CQD is a critical step in the

overall fabrication process. The presence of unreacted
precursors or excess surfactants can limit charge transfer and
militate against high efficiency in solar cells.25−27 Typically,
CQD purification takes place through sequential precipitation
and dispersion in a nonsolvent and solvent, respectively. This
purification technique may result in reduced CQD photo-
luminescence quantum yield (PLQY).28 Reduction of the
photoluminescence quantum yield was also observed in a
recently reported purification technique: gel permeation
chromatography (GPC).29,30 The decrease in CQD photo-
luminescence quantum yield was attributed to the loss of
ligands, as the quantum yield can be restored by the
reintroduction of the removed ligand.
Recent reports have examined the effectiveness of in situ

CQD synthesis methods such as successive ionic layer
adsorption and reaction (SILAR).31−35 SILAR synthesis
shows good control over CQD stoichiometry and size and
can improve surface ligand coverage. However, devices
fabricated using SILAR-synthesized material suffer from CQD
corrosion, and lead to lower efficiencies than ex situ synthesized
CQD devices.36

2.3. Control of Quantum Dot Physical Properties

2.3.1. Quantum Dot Size. The band gap of CQDs can be
tuned over a large spectral range by changing their size.37−39

Larger band gaps are obtained by reducing the CQD size,
indicated by a blue shift in optical absorption or emission
spectra. In practice, the average CQD diameter is typically
estimated on the basis of the observed band gap.38,40,41

Lead sulfide (PbS) CQDs are an ideal test case for examining
the impact of synthesis parameters on CQD size; this material
has been studied extensively due to its high air stability and
ideal range of available band gaps. The hot-injection method is
most widely used for PbS CQD synthesis; indeed, the current
record CQD photovoltaic devices are prepared using this
method.42 Typically, a lead oleate precursor is formed by
mixing PbO and oleic acid in octadecene, followed by the
injection of bis(trimethylsilyl) sulfide (TMS) in octadecene.43

This method results in PbS CQDs with diameters between 2.6
and 7.2 nm, covering a wide spectral range in absorption onset
(from 825 to 1750 nm). Recently, even smaller PbS CQDs (1.5
nm) were synthesized using the same method by controlling
the lead to oleic acid ratio and injection and growth
temperatures.44 A second synthesis variant has been established
in which lead oleate and TMS are replaced with lead chloride
and elemental sulfur, respectively, in oleylamine.45 A narrower
CQD size range is obtained via this procedure (from 4.2 to 6.4
nm), and can be extended to sizes between 3 and 10 nm by the
addition of trioctylphosphine to the reaction medium (Figure
2).39 Manipulating the reactivity of the precursors through the

use of different surfactants is a well-documented method of
CQD size control.46 A recent study demonstrated the impact of
size-selective CQD precipitation, a postsynthesis method of
reducing the polydispersity of quantum dot sizes in a given
population.47

Despite relatively high air stability, PbS CQDs are vulnerable
to oxidation; it has been shown that oxidation states depend
strongly on the quantum dot size.48 Lead sulfite forms
preferentially on small CQDs, while larger CQDs are prone
to lead sulfate formation; the difference is due to the exposed
crystal facets that depend on the quantum dot size. These
oxidation products form trap states and detrimentally impact
CQD film characteristics.

2.3.2. Quantum Dot Shape. The quantum confinement
effect varies strongly depending on the material geometry; for
instance, zero-dimensional CQDs show stronger quantum
confinement than 1D nanowires, as one dimension of
confinement has been eliminated in 1D structures.41,49

Different models exist to explain the CQD shape evolution
during synthesis (shown in Figure 3).12,50 The classical
thermodynamic model is based on minimization of the overall
free energy.51 In this model, particle growth is dependent on
the surface energy of each crystallographic face.
The effective monomer model is a kinetics-controlled model

in which the concentration, stability, and chemical potential of
the precursor monomer are the governing parameters for a
particular growth shape. Different quantum-confined shapes
have been synthesized from a single recipe simply by varying
the monomer concentration.52 The selective adsorption model
originates from the ability of different surfactants to bind to
different facets of CQDs at different strengths.16 In some cases,
a mixture of surfactants is used to obtain the desired CQD
shape.20 The oriented attachment model evolves one shape
(dots) into another (rods,53 wires,54 or rings54), using the fact
that CQDs aggregate to eliminate high-energy surface facets
and minimize the overall surface energy. Polytypism or the
seeded growth model, which mainly focuses on the evolution of
core/shell structures, is based on producing different shapes
depending on the nucleation phase of the core CQDs.19

Photovoltaic performance can be impacted by the shape of the
CQDs;55 large tetrapod-shaped CdTe nanoparticles showed

Figure 2. Size tunability. Absorbance spectra of PbS CQDs
synthesized via hot injection of lead chloride and elemental sulfur,
with additional trioctylphosphine. The CQD diameter can be tuned
from 3 to 10 nm, leading to excitonic maxima ranging from 900 to
2100 nm. Reprinted from ref 39. Copyright 2011 American Chemical
Society.
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higher device performance than either small tetrapods or
spherical CdTe CQDs.

2.4. Control of Quantum Dot Chemical Properties

2.4.1. Solution-Phase Ligand Exchange. Long-chain
surfactants enable a stable colloidal quantum dot solution;
however, they act as an insulating medium around the
CQDs.22,56 Partially or fully exchanging the initial ligands in
solution prior to device fabrication can lead to dramatic
improvements in film properties and device performance. Early
studies of ligand exchange reactions involved the replacement
of the initial long-chain organic ligands in solution with short
organic molecules such as butylamine1,57,58 or pyridine.59−61

Such studies revealed the difficulty in fully exchanging initial
ligands in solution, and frequently required multiple solution
treatments to approach full surface exchange, leading to a drop
in solar cell efficiency.62

Metal chalcogenide complex (MCC) ligand exchanges have
been widely studied (Figure 4A).56 A wide variety of MCCs
have been successfully implemented in solution-phase ligand
exchanges (Figure 4B), including In2Se4

2−,63,64 Cu7S4
−,63,65

AsS3
3−,66 Sn2S6

4−,67 and Sn2Se6
4−.67 MCC exchanges lead to

complete removal of the organic ligand, high colloidal stability,
and high-conductivity CQD solids.22,56 Despite the quality of

both the colloidal solution and film, high-efficiency photovoltaic
devices have yet to be constructed using MCC-capped
quantum dots; however, these studies provide a compelling
pathway toward ligands that lead to both high conductivity and
high photovoltaic efficiency.
Taken to the extreme, single atoms can be used to passivate

some or all surface states.68−70 Halides (chloride, bromide, or
iodide) have a high affinity toward surface cations, enabling
room temperature, ambient atmosphere, solution-phase ligand
exchange. The PLQY of iodide-passivated PbS CQDs increased
by 20% compared with that of long-organic-ligand-passivated
CQDs.71 Syntheses of halide-passivated PbS CQDs have been
demonstrated using standard precursor injection techniques or,
more recently, noninjection methodologies.72 Halide-passivated
PbS CQD synthesis leads to a size distribution comparable to
that of the standard hot-injection method. Lead halide
perovskites have recently been explored as solution-exchange-
able ligands.73,74 Perovskite-passivated CQDs maintain high
PLQY and may present an interesting material system for
photovoltaic devices.

2.4.2. Alloying and Doping. The band gap in cation- or
anion-alloyed CQDs can be tuned by changing their
constituent stoichiometries.41,75 The relationship between the
band gap and the mole fraction of each component is nonlinear
and is governed by a bowing parameter dependent on the two
binary materials.76 Tuning the band gap of alloyed CQDs via
stoichiometry enables absorption and emission of wavelengths
that could not be achieved by the original binary materials.77

The distribution of the alloy constituents determines whether
the alloy is homogeneous or graded.77 The exact structure of
the alloy is highly dependent on the reactivity of the
precursors;75,78 by balancing precursor reactivities, a homoge-
neous alloy is produced.79 The synthesis of CdSexS1−x alloyed
CQDs via the SILAR method was reported for photovoltaic
applications.80 A noninjection route has been shown effective
for synthesizing CdSe0.45Te0.55 CQDs, leading to reasonable
photovoltaic performance (Figure 5).81

Doping p-type PbS CQDs with trivalent bismuth cations
shifts the Fermi level, leading to n-type quantum dots; this
allows the fabrication of a p−n structure with a single type of
CQD.82 The doping step had no effect on the shape of the
CQDs, but the optical properties of the material were
dramatically changed. Silver-doped PbS CQDs have led to
increased solar cell device efficiency.83 Silver incorporation into

Figure 3. Illustration of different growth models: (a) effective monomer model, (b) selective adsorption model, (c) oriented attachment model, and
(d) seeded growth model. Reprinted with permission from ref 16. Copyright 2005 Macmillan Publishers Ltd.

Figure 4. (A) CQDs capped with Sn2S6
4−. (B) CdSe CQDs capped

with different MCC ligands in hydrazine. Reprinted with permission
from ref 56. Copyright 2009 American Association for the Advance-
ment of Science.
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the PbS lattice introduces an extra charge carrier per cation
substitution. In addition to synthesis-based doping, energy
landscape modifications can be made during subsequent
treatment steps; this will be addressed in a later section of
this review.
2.4.3. Core/Shell Quantum Dots. Organic surface ligands

can easily desorb from the surface of the CQDs. A more
efficient surface passivation can be achieved through the
formation of a secondary material shell: a core/shell structure.
The inorganic semiconductor shell enables complete and long-
lasting isolation of the core atoms from the surrounding
environment. The choice of the core and shell materials
depends on two parameters: band offset alignment and the
lattice mismatch between the core and shell. On the basis of the
band offset alignment, core/shell structures can be divided into
different types.7,84,85

Type I core/shell structures are formed through coating the
core CQDs with a larger band gap material, which enables
charge carrier confinement within the core. The optical
properties of such a structure are core-dependent. PbS/CdS
CQDs were confirmed as a type I core/shell structure on the
basis of their optical properties.86 The effect of size and shell
thickness in solar cells sensitized with PbS/CdS CQDs revealed
that small CQDs with a thin shell show high charge transfer
rates.87 A thin CdS shell of ∼0.1 nm has further been confirmed
to provide near-complete surface passivation (Figure 6).88 This
core/shell structure is typically synthesized via a cation
exchange procedure in which purified PbS CQDs are mixed
with a cadmium precursor.89

Recently, the highest efficiency for CQD-sensitized solar cells
was observed upon coating CuInS2 (CIS) CQDs with a ZnS
layer.90 Core/shell structures can have a more profound effect
on the optical properties of ternary CQDs due to the higher
density of trap states in the band gap of such materials.91 CdS
has also been used successfully as a shell material for CIS
quantum dots.4,92,93 Furthermore, Mn-doped CdS shells
enabled further enhancement in solar cell efficiency compared
to pure CdS shells.94 Mixing alloying with core/shell
techniques, CISeS CQDs have been fabricated and sub-
sequently cation-exchanged with Zn2+ or Cd2+.95,96 This
strategy benefits from both higher infrared absorption due to
alloying and reduced recombination losses due to improved
surface passivation.
The band alignment in type II core/shell quantum dots

(staggered alignment) is chosen so the core band gap
accommodates either the valence band edge or the conduction
band edge of the shell.97,98 Spatial separation of the charge

carriers occurs; one charge carrier is localized in the core and
the other carrier in the shell, leading to reduced e−h overlap
and longer exciton radiative lifetimes. With this structure,
emission can be red-shifted to longer wavelengths, in particular
toward the near-infrared region. Numerous type II core/shell
CQDs have been explored for photovoltaic applications,
including ZnSe/CdS,98,99 CdS/CdSe,35,100−102 CdTe/CdS,103

and CdTe/CdSe.104,105

3. MATERIALS PROCESSING
The process of transforming synthesized colloidal quantum
dots in solution into a final solid thin film for use in
photovoltaic or other applications has evolved significantly over
time. A broad swath of materials processing techniques have
been developed to create stable, robust, high-quality colloidal
quantum dot solids. These techniques can be subdivided into
two broad categories: physical processing, primarily film
formation, the physical means used to convert the colloid
into a solid; and chemical processing, including passivation, the
choice of ideal final capping ligand(s) and exchange
mechanisms, densification, techniques developed to ensure
minimal dot-to-dot distance to optimize optical and electrical
film properties, and solvent environment and impurity removal
studies.
3.1. Physical Processing

While the physical process of converting a solution of quantum
dots into a solid film consistently involves solution deposition
and solvent evaporation, the method of deposition has
significant impact on the physical morphology and macroscopic
properties of the resultant film. All methods rely on depositing
a small volume of solution onto a substrate and evaporating the
solvent, leaving behind a collection of immobile quantum dots.
Typically, a low boiling point solvent is chosen to facilitate a
rapid drying step, which quickly and reproducibly produces
quantum dot solids for further processing. This process varies
minimally between methods; the key point of variation is the
means of depositing the initial solution on a given surface.106

Figure 5. Absorbance spectra of binary CdSe and CdTe and ternary
CdSeTe CQDs in both (a) solution and (b) film. Reprinted from ref
81. Copyright 2013 American Chemical Society.

Figure 6. Absorbance spectra of PbS/CdS CQDs with different shell
thicknesses synthesized from the same PbS batch via a cation exchange
process. Reprinted from ref 88. Copyright 2014 American Chemical
Society.
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The majority of studies to date have focused on small-scale,
batch-driven deposition methods. These methods tend to favor
minimizing material use over scaling up the final film
dimensions; for process development studies, batch processing
is sufficient to discover and study characteristics and trends.
The three batch deposition methods most commonly
employed are drop-casting, spin-coating, and dip-coating.
Drop-casting is the simplest of the three; a drop of solution
is deposited on a substrate and simply left to dry without
further physical impetus.107 Drop-casting is typically employed
when the quantum dots are dispersed in a high boiling point
solvent such as dimethyl sulfoxide or formamide; such solvents
are generally only used to disperse quantum dots capped with
short, polar ligands, rather than the native long-chain organic
ligands.107,108 Depending on the boiling point of the chosen
solvent, drop-casting can be performed on a hot plate at
elevated temperature, to speed the evaporation process;
however, adjusting the deposition temperature could alter the
morphology and characteristics of the final film, as well as
introduce chemical reactions such as oxidation into an
otherwise purely physical process. The long time scales
typically involved in drop-cast film formation can lead to low
quantum dot packing density in the final film and negatively
impact the film characteristics.109

In spin-coating, the substrate is mounted on a rotating
vacuum stage, and after deposition of the initial solution, the
stage is spun at typical speeds of 1000−5000 rpm, leading to
spreading and shearing of the deposited solution. A constant
spin-coating speed leads to reproducible, uniform thin films; to
build up a film of desired thickness, the deposition and spinning
process is typically repeated several times (layer-by-layer
deposition).110−112 This method consistently generates the
highest quality film morphology, and was used in the
fabrication of the latest record-performing solar cells.42 Spin-
coating is input-intensive, and wastes a significant fraction of
the total quantum dot solution used;113 additionally, the
process can be highly sensitive to spin speed and ambient
conditions such as temperature and humidity. Solvent choice is
important; relatively low boiling point solvents such as toluene
or octane must be chosen to balance colloidal stability with
quick evaporation to ensure high-quality-morphology thin
films. While the process is useful for small-scale device
development, it is likely not conducive to scaled-up device
fabrication.
Dip-coating applies a different mechanism for film

deposition; rather than depositing solution on a substrate, the
substrate is dipped into a stock solution of quantum dots, and
withdrawn at a constant rate (typically using an automated
system to ensure precision and repeatability). On the basis of
the viscosity and surface tension of the solution, a thin layer is
deposited on the substrate after evaporation.114 This process
wastes less of the initial inputs, and is slightly more scalable
than spin-coating; however, it typically generates slightly less
uniform films, and requires the use of lower boiling point
solvents such as hexane to ensure proper deposition at the
liquid/substrate interface. Dip-coating is also susceptible to
changes in ambient processing conditions.
Small-scale batch processing is acceptable for initial research

purposes, but as the field matures, researchers are increasingly
examining the feasibility of scaled-up deposition methods. Such
techniques must be able to deposit material over much larger
areas, and are typically compatible with roll-to-roll processing
schemes. Two such methods which have gained increasing

attention in recent years are inkjet printing115,116 and spray-
coating.117,118 Each technique uses automated setups to
reproducibly deposit very small volumes of colloidal quantum
dot solution over a large area, and can be integrated into a setup
with a continuous, rolling substrate for increased throughput
and manufacturability. A representative spray-coating setup is
shown in Figure 7.

3.2. Chemical Processing

The primary goal of postsynthesis chemical processing studies
is to generate a pristine final film, with quantum dots packed as
tightly as possible to maximize electronic transport, while
minimizing carrier trap states by passivating all available
surfaces and eliminating any extraneous impurities from the
film.

3.2.1. Ligand Exchange. As-deposited films of quantum
dots are typically capped with very long, insulating ligands
(oleic acid or oleylamine); these ligands are necessary to
maintain colloidal stability in low boiling point organic solvents,
but are detrimental to efficient electronic transport in quantum
dot solids as they increase spacing between dots and lead to low
film density.119 The ligands can be exchanged from long ligands
to short, conductive ligands in films to facilitate densification
and transport between quantum dots. Numerous studies have
shown the impact of varying the length of the final capping
ligand on dot packing. Similar results are observed for
bifunctional dithiols120,121 and mercaptocarboxylic acids;122 as
the ligand length is reduced, the observed interparticle spacing
is reduced, as shown in Figure 8a. Somewhat surprisingly,
Figure 8b shows that studies of purely inorganic, atomic ligands
such as halide atoms do not necessarily lead to the closest
packing,123 suggesting an active densifying effect during ligand
exchange depending on the ligand type. Additionally, studies
comparing quantum dots capped with a variety of dicarboxylic
acids of similar length but variable structure show the
importance of interparticle spacing and ligand structure for
strong electronic coupling.124,125

Controlled full ligand removal and partial fusing between
quantum dots is the next logical step in film densification.

Figure 7. Schematic representation of the system for spray-coating
colloidal quantum dot films. Reprinted with permission from ref 117.
Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.
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Recent studies have shown that treatment with various amines
can lead to near-complete removal of all capping ligands and
ordered arrays of necked quantum dots.126,127 These arrays
display highly efficient electronic transport, with high observed
mobility and conductivity. As fabricated, such arrays failed to
generate high-efficiency photovoltaic devices.
One potential reason for low photovoltaic performance in

such systems may be related to the second function of capping
ligandsreducing the trap state density by passivating the
surface states. It is well-known that dangling bonds at surfaces
in bulk semiconductors represent significant trap states; the
large surface-to-volume ratios in quantum dot films magnify
this effect. Various ligand strategies have been examined to
minimize traps. To date, the most successful strategies include
purely atomic ligands such as iodine42,71,128 or bromine,68 or a
hybrid of atomic ligands and short organic ligands such as
mercaptopropionic acid (MPA)123 or ethanedithiol (EDT).129

Full ligand coverage has been attempted via ligand exchange or
via a mixture of passivation in solution and solid-state ligand
exchange. To date, the most efficient reported CQD solar cell
has employed a combination of partial fusing (through initial
capping by amines) with strong passivation of the remaining
surface using MPA and chloride ligands.130

A recent alternative to solid-state ligand exchange is fully
solution-exchanged quantum dots. Such strategies exchange
fully from long aliphatic capping ligands to the desired final
short species while adjusting the stabilizing solvent from
nonpolar to polar to maintain colloidal stability. Examples
include the previously mentioned MCC ligands and short
organic ligands similar to those used in solid-state
exchanges.107,108 Devices using fully solution-exchanged nano-
particles have, to date, demonstrated limited photovoltaic
efficiency, due in large part to deficiencies in film formation.
Ligand exchange in metal chalcogenides (the dominant CQD

materials for photovoltaic systems) has tended to focus on

passivation of exposed metal centers, with minimal research on
the impact of sulfur/selenium passivation. Two binding modes
have recently been proposed for thiol ligands in metal/sulfur
quantum dots,131 with the sulfur bound either within the
nanocrystal or to a surface metal, as shown in Figure 9a. Such a

strategy could lead to improved overall passivation and
enhanced photovoltaic performance. Additionally, a model
has been proposed wherein excess metal carboxylate complexes
in solution (Z-type ligands) bind reversibly to surface
chalcogens, leading to dynamic surface passivation.132

Adjusting surface ligands can significantly impact the
electronic properties of the film as a whole. The choice of
ligand determines whether a single quantum dot species
performs as an n- or p-type semiconductor.108,128,133 As
recently described by Milliron (Figure 9b), the choice of
ligand induces surface dipoles which shift the energy levels of
the quantum dot as a whole, leading to n- or p-type behavior.134

Varying the surface species has a dramatic effect on the band
structure of the quantum dot film.135,136 The highest certified

Figure 8. Grazing-incidence small-angle X-ray scattering data showing
(a) decreases in d spacing (and increases in film density) for shorter
ligands and (b) closer packing in hybrid organic−inorganic passivated
films compared to inorganic-only passivated films. Panels a and b
reprinted with permission from refs 122 and 123, respectively.
Copyright 2012 Macmillan Publishers Ltd.

Figure 9. Ligand effects on quantum dots. (a) Thiol ligands shown
incorporated into the crystal structure of a nanoparticle or surface-
bound to metal atoms. Adapted from ref 131. Copyright 2014
American Chemical Society. (b) Variable surface dipoles on PbS
quantum dots induced by different ligands, leading to p- or n-type
behavior. Reprinted with permission from ref 134. Copyright 2014
Macmillan Publishers Ltd.
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efficiency in a CQD solar cell to date has employed a p−i−n
structure, with EDT-capped p-type PbS quantum dots, and
iodine-capped intrinsic PbS quantum dots layered on an n-type
zinc oxide layer.42

3.2.2. Processing Conditions. Relatively few studies have
been performed to date on the full impact of processing
conditions during postsynthesis processes on the characteristics
of the final film. There is compelling evidence provided by such
studies that factors such as the processing temperature,
humidity, presence of oxygen, and solvent environment can
impact film quality and photovoltaic performance. Some studies
have examined the impact of annealing on quantum dot films,
generally concluding that minimal effects are observed in the
room temperature to 120 °C range, while ligand loss, domain
growth, and loss of quantum confinement is observed above
120 °C.137,138 Additionally, thermal annealing in air (rather
than in an inert atmosphere) can lead to the formation of
oxidation products.139 Research has shown that an identical
ligand exchange process can lead to either p- or n-type films,
depending on whether the exchange is carried out under
ambient conditions in air or in an oxygen/moisture-free
nitrogen glovebox.128

The most efficient quantum dot solar cells are ligand-
exchanged using a solution of the desired ligand mixed with
methanol. Recent studies have examined the impact of
methanol overexposure on film characteristics, and have
explored potential alternative solvent systems (as shown in
Figure 10).113,140 The kinetics of ligand exchange, and the
impact of the processing conditions, are beginning to receive
attention; better understanding of the underlying processes
could lead to more carefully designed chemical processing and
higher quality films overall.141

3.2.3. Impurity Management. Due to the overwhelming
impact of the surfaces on the overall properties of a quantum
dot solid, only limited attention has been paid to the impact of
chemical impurities on film characteristics, in contrast with
related bulk semiconductor fields. The majority of intentional
impurity (and related quantum dot stoichiometry) studies have
focused on adjusting the synthesis parameters and conditions;
recent evidence indicates that impurities may also be
introduced in postsynthesis processes, such as the carbon-rich

stripes observed between quantum dot layers in Figure 11.
Some inclusions may be inert within the film, while others

appear to be electronically active, increasing the trap state
density in the film.117,142 Additionally, the effect of quantum
dot size polydispersity is significant; because optoelectronic
properties are governed by dot size, overall film properties can
be pinned by a relatively low population of differently sized
quantum dots.143 Novel approaches have been developed to
purify films, eliminating all species other than quantum dots of
a single size47 and ligands directly passivating surface sites.

4. OPTOELECTRONIC PROPERTIES OF COLLOIDAL
QUANTUM DOTS

The critical parameters which influence CQD photovoltaic
device performance are carrier mobility, doping density, trap
density, and diffusion length in films (Table 1). In this section,

Figure 10. Impact of variant solvent systems, such as (a) acetonitrile or (b) acetone, on ligand exchange at nanoparticle surfaces. Panel a adapted
with permission from ref 113. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Panel b reprinted from ref 140. Copyright 2014 American
Chemical Society.

Figure 11. Impurities in CQD films. Cross-sectional TEM images of
layer-by-layer fabricated CQD films (top) indicate the presence of
impurities, which vary depending on the deposition technique.
Electron energy loss spectroscopy (EELS) further elucidates that
such impurities are sulfur-poor and carbon-rich (bottom). Reprinted
with permission from ref 117. Copyright 2015 Wiley-VCH Verlag
GmbH & Co. KGaA.
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we will discuss recent progress in measuring and improving
these parameters.

4.1. Carrier Mobility

Carrier mobility is one of the most important parameters for
semiconductors, and plays an important role in CQD solar
cells. A characterization series of the electronic properties of
PbS CQD films with butylamine ligands was performed.144

Carrier extraction by linearly increasing voltage (CELIV) was

used to measure the majority carrier mobility, i.e., hole mobility
in a p-type film. Figure 12a shows a representative CELIV
transient curve. The carrier mobility value was calculated on the
basis of the time required for the current to reach a maximum
value.144 The calculated hole mobility was 1.5 × 10−3 cm2/(V·
s). The minority carrier mobility was tested by the time-of-
flight (TOF) method. The transient current curve is shown in
Figure 12b. To ensure accurate measurements, the film
thickness is typically required to exceed 1 μm, particularly in
high-mobility films, to ensure that the measurement is not
resistive-capacitive-delay-limited, and that the transit time is
observable. On the basis of the transit time and bias value, the
electron mobility was calculated to be 2.1 × 10−4 cm2/(V·s).
Considering that the minority carrier mobility was 1 order of
magnitude lower than the majority carrier mobility, carrier
transport was assumed to be minority-carrier-limited.
Although CELIV can be used for minority carrier mobility

measurements, the method is not applicable to all device
structures. Recently, Jsc transient decay was used for minority
carrier mobility measurements.136 By recording the transit
timethe time for the photocurrent to decay to 1/e of its
maximum valueover a range of applied biases, the carrier
mobility was extracted from the slope of the curve. As can be

Table 1. Common Quantum Dot Film Optoelectronic
Parametersa

property
related solar cell

params testing method

carrier mobility Jsc, FF CELIV, TOF, Jsc transient decay
trap density Voc, Jsc, FF Voc transient decay
doping density Voc, FF capacitance−voltage, FET
carrier lifetime Jsc, FF Voc transient decay
diffusion length Jsc, FF photoluminescence quenching
aJsc = short-circuit current, Voc = open-circuit voltage, FF = fill factor,
CELIV = carrier extraction by linearly increasing voltage, TOF = time
of flight, and FET = field effect transistor.

Figure 12. Recent development of methods for carrier mobility measurement. (a) Representative CELIV current transient curve for PbS CQDs
capped with EDT. (b) Current transit curve of a TOF measurement. The inset shows the bias dependence of the transit time ttr. Panels a and b
reprinted with permission from ref 144. Copyright 2008 AIP Publishing. (c) Applied bias dependence of the transit time for Jsc transient decay
measurement. The film made from CdCl2-treated PbS CQDs shows higher electron mobility than those treated by PbCl2 or pure PbS CQDs.
Reprinted with permission from ref 136. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA. (d) Schematic of an FET device structure using a
Si/SiO2 or Al/Al2O3 gate. Reprinted from ref 145. Copyright 2013 American Chemical Society.
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seen in Figure 12c, the carrier mobility was dramatically
enhanced in the film made from CdCl2-treated PbS CQDs
compared to those obtained via other passivation schemes.
As previously mentioned, for majority carrier mobility

measurements, TOF measurements require the use of thick
films. However, the increase in film thickness can lead to poor
film morphology during a layer-by-layer deposition process,
which can in turn artificially limit performance. Another widely
used method for majority carrier mobility measurement is the
field effect transistor (FET) architecture; this method does not
require the use of thick films. Silicon/silicon dioxide is generally
used as the gate for FET measurements. However, defects can
form in the gate dielectric during CQD film fabrication, which
can cause current leakage between the source and the drain
electrodes in the subthreshold region. Carrier mobility is
calculated on the basis of the slope of drain−source current (Id)
vs gate voltage (Vg) characteristic; therefore, current leakage
will significantly affect the mobility calculation. Interface defects
can also cause distortions in film conductivity. Recently, Al/
Al2O3 was employed as a gate dielectric to replace the
commonly used Si/SiO2 (Figure 12d).

145 The high permittivity
of Al2O3 allows the use of a very thin gate film and much lower
gate voltage, which effectively reduces the effect of charges in
the gate. On the basis of the new gate substrate, much more
precise measurements were realized.

Recently, the carrier mobility of CQD films was much
improved by the development of novel surface ligands. The
introduction of halide ligands leads to much higher carrier
mobility compared with that of purely organic ligand systems
(Figure 13a).68 The carrier mobility of bromide ligand films
approaches 10−1 cm2/(V·s). Changing the organic ligand can
also lead to dramatic variations in the film mobility. Solution-
phase halide ligand treatment was also used to improve the
carrier mobility (Figure 13b). By using iodide ligand treatment
both in solution and in the solid state, the film carrier mobility
was increased to over 10−1 cm2/(V·s). Recently, on the basis of
FET measurements, reported majority carrier mobilities have
reached 10 cm2/(V·s) (Figure 13c).146 However, the efficiency
of solar cells prepared by this method was limited (3.85%). The
FET measurement gives an upper bound to the carrier mobility,
considering that deep traps are filled during the FET scanning
process. Although the efficiency of solar cells using CdCl2
treatment was 7.6%, the minority carrier, i.e., electron, mobility
of the film was measurably lower than 10 cm2/(V·s) (Figure
13d).123 Other factors, such as trap density, may be more
critical to device performance.

4.2. Trap Density

Defects in the band gap can act as recombination centers to
reduce photocarrier populations. Defects can also reduce the
quasi-Fermi level splitting range under illumination and lead to
lower open-circuit voltage. Reduction of such film defects is

Figure 13. Recent developments in carrier mobility of CQD films. (a) Electron mobility comparison for PbS CQD films with bromide,
mercaptopropionic acid (MPA), or ethanedithiol (EDT) ligands. Reprinted with permission from ref 68. Copyright 2011 Macmillan Publishers Ltd.
(b) Electron mobility for films made from CQDs with or without solution-phase iodide treatment. Reprinted with permission from ref 71. Copyright
2012 Wiley-VCH Verlag GmbH & Co. KGaA. (c) Id vs Vg curves for PbS CQD films treated by lead evaporation. The calculated electron mobility is
10 cm2/(V·s). Reprinted from ref 146. Copyright 2013 American Chemical Society. (d) Hole mobility for p-type CQD films with different ligands
based on TOF measurements. Reprinted with permission from ref 123. Copyright 2012 Macmillan Publishers Ltd.
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critical to increase CQD solar cell performance. Recently, the
transient photovoltage decay method was introduced to acquire
the trap density in the CQD band gap.123 The defect density at
every applied voltage value was calculated on the basis of the

integration of the transient current and the ΔVoc value under
pulsed light. Such defects are normally caused by the loss of
ligands during the ligand exchange process. Figure 14b
compares the band gap defect concentration for CQDs with

Figure 14. Recent developments in defect density management in PbS CQD films. (a) Schematic of CQD surface defects. The defect amount
depends on the amount of ligands lost. (b) Trap density of PbS CQD films with different ligands. The hybrid passivation strategy reduces the trap
density compared with both pure organic and pure inorganic ligand passivation. Panels a and b reprinted with permission from ref 123. Copyright
2012 Macmillan Publishers Ltd. (c) Trap density of PbS CQD films with or without solution-phase iodide treatment. The defect amount was
reduced by using iodide solution-phase treatment. Reprinted with permission from ref 71. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA.
(d) Trap density of films using different halide ligands. Iodide ligands lead to the lowest amount of defects. Reprinted with permission from ref 128.
Copyright 2014 Macmillan Publishers Ltd.

Figure 15. Trap density measurement methods. (a) DLTS study of charge concentration vs temperature for PbS CQD films with EDT ligands. A
trap band located below the conduction band edge was observed. Reprinted from ref 147. Copyright 2013 American Chemical Society. (b)
Schematic of the FET subthreshold region method used for defect measurement. Reprinted from ref 145. Copyright 2014 American Chemical
Society. (c, d) PES and IPES curves for the measurement of defects in the valence band and conduction band, respectively. (e, f) Quantitative
analysis of the defect concentration in both the conduction band and valence band of PbS CQD films based on PES and IPES studies. Panels c−f
reprinted with permission from ref 136. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.
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different ligands. The use of hybrid ligands leads to reduced
trap density compared with that of both pure organic and pure
inorganic ligands. Iodide ligand solution-phase processing
results in a lower defect concentration compared to untreated
quantum dots (Figure 14c).71 A strong ligand bonding strength
on CQD surfaces is essential for band gap defect prevention
(Figure 14d). In comparison to bromide and chloride ligands,
iodide ligands give rise to much lower defect concentrations.128

Deep-level transient spectroscopy (DLTS), thermal admit-
tance spectroscopy (TAS), and Fourier transform photocurrent
spectroscopy (FTPS) have been used to measure intra-band-
gap defects (Figure 15a).147,148 For EDT-capped CQDs, all
measurements show a defect density of about 1.8 × 1017 at an
energy level 0.36 eV below the conduction band edge (Figure
15a). The trap density can also be extracted from FET
measurements by analyzing the current in the subthreshold
regime (Figure 15b). Photoelectron spectroscopy (PES) can be
used to characterize the trap density near the valence band
edge, while inverse photoelectron spectroscopy (IPES) can test
the trap density near the conduction band edge (Figure
15c,d).136 Consistent with Voc transient decay measurements,
the trap density of CdCl2-treated films is much lower than that
of PbCl2-treated films or untreated CQD films (Figure 15e,f).

Strong radiative exciton decay has recently been correlated
with low-defect-density materials. Photoluminescence studies
are increasingly being used for optimal photovoltaic material
identification and characterization.149,150 The relationship
between luminescence and photovoltaic power conversion
efficiency has been studied in detail.151 It has been shown that
all types of nonradiative decay impair the open-circuit voltage
and limit device performance. Hence, it has been proposed that
high-efficiency solar cells should also be high-efficiency light
emitters, with an ideal internal luminescence quantum
efficiency of over 90%.

4.3. Carrier Lifetime and Diffusion Length

The carrier diffusion length is of paramount importance to
device performance considering that, in the diffusion region of
actively biased solar cells, carrier transport relies solely on
diffusion. Since the diffusion length is affected by the carrier
lifetime and minority carrier mobility, the carrier lifetime is
another crucial factor in device performance.
The CQD carrier lifetime can be tested on the basis of the

slope of the Voc transient decay curve (Figure 16a). In
combination with the minority carrier mobility, the diffusion
length of the film can be calculated.123 Recently, a new method

Figure 16. Carrier lifetime and diffusion length studies in PbS CQD films. (a) Representative Voc transient decay curve for the calculation of the
carrier lifetime. Reprinted with permission from ref 144. Copyright 2008 AIP Publishing. (b) Schematic of diffusion length measurement using the
luminescence quenching method. The carrier diffusion length was calculated on the basis of the relationship between luminescence intensity and film
thickness. Adapted from ref 152. Copyright 2013 American Chemical Society. (c) Theoretical modeling of the relationship between the trap density
and carrier lifetime. (d) Theoretical modeling of the relationship between the diffusion length and carrier mobility. As the trap density is reduced,
both the carrier lifetime and diffusion length are increased. Panels c and d reprinted with permission from ref 153. Copyright 2014 Macmillan
Publishers Ltd.
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Figure 17. Doping mechanism in CQD films. (a) Mechanism for p-type (left) and n-type (right) doping of CQDs. When a greater positive charge
exists, the film tends to be n-type, and vice versa. (b) Control of doping using different elements. When the CQD surface is lead rich, the film is n-
type. When it is selenium rich, the film shows p-type behavior. (c) Variation in doping type and density as the ligand and processing environment are
varied. When the film is processed in an inert environment or with halide ligands, it shows n-type character, and when treated in air or with thiol
ligands, it shows p-type character. Panels a and c reprinted from ref 155. Copyright 2012 American Chemical Society. Panel b reprinted from ref 146.
Copyright 2013 American Chemical Society.

Figure 18. Fermi level measurements by UPS and Kelvin probe measurements. (a) UPS curve of PbS CQDs processed with iodide ligands. (b)
Fermi level and band structures of PbS CQDs with different halide ligands. Iodide shows a shallower Fermi level compared to bromide and chloride.
(c) Relative Fermi level positions for PbS CQDs with different halide ligands, compared to Kelvin probe measurements. Panels a−c reprinted with
permission from ref 128. Copyright 2014 Macmillan Publishers Ltd. (d) UPS study of CQDs with different organic and inorganic ligands. As the
electron-donating capability of the ligand increases, both the conduction band and valence band edges of the CQD film are rendered shallower
relative to vacuum. Reprinted from ref 135. Copyright 2014 American Chemical Society.
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was developed to test the diffusion length directly (Figure
16b).152 One layer of a photoluminescence (PL) quenching
material is added on top of the CQD film of interest; the carrier
diffusion length can then be calculated on the basis of the CQD
film thickness and corresponding PL intensity. Theoretical
modeling indicates that when the trap density of the film is
high, the carrier lifetime is short (Figure 16c). Similarly, when
the trap density is reduced, the diffusion length of the film is
increased (Figure 16d). Until recently, the highest reported
diffusion length for CQD films was about 70 nm, achieved on
the basis of the hybrid passivation technique. Solution-phase
thiol ligand treatments were shown to slightly improve film
diffusion lengths.153 A recent study combined partial quantum
dot fusing with strong surface passivation to generate a record
diffusion length of 230 nm.130

4.4. Doping Density

A major recent advance in CQD device understanding was the
realization of CQD films with different doping types and
densities. The first n-type CQD film was developed using halide
ligands for film fabrication in an inert environment.154

Stoichiometry theory was used to explain the behavior of
various CQD films. With more positive charges present in the
film, it tends to be n-type, and while excess negative charges
lead to p-type films (Figure 17a).155 An ion adsorption method
was developed to build both n-type and p-type films. A film
processed with lead cations tends to be n-type, while when
soaked in a selenium solution, it changes into a p-type film
(Figure 17b).123 The same phenomenon has been observed in
HgS CQDs.156

n-type films were generally thought to be unstable in air
given their tendency to rapidly oxidize and return to p-type
characteristics (Figure 17c). Recently, by revising the CQD
solution-processing procedure to minimize the surface
oxidation process in solution, air-stable n-type films were
prepared.128 Both ultraviolet photoelectron spectroscopy
(UPS) (Figure 18a) and Kelvin probe measurements (Figure
18b) show that the work function of films using iodide ligands
is shallower than that of films using bromide and chloride
ligands. Air-stable n-type CQDs were observed for HgS
quantum dots by using mercury cation adsorption.156

Recently, the band structures of CQD films with a series of
ligands were studied (Figure 18c).135 When electron-accepting
ligands are used, both the conduction band and valence band
are deeper, and the film tends to be n-type. In contrast, when
electron-donating ligands are used, both the conduction band
and valence band of the film are shallower, and the film shows
p-type behavior.134 Ligand selection has been shown to
optimize charge generation efficiency by altering CQD frontier
orbital energies.157,158

Table 2 summarizes key optoelectronic properties and
photovoltaic performance for a range of CQD treatment types.

5. DEVICE PHYSICS AND PERFORMANCE

General advances in CQD solar cell performance have been
enabled by both improved materials and developments in
device architectures. The materials engineering, as overviewed
in previous sections, has focused on CQD growth methods,
surface management through new ligand strategies, electronic
trap state removal, and deposition method development, all of
which have contributed to improved solar cell performance.
Architectural advances have taken inspiration from both the
inorganic semiconductor and organic optoelectronic device
fields, with the specific solutions tailored to CQD films and
materials.
This section provides an overview of the architectural and

device physics concepts that have advanced the field of CQD
photovoltaics, from the first demonstrations in 2005159 to
certified power conversion efficiencies approaching 9% in
2014.42 It finishes with a discussion of advanced concepts that
seek to combine CQDs with other materials in hybrid devices
and use CQD films in strategies for overcoming the single-
junction efficiency limit.

5.1. Schottky CQD Solar Cells

The first solar cells to employ thin films of CQDs for both
absorption and charge transport were developed in 2005.159

These early cells took advantage of a work function difference
between the transparent conductive oxide ITO (indium tin
oxide) and a top metal contact (Mg) to generate a built-in field
and produce a photocurrent through the CQD and polymer
layers sandwiched in between. Further work replaced the
polymer−CQD composite layer with a pure semiconductor
nanoparticle layer,160 paving the way for a device engineering
approach that treated CQD films as polycrystalline semi-
conductor analogues rather than molecular sensitizers.
This picture, in which the CQD films could act as both

absorbers and as the charge transport medium, led to the
development of Schottky CQD solar cells. These cells were
based on illumination through a transparent Ohmic contact to a
p-type PbS or PbSe CQD film which formed a rectifying
junction with a shallow work function metal. The first examples
of these cells used Al as the Schottky metal,161 with Ca, Mg,
and Ag later demonstrated as viable alternatives162 enabling
improvement in open-circuit voltage. Further work improved
both performance, with solar power conversion efficiencies
(PCEs) reaching over 3%, and air stability by focusing on new
liganding strategies,163 LiF164 and oxide165 barrier layers,
organic ETLs,166 and extending the response into the
infrared.167

Table 2. Optoelectronic Properties and Photovoltaic Device Efficiency Compared for a Range of CQD Treatment Types

material μe [cm
2/(V·s)] μh [cm

2/(V·s)]
trap density
(cm−3 eV−1)

doping density
(cm−3)

diffusion length
(nm)

efficiency
(%)

PbS-only CQDs (no treatment)123,136 1.0 × 10−3 7.2 × 10−4 1 × 1017 1 × 1015 to 1 × 1016 30 5.6
CdCl2-treated CQDs123 4.2 × 10−3 1.9 × 10−3 2 × 1016 1 × 1015 to 1 × 1016 80 7.6
partially fused PbS130 8 × 10−2 230 9.2
bromide as ligand68 4 × 10−2 5 × 1016 1 × 1015 to 1 × 1016 6
pure solid-state iodide treatment71 2 × 10−2 1 × 1017 ∼2 × 1016 5.6
solution and solid-state iodide
treatment71

1 × 10−1 5 × 1016 ∼2 × 1016 70 6.6

EDT-treated film148 2 × 10−4 1 × 1017 to 2 × 1017 <1.0
lead evaporation treatment146 10 × 10−1 3.85
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Figure 19b shows a device schematic and absorption
spectrum for the current record-performing Schottky CQD
solar cell.168 The current−voltage characteristics in the dark
and under 100 mW/cm2 AM 1.5 illumination are shown in
Figure 19c for the cell, which had a PCE of 5.2%. The Schottky
architecture has several advantages, including ease of fabrication
and a limited number of interfaces. It has also been used as a
test bed to measure several important CQD film properties,
including the size-tuned band positions of different CQD films
relative to the known work functions of metals,162 and elucidate
the roles of drift, diffusion, and depletion in CQD-based
devices.144

Despite these advantages, the Schottky architecture has been
limited in absolute device performance. Fermi level pinning at

the metal−CQD interface imposes an upper bound on the
open-circuit voltage that is well below the voltage predicted
from consideration of the CQD band gap alone.169 The
introduction of buffer layers and other methods to reduce the
density of electronic trap states at the interface has ameliorated
this problem slightly. The Schottky architecture also requires
illumination at the nonrectifying side of the junction. This is a
problem in transport-limited CQD films, where it is necessary
for maximum photogeneration to occur in the region of
maximum internal quantum efficiency close to the junction.

5.2. Heterojunction CQD Solar Cells

Heterojunction CQD solar cell architectures were developed to
overcome the main limitations associated with Schottky CQD

Figure 19. Evolution of colloidal quantum dot solar cell architectures. (a) Band diagrams of the Schottky junction (left) and the depleted
heterojunction (right) CQD photovoltaic architectures under photovoltaic operation close to the maximum Voc. Reprinted from ref 170. Copyright
2010 American Chemical Society. (b) Absorption spectrum and photovoltaic device structure (inset) for a high-performing PbS nanocrystal
Schottky solar cell. (c) Current−voltage characteristics in the dark and under 100 mW cm2 AM 1.5 illumination of a 5.2% PCE cell with the structure
shown in (b). Panels b and c reprinted with permission from ref 168. Copyright 2013 The Royal Society of Chemistry. (d) Schematic and cross-
sectional SEM image of a depleted heterojunction CQD device. (e) Measured current−voltage characteristics under AM 1.5 simulated solar
illumination for depleted heterojunction devices employing different CQD passivation schemes. Black tilted squares are the J−V curve for a hybrid
passivated device as measured by an accredited photovoltaic calibration laboratory (Newport Technology and Application Center Photovoltaic Lab).
Inset: EQE curve for a hybrid passivated device with the integrated current. Panels d and e reprinted with permission from ref 123. Copyright 2012
Macmillan Publishers Ltd. (f, g). Schematic and energy band diagram at short circuit of a planar CQD heterojunction device with parallel light
absorption and carrier collection pathways (f) and a bulk heterojunction device incorporating solution-processed ZnO nanowires (g). (h) J−V
characteristics measured in the dark (dashed lines) and under AM 1.5G illumination (solid lines) for representative planar heterojunction (black)
and nanowire-based bulk heterojunction (red) CQD devices. Panels f−h adapted with permission from ref 181. Copyright 2013 Wiley-VCH Verlag
GmbH & Co. KGaA.
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solar cells. Taking inspiration from sensitized solar cell
architectures, which typically employ a monolayer of molecular
absorbers on a wide-band-gap semiconductor matrix, the
depleted heterojunction architecture170 uses a highly doped
n-type metal oxide in a p−n heterojunction with a p-type CQD
film. The typical substrate consists of a glass or flexible
transparent base followed by a thin transparent conductive
oxide layer (usually ITO or fluorine-doped tin oxide (FTO)).
TiO2 and ZnO are the most commonly used wide-band-gap
semiconductors that form the n-doped junction layer. The p-
type absorbing CQD films, 50−400 nm in thickness, are
deposited on top of the metal oxide, and the stack is finished
with a back-reflective contact consisting of a deep work
function metal such as gold or a highly doped oxide (MoO3)
followed by silver or aluminum. A layer schematic and SEM
image are shown in Figure 19d for a representative depleted
heterojunction device.
The heterojunction device is illuminated through the

transparent substrate and the wide-band-gap semiconductor.
Photogeneration therefore occurs close to the junction region,
overcoming one of the limitations of the Schottky architecture.
Depletion widths in a p−n junction device depend on the
relative free carrier densities in the materials on either side of
the junction. The wide-band-gap semiconductor is usually
highly doped so that the majority of the depletion layer falls
across the CQDs. Drift currents created by the electric field are
used to drive carriers in the CQD film. Some early reports
observed excitonic solar cell behavior in heterojunction CQD
devices;171 the observation of a depletion layer in the CQDs
and a transition to p−n operation was observed upon doping
the ZnO side of the junction.172 Band diagrams illustrating the
working principles of both Schottky CQD solar cells and
depleted heterojunction CQD cells are shown in Figure 19a.
A CQD solar cell with a 1 sun power conversion efficiency

(2.94%) certified by an independent accredited laboratory used
ZnO and PbS nanocrystals.173 Performance improvement in
heterojunction CQD solar cells has been rapid and relied on
several materials and device engineering advances. Band
alignment between the CQD film and TiO2 or ZnO layers is
particularly critical and must be tuned so that the electron
affinity difference favors injection of electrons to the wide-band-
gap semiconductor without sacrificing the open-circuit voltage.
Additionally, the top Ohmic contact should be optimized to
avoid the formation of a parasitic Schottky junction and avoid
shunting. These issues will be discussed in depth in section 5.7.
Many of the performance advances in heterojunction

architectures have been enabled by new ligand strategies
which have also been developed with an eye toward improving
device stability. Organic dithiol ligands174 and inorganic atomic
halide ligands68 have been used successfully in high-performing
devices. The development of a hybrid organic−inorganic ligand
approach led to measurable decreases in the midgap electronic
trap state density and consequent improvement in the open-
circuit voltage.123 Current−voltage characteristics for hetero-
junction solar cells employing organic, inorganic, and hybrid
passivation strategies and PbS CQD films are shown in Figure
19e along with an external quantum efficiency (EQE) spectrum
for a high-performing hybrid device. Cadmium and chloride
passivation introduced through an in situ process during the
CQD growth led to PbSe-based devices exhibiting record
performance (6% PCE) and air fabrication.129 Alternate n-type
materials in place of metal oxides have also been explored,
including solution-processed CdS thin films.175

Performance in heterojunction CQD solar cells based on
planar films is limited by short carrier transport lengths in the
CQD material. Specifically, the absorption lengths for infrared
photons at the optimum single-junction band gap energies are
longer than the sum of the depletion region width plus the
diffusion length in the CQD materials. This trade-off is termed
the absorption−extraction compromise, and it limits the
thickness of the absorbing CQD material that can be effectively
used in a solar cell. Strategies for overcoming the absorption−
extraction compromise include the use of bulk heterojunction
architectures and light-trapping schemes, both of which are
discussed in subsequent sections.

5.3. Bulk Heterojunction CQD Solar Cells

The bulk heterojunction architecture is one method of
overcoming the limitations of planar device structures. The
field of organic photovoltaics developed bulk heterojunctions,
in which the organic donor and acceptor phases form a three-
dimensional interpenetrating network.176 In excitonic materials,
this ensures that no photogenerated exciton is farther than one
diffusion length away from a charge-separating interface. In
CQD solar cells, minority carrier transport is a particular
problem, even with the benefit of a depletion region, which can
be aided by the bulk heterojunction concept.
In bulk heterojunction CQD solar cells, the n-type wide-

band-gap semiconductor and CQD film form an inter-
penetrating layer. This is usually accomplished by structuring
the TiO2 or ZnO and infiltrating the CQDs into the structured
electrode. The structured interface allows for the extension of
the depletion region and the addition of more absorbing CQD
material, improving both absorption and carrier collection
simultaneously.
Several methods have been used for structuring the n-type

wide-band-gap semiconductor electrode. An early example used
a paste of large-particle TiO2 on top of a thin, compact TiO2
layer and demonstrated improved absorption, EQE, and
photocurrent at infrared wavelengths.177 Other demonstrations
of the concept have used lithographically defined TiO2
nanopillar arrays,178 hydrothermally grown TiO2 nanowire
networks,179 porous templated TiO2 wells,180 and ZnO
nanowire arrays.181 The bulk heterojunction concept using
ZnO nanowire arrays compared to the planar heterojunction
case is illustrated with band diagrams in Figure 19f,g. Figure
19h shows current density−voltage characteristics for planar
and bulk heterojunction devices based on ZnO nanowires.
The increased interfacial area inherent to the bulk

heterojunction design introduces the drawback of increased
bimolecular recombination. In practice, this translates to a
lower device built-in voltage due to the need to manage the
CQD−metal oxide conduction band offsets to prevent back-
recombination. Additionally, practical measures must be taken
to prevent shunting in the highly structured devices.181

5.4. Quantum Junction and Nanoheterojunction CQD Solar
Cells

Heterojunction structures composed of metal oxides and CQD
films have yielded impressive efficiencies. However, an
important drawback to this device architecture is the limit on
the built-in voltage that can be achieved even under degenerate
doping conditions due to band offsets. The additional
requirements of engineering the non-CQD side of the junction
for band alignment with different CQD films and remediation
of interface trap states further limit the utility of this
architecture for application in multijunction solar cells.
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The drawbacks associated with heterojunctions can, in
principle, be overcome by using a homojunction-like
architecture where both the p- and n-materials of the junction
are composed of CQDs. Figure 20a compares the simulated
open-circuit voltage, short-circuit current, and power con-
version efficiency values as a function of the quantum dot band
gap for depleted heterojunction and all-CQD junction
(quantum junction) devices.154

The main roadblock to realizing this type of architecture was
the difficulty in developing stable n-type CQD films due to the
action of oxygen as a p-type dopant.155 This barrier was
overcome through the development of new ligand strategies, as
described in section 3.2.1. These strategies for PbS CQDs
included inert processing,154 in situ atomic halide passiva-
tion,108 and cation substitutional doping with Bi.82 Quantum
junction solar cells were demonstrated using widely tuned

Figure 20. Homojunction and quantum funnel architectures. (a) Simulated solar cell performance, showing the predicted operating voltage at the
maximum power point (VMPP), the short-circuit current (Jsc), and the solar power conversion efficiency (PCE), for depleted heterojunction (DH;
blue) and quantum junction (QJ; red) devices as a function of the quantum dot band gap. Reprinted from ref 154. Copyright 2012 American
Chemical Society. (b) (Top) Schematics of a bilayer homojunction device structure (left) and a bulk nanoheterojunction structure (right) consisting
of ITO−PbS quantum dot (red spheres)−Bi2S3 nanocrystal (blue spheres)−Ag layers. (Middle) Cross-sectional SEM images (scale bars 200 nm).
(Bottom) Band diagrams of the two structures. Reprinted with permission from ref 182. Copyright 2012 Macmillan Publishers Ltd. (c) Spatial band
diagrams of ungraded, graded (quantum funnel), and antigraded CQD solar cells. Color coding corresponds to larger band gaps (more blue/violet)
and smaller band gaps (more yellow/red). (d) J−V performance under AM 1.5 conditions of the ungraded, graded (quantum funnel), and
antigraded devices indicating the increase in fill factor as the dominant mechanism for improvement in PCE. The inset shows modeled J−V curves
for optimal 120 nm device thickness. Panels c and d reprinted from ref 185. Copyright 2011 American Chemical Society.
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CQD band gaps of 0.6−1.6 eV.154 Further optimization of the
device structure83 and ligand strategies108 produced power
conversion efficiencies of over 6%.
A related architecture that relied on the development of n-

type nanocrystals is the bulk nanoheterojunction solar cell. One
study182 used colloidal Bi2S3 nanocrystals as the n-type material
and PbS CQDs as the p-type material in a bulk heterojunction
architecture. The two types of nanoparticles were partially
intermixed, as shown in Figure 20b, and both contributed to
photocharge generation. The bulk structure allowed charges
generated in both materials to be close to a charge-separating
interface, resulting in a 3-fold performance improvement over a
bilayer structure. Further work introduced a remote trap
passivation scheme in which ZnO nanocrystals were intermixed
with PbS CQDs in a bulk nanoheterojunction device.183 The
highly doped ZnO nanocrystals transferred charges to deep
electron acceptor sites in the CQDs, resulting in an improved
open-circuit voltage.

5.5. Quantum Funnels

Exciton funneling through the use of graded band gap materials
is another strategy that has been used to aid carrier transport
and collection in CQD solar cells. In a heterogeneous ensemble

of CQDs, such as those found in most practical films,
photoexcited carriers will generally end up in the CQDs with
the smallest band gaps.184 This concept can be used to
effectively funnel carriers to the charge-collecting junction when
the cell is operating under noncomplete depletion at its
maximum power point by employing an intentionally graded
band gap architecture. CQDs are uniquely suited to implement
such an architecture, due to their facile band gap tuning
through the quantum size effect and their layer-by-layer
deposition methods.
The quantum funnel concept was implemented in a

truncated heterojunction architecture using five quantum dot
layers with band gap energies ranging from 1.06 to 1.35 eV in
both graded and antigraded configurations, as illustrated in
Figure 20c.185 In this demonstration, the primary factor driving
enhanced performance over ungraded and antigraded controls
was an improved fill factor due to the graded device ensuring
that minority carriers were driven to the electron-accepting
electrode, even when reverse bias was reduced under operating
conditions away from short circuit (Figure 20d).
Further work has used the quantum funnel concept to

engineer the electric field profile in a quantum junction CQD
solar cell.186 Both the open-circuit voltage and short-circuit

Figure 21. Graded doping and band alignment engineering. (a) Regimes of depletion in a graded device. Devices with doping gradients exhibit two
distinct slopes in Mott−Schottky analysis consistent with two differently doped CQD layers. Reprinted with permission from ref 187. Copyright
2013 Wiley-VCH Verlag GmbH & Co. KGaA. (b) Schematic illustration of the proposed band bending at short-circuit conditions (left) in the ZnO/
PbS−TBAI/PbS−EDT (TBAI = tetrabutylammonium iodide) device structure (right). (c) Time evolution of photovoltaic parameters of PbS−TBAI
(black) and PbS−TBAI/PbS−EDT (red) devices, illustrating excellent long-term stability. Open symbols represent the average values, and solid
symbols represent the values for the best-performing device. Panels b and c reprinted with permission from ref 42. Copyright 2014 Macmillan
Publishers Ltd.
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current were increased by adding a top CQD layer with a larger
band gap to an optimized quantum junction device.

5.6. Graded Doping Architectures

The highest power conversion efficiency reported in CQD solar
cells to date has been achieved by using band alignment
engineering and graded doping architectures.42 These types of
devices can be extensions of the heterojunction or homo-

junction architectures in which control over both the dopant
type and magnitude, as well as conduction band edge positions,
in CQD films is achieved, usually through different ligand
schemes. Taking inspiration from polycrystalline devices
employing p−i−n, p+−n−n+, and related structures, graded
doping architectures seek to increase cell voltages using the
larger Fermi level splitting associated with higher doping levels.

Figure 22. Advances in electrode engineering. (a) Ohmic contact engineering: schematic energy diagram of the unintentional Schottky diode that
can occur at the PbS−metal interface. (b) J−V characteristics under 100 mW/cm2 white light illumination for devices with different Ohmic contacts.
The dotted lines are fitting curves based on a two-diode model. The values in parentheses are the fitting results of the Schottky junction hole
injection barrier height. Panels a and b reprinted from ref 191. Copyright 2011 American Chemical Society. (c, d) Electron-collector engineering:
photovoltage decay measurements on (c) PbSe and (d) PbS solar cells using undoped and nitrogen-doped ZnO electrodes. The solid lines show
monoexponential fits to the data with the time constant displayed in the inset. Panels c and d reprinted from ref 198. Copyright 2013 American
Chemical Society. (e) Band diagram for a typical PbS CQD photovoltaic (PV) device with a deep work function FTO layer and a TiO2 thickness of
300 nm (left) and a shallow work function FTO layer and a thin 10 nm TiO2 layer (right). The width of the depletion region (gray color) inside the
PbS film, d, is larger in the right diagram, illustrating the donor-supply electrode concept. (f) Cross-sectional SEM image of a CQD device on a
donor-supply electrode (shallow work function FTO with a 10 nm atomic-layer-deposited TiO2 film). (g) Light J−V curve and (h) EQE spectra for
a CQD PV device fabricated on shallow (donor-supply electrode) and deep work function (Φ) FTO with 10 nm thick TiO2 layers. Panels e−h
adapted from ref 200. Copyright 2013 American Chemical Society.
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They also have the goal of increasing current collection using
back fields.
Figure 21a illustrates the different operating regions of a

graded doping quantum junction architecture using Mott−
Schottky analysis. This device consisted of a thin, highly doped
(1019 cm−3) p-type PbS CQD layer followed by lightly doped
(1016 cm−3) and highly doped (1017 cm−3) n-type PbS CQD
layers.187 The addition of the top highly doped n-type layer
introduced an electric field in the back of the device that aided
in carrier extraction and allowed for increased quasi-Fermi level
splitting and operating voltage. The different doping levels were
achieved by using different ligand strategies (tetramethylam-
monium hydroxide for the p-type layer and different amounts
of tetrabutylammonium bromide treatment for the n-type
layer).
Graded doping schemes have also been implemented in

heterojunction architectures. One study employed the ligand 3-
mercaptobutyric acid to make a lightly doped (1015 cm−3) PbS
CQD film and used this film in a p+−p−n architecture to
realize a heterojunction solar cell with a PCE of over 7%.188

Another study used a highly doped CuI thin film as the p-type
layer in a p−i−n solar cell where the intrinsic layer was
composed of PbSe CQDs and the n-type layer was ZnO.189

High performance was achieved in a study that used different
CQD ligand treatments to control both the doping levels and
band alignment in a ZnO−PbS CQD solar cell.42 A band
diagram and optimized device structure are shown in Figure
21b. The addition of the top EDT-treated PbS CQD layer
introduced additional band bending into the device, which
helped prevent electrons from flowing in the wrong direction. A
champion device achieved a certified solar PCE of 8.55%, and
the devices also exhibited long-term air stability as shown in
Figure 21c. The stability was attributed to the use of inorganic-
ligand-passivated CQDs as the light-absorbing layer and
removal of the interfacial MoO3 layer at the Ohmic contact
interface.

5.7. Electrical Contact Development

Engineering of both electron-collecting and hole-collecting
electrodes in different CQD solar cell architectures has received
much attention in the field. Advances in electrode technology
have been important in facilitating performance advances.
Much of the attention has focused on achieving trap-free
interfaces and ideal band alignment, and it seems likely that
there are more performance benefits to be gained from those
areas in the future.
5.7.1. Strategies To Improve Hole Collection. Strategies

to improve hole collection in CQD solar cells have primarily
focused on engineering of the top Ohmic contact to p-type
CQD films. Initial studies of heterojunction architectures used
gold as the deep work function top reflective contact.170

Further studies aimed at reducing the use of this high-cost
material found that nickel could act as a suitable replacement if
a LiF interlayer was added to prevent reactions and degradation
of the metal−semiconductor interface.190

The introduction of n-type transition-metal oxides consisting
of V2Ox or especially MoOx resulted in significant performance
advances. One study found that MoOx acts as a hole extraction
layer by enhancing band-banding at the PbS CQD interface and
providing hole transport levels through oxygen vacancies,191 as
illustrated in Figure 22a. Another study found that the deep
work function MoOx can remove a reverse-bias Schottky diode
otherwise present at the CQD−metal interface by pinning the

Fermi level of the top contact.192 Both studies found that
including MoOx improved the solar cell open-circuit voltage. A
comparison of device performance with several different top
contact materials is shown in Figure 22b.
Nickel oxide has also been used as a hole-transporting

photocathode in heterojunction CQD solar cells.193 Sputtered
NiO can be used in a bottom-illuminated architecture, or the
architecture can be inverted with the use of sol−gel NiO as the
bottom hole-transporting layer and nanocrystal ZnO as the top
electron-transporting layer.

5.7.2. Strategies To Improve Electron Collection. The
majority of the focus on engineering electrodes in CQD solar
cells has been on the electron-collecting layers, due to the
success of the heterojunction architecture employing p-type
CQD films. Particular attention has been paid to optimizing the
properties of the n-type TiO2 and ZnO layers for better
heterojunction performance. To explore the importance of
band offsets between CQD films with different band gaps and
the TiO2 acceptor, a sol−gel-derived TiO2 precursor was doped
with impurities.194 The optimal band offset resulted in the
efficient extraction of carriers even in the absence of a strong
electric field. A similar method using magnesium doping was
used to tune the ZnO conduction band position and reduce
voltage losses associated with the ZnO conduction band tail.195

Recombination at the metal oxide−semiconductor interface
is also an area of ongoing concern in heterojunction CQD solar
cells. Several strategies have been used to overcome this
performance-limiting process. The introduction of a thin ZnO
buffer layer between the CQD film and TiO2 electrode was
found to result in a nearly 2-fold reduction of the interface
recombination rate.196 [6,6]-Phenyl-61-butyric acid methyl
ester (PCBM) can also be used as a buffer layer and electron
transport layer at the same interface due to its low trap state
density and favorable band alignment.197 The introduction of a
PCBM interface layer into a depleted heterojunction CQD
solar cell resulted in a champion device PCE of 8.9%.197

Doping ZnO with nitrogen was also found to reduce the
carrier concentration in the metal oxide in a heterojunction
CQD solar cell.198 This method suppressed PbS/ZnO interface
recombination, resulting in a 50% improvement in Voc and
PCE. Parts c and d of Figure 22 show photovoltage decay
measurements on undoped and nitrogen-doped ZnO−PbS and
ZnO−PbSe solar cells, illustrating the large change in
recombination rate for the doped ZnO in the PbS solar cell.
The electron-accepting electrode can be engineered to

increase the width of the depletion region in the CQD film
by employing the donor-supply electrode (DSE) concept.199

The DSE consists of a highly doped, shallow work function
electrode that enhances the free carrier density in the n-type
electrode through charge injection doping. Energy band
diagrams illustrating the DSE concept are shown in Figure
22e. This concept was first used in the field to overcome the
limitations associated with low-temperature TiO2 electrodes for
applications in small-band-gap CQD cells.199 An implementa-
tion consisting of shallow work function FTO and thin atomic-
layer-deposited TiO2 later resulted in a champion device
efficiency of 8.5%.200 A cross-sectional SEM image of a
heterojunction CQD solar cell employing the DSE strategy is
shown in Figure 22d, and current density−voltage and EQE
curves are shown in Figure 22e,f for DSE and control devices.
Many other strategies to optimize the electron-collecting

electrode for specific applications have been developed. A
solution-processed zinc oxide layer based on a diethyl zinc
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precursor was used to realize an inverted heterojunction
architecture in which the light absorption profile could be
tailored for optimal absorption in thin CQD films.201 ZnO
nanowire arrays were grown on a graphene transparent
conductive oxide (TCO) base to enable flexible CQD
devices.202 As new advances in CQD films and materials are
made, concurrent engineering of the electrode layers will
continue to be necessary.

5.8. Optical Engineering of CQD Solar Cells

Colloidal quantum dots are strong absorbers, with absorption
coefficients for PbS CQDs reaching values of above 105 cm−1 at
blue wavelengths.40 However, at infrared wavelengths near the
band gap energy, CQD solar cells still must contend with the
absorption−extraction compromise, whereby absorption
lengths exceed charge transport lengths in CQD films. Light
trapping, or effectively increasing optical path lengths in the
absorbing material through structuring, is one method to
overcome this compromise. Several different light-trapping
methods have been used to increase performance in CQD solar
cells, including geometrical optics schemes, nanophotonic
structuring, and plasmonic enhancement.
5.8.1. Geometric and Nanophotonic Light Trapping.

Geometric schemes to increase absorption in CQD solar cells

have concentrated on increasing the number of effective passes
that a photon takes through the absorbing material. The
conventional planar cell is a double-pass design, in which light
enters the cell, passes through the absorbing material,
experiences reflection at the back contact, and passes through
the absorbing material once more before leaving the cell. A
double-pass structure can be converted into a multipass
structure by tilting the cell and using a folded light path
design,203 creating micrometer-scale pyramids in the bottom
electrode,204 or structuring the TCO to create diffraction
gratings.205 The folded light path design is illustrated in Figure
23a,b.
Nanophotonic structuring has also been used as a light-

trapping method in CQD solar cells. Scalable fabrication
methods such as nanoimprint lithography206 and nanosphere
lithography207 can be applied to structure the bottom
electrodes on a submicrometer scale. These designs take
advantage of light localization and waveguiding provided by the
periodic photonic structures to enhance absorption and
consequently the photocurrent in photovoltaic devices.

5.8.2. Plasmonic Enhancement of CQD Solar Cells.
CQD solar cells are uniquely suited to benefit from absorption
enhancements via plasmonic effects. Surface plasmon reso-
nances, in which localized collective electron oscillations near a

Figure 23. Light trapping in CQD solar cells. (a) Geometric configuration of a folded light path solar cell. (b) Absorption (top) and EQE (bottom)
for device (solid lines) and CQD film (dashed lines) flat (red) and folded (green) light path samples. Inset: photograph of a tilted sample
illuminated through the device aperture at 45° with a thin strip of white light demonstrating the capturing of multiple passes of light; in this case the
third and fifth passes can be clearly observed. Panels a and b reprinted with permission from ref 203. Copyright 2013 Macmillan Publishers Ltd. (c)
(Top left) Schematic of a PbS CQD device with embedded plasmonic gold nanoshells. (Bottom left) Top-view SEM image showing the
representative density of nanoshells after CQD deposition. Scale bar 1 μm. (Right) Cross-sectional TEM image showing a single gold nanoshell
embedded in a PbS CQD film. Scale bar 100 nm. (d) FDTD simulation of the electric field intensity (E2) profile in the plasmonic film from d on a
log scale at the CQD exciton wavelength, λ = 950 nm. Panels c and d adapted from ref 208. Copyright 2013 American Chemical Society.
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metal−dielectric interface or at the surface of a metal particle
couple strongly to electromagnetic fields, have been used to
improve CQD solar cell performance. One of the advantages of
the low-temperature solution-phase processing of CQDs is the
ease with which they can be combined with other nanomateri-
als. Plasmonic metal nanoparticles offer both chemical
compatibility and complementary functionality. These nano-
structures are extremely sensitive to their local optical
environment, offering the possibility to tune or enhance the
overall absorption of other materials in their vicinity. Like
CQDs, they can be synthesized in the solution phase and
colloidally stabilized through the use of surfactants. The energy
of plasmonic nanoparticle resonances can be tuned by changing
the size and shape of the nanoparticles. This effect can be used
to target the more weakly absorbing portions of the CQD film
spectra and enhance performance in the spectral regions most
affected by the absorption−extraction compromise. The noble
metals (particularly gold and silver) are popular materials for
plasmonic nanostructures, although in principle any conductor
can exhibit plasmonic effects.
Plasmonic nanoparticles can be integrated into CQD films to

act as resonant optical antennas at targeted wavelengths. One

such device based on plasmonic gold nanoshells embedded in a
PbS CQD solar cell208 is shown in Figure 23c. Figure 23d
shows the electric field profile surrounding the gold nanoshell,
calculated using finite-difference time domain (FDTD)
simulations, indicating expected enhancement at the wave-
lengths that are minimally absorbed in the CQD film. The
addition of the plasmonic nanoshells resulted in a 35%
maximum enhancement in photocurrent in the performance-
limiting infrared wavelength regime and a resultant power
conversion efficiency improvement of 11% over that of a
nonplasmonic control device. The strong confinement of
radiation modes provided by ultrasmall plasmonic nanoparticles
has been demonstrated as well in a device that rapidly transfers
hot electrons produced in 5 nm diameter gold particles to PbS
CQDs.209 This near-field energy transfer scheme resulted in a
41% increase in the short-circuit current and a 5% increase in
the power conversion efficiency compared to those of a
nonplasmonic device.
Plasmonic nanostructures can also be used simultaneously as

both absorption enhancers and integrated junction elements in
CQD solar cells. Silver plasmonic particles have been used as
the Schottky contacts in a CQD solar cell,210 where they acted

Figure 24. Advanced conceptstandem and multiple-exciton-generation cells. (a) Spectral utilization (top) and absorption spectra (bottom) for
CQD tandem solar cells having quantum-confined band gaps of 1.6 eV (green) and 1.0 eV (red). Reprinted with permission from ref 216. Copyright
2011 Macmillan Publishers Ltd. (b) Schematic of a proposed tandem cell with optimum combination of PbS CQD band gaps. (c) J−V characteristic
of the tandem cell shown in (b) and corresponding control single-junction devices. The tandem cell exhibits a Voc that is the sum of the Voc values of
the subcells. Panels b and c reprinted with permission from ref 217. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA. (d) Illustration of
multiple-exciton generation (MEG) in a quantum dot. Hot carriers undergo one of two competing processes: generation of an extra e−h pair (kMEG)
or cooling of the single-exciton state (kcool). Reprinted from ref 222. Copyright 2012 American Chemical Society. (e) Measured EQE and modeled
absorptance curves for a PbSe CQD solar cell with a diameter of 5.6 nm and an associated band gap of 0.72 eV. (f) IQE for the cell in (e) calculated
either from EQE/(1 − R) (purple curve) or from EQE/A (blue curve), where A is the modeled absorptance of the PbSe plus ZnO layers. The
modeled reflectance is shown as a dashed black line. Values of IQE over 100 represent MEG contributions to the solar cell performance. Panels e and
f reprinted with permission from ref 228. Copyright 2011 American Association for the Advancement of Science.
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both as part of the charge-separating junction and to enhance
absorption at the spatial region of maximum internal quantum
efficiency (IQE) in the cell. An all-inorganic bulk nano-
heterojunction cell design that used plasmonic iron pyrite
nanocubes as one of the heterojunction materials showed both
enhanced absorption and charge separation and transport
efficiency compared to a layered structure due to the intimate
contact and overlap of the optical fields between the different
nanomaterials.211

Additional studies on plasmonic−CQD systems have
targeted better incoupling and photoluminescence efficiency
in CQD arrays. These include the realization of plasmonic
grating structures that couple incident light to surface plasmon
polariton modes propagating at the metal−CQD film inter-
face212 and the demonstration of a 15-fold enhancement in the
photoluminescence intensity of a plasmonic−CQD system
constructed using colloidal self-assembly and metal evapo-
ration.213 These results indicate that further improvements in
CQD solar cell performance should be possible with tailored
engineering of the spectral and energetic landscape of coupled
plasmonic−quantum dot systems.

5.9. CQD Solar Cell Concepts beyond the Single-Junction
Limit

Much progress has been made in developing CQD solar cell
architectures since the first device demonstrations in 2005. All
of the previously described advances have been made within the
traditional single-junction framework which is described by the
Shockley−Queisser power conversion efficiency limit.214 One
of the main potential applications of CQDs as a photovoltaic
material is the possibility of realizing advanced effects in solar
cells by taking advantage of the discrete energy band structure
and quantum size effect tunability offered by CQD materials.
The following sections describe several efforts to use CQDs in
solar cell concepts that go beyond the Shockley−Queisser limit.
5.9.1. Multiple-Junction CQD Solar Cells. Solar cell

materials with different band gaps can be stacked and
connected through ideal recombination layers to absorb more
of the solar spectrum and exceed the single-junction efficiency
limit.169 One of the main barriers to realizing high-performing
and cost-efficient multiple-junction photovoltaics is the
difficulty in finding a materials system with the requisite band
gap tuning range. High efficiencies have been achieved in
multijunction cells based on the III−V materials system.215

These materials are grown by epitaxial methods, and much care
must be taken in lattice-matching the different materials. The
high costs of such systems currently limit them to niche
applications, such as in space exploration. CQDs have the
potential to solve this problem. Their band gap tunability
provided by the quantum size effect offers the potential to
fabricate tandem solar cells out of a single materials system
without the added complication of lattice-matched growth.
Figure 24a shows the spectral utilization and absorption spectra
for a tandem architecture employing CQDs with band gaps of
1.0 and 1.6 eV.216 CQDs could potentially be used on their
own or in tandem with other materials to extend the absorption
range of multijunction cells to infrared wavelengths. The main
technical challenge in developing multijunction CQD photo-
voltaics is developing appropriate recombination layers for
individual current-matched cells.
Proof-of-principle PbS CQD tandem solar cells demonstrat-

ing voltage addition employed two different recombination
layer strategies. One used gold islands as the recombination

layer in an inverted heterojunction architecture.217 The device
structure is illustrated in Figure 24b, and Figure 24c shows the
current−voltage characteristics for the individual and tandem
cells. The other tandem demonstration used a graded
recombination layer in a depleted heterojunction architec-
ture.216 Both studies took care in optimizing the individual cells
and satisfying the current-matching condition in the tandem
device to achieve improved performance over the individual
constituent cells.
Further progress in all-CQD multijunction cells will require

development in recombination layer technology which could be
aided by low-temperature film formation techniques such as
atomic layer deposition.196,200 Additionally, the ability to tune
CQD materials over a wide wavelength range and their facile
solution-processed deposition methods make them of particular
interest as the infrared cell layers in hybrid systems composed
of multiple materials.

5.9.2. Hot Carrier Effects in CQD Solar Cells. Hot carrier
loss is an important performance-limiting mechanism in single-
junction solar cells.214 Hot carriers, electrons and holes that are
excited with photon energies larger than the band gap energy,
usually relax to their respective band edges via phonon emission
rapidly. In quantum-confined materials such as CQDs, the
relative scarcity of available states can slow this process,218

possibly providing a pathway to capturing the energy in excess
of the fundamental excitonic transition. This extra energy could
potentially be harvested using either hot carrier solar cell
concepts or multiple-exciton generation (MEG), as discussed
below.
Hot electrons could in theory be harvested directly in a hot

carrier solar cell, where selective contacts would be used to
extract carriers at energies above the band gap energy before
relaxation to the band edge occurs.219 The first step in realizing
such a device is increasing the hot carrier lifetime. Slow cooling
in CQDs has been demonstrated in core−shell CQDs,220 and
hot electron transfer from PbSe CQDs to titania films has been
observed.221 These early reports demonstrate a path toward
using CQDs in a hot carrier solar cell.
Another method of extracting energy from hot carriers in

solar cells is to use MEG. MEG occurs in semiconductors when
excitons with energy greater than twice the band gap energy
relax to the band edge by exciting an additional electron−hole
pair through impact ionization.222 In an ideal MEG solar cell,
EQE would exceed 100% for energies greater than twice the
band gap energy because high-energy photons could produce
more than one photocarrier pair. If a threshold of twice the
band gap energy could be realized for impact ionization in a
CQD solar cell, the theoretical maximum power conversion
efficiency would shift to above 60%.223

Figure 24d illustrates the MEG process in a quantum dot.
MEG is expected to be more efficient in quantum-confined
nanostructures compared to bulk semiconductors because the
momentum conservation requirement is relaxed and carrier−
carrier interactions are larger due to strong confinement in the
nanostructure.222 Another potential effect in quantum-confined
materials is the decoupling of the carrier multiplication profile
from the effective band gap, allowing increased photovoltages
for equivalent carrier multiplication yields in nanocrystalline
compared to bulk materials.224 In PbSe, MEG has been shown
to occur with approximately twice the efficiency in isolated
quantum dots compared to in the bulk material, indicating that
MEG may be a promising route to increasing solar cell
efficiency.225−227
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The first MEG CQD solar cell exhibiting EQE over 100%
was demonstrated in 2011.228 The cell used a hydrazine surface
treatment on PbSe CQDs to increase the MEG efficiency such
that multiple carriers contributed to the photocurrent for
absorbed short-wavelength photons. Parts e and f of Figure 24
show plots of EQE, IQE, and absorbance for the PbSe MEG
solar cells. This demonstration of useful MEG is a promising
step for third-generation photovoltaic devices.
In addition, CQDs can act as acceptors for hot carrier

products generated in other materials. Singlet exciton fission to
produce spin-triplet excitons in organic semiconductors can be
considered an analogue to MEG in inorganic semiconduc-
tors.229 Recent demonstrations have shown effective transfer of
spin triplets generated in pentacene230 and tetracene231 to PbSe
and PbS CQDs, respectively. These studies opened new
avenues to coupling organic and inorganic materials in hybrid
devices.

6. CONCLUSION

Recent colloidal quantum dot research has led to significant
advances in synthesis methods, in material and film processing
techniques, and in characterization and optimization of
optoelectronic properties. These have enabled the realization
of solution-processed photovoltaic devices with certified power
conversion efficiencies recently reaching 9.2%. Champion CQD
photovoltaic devices are summarized in Table 3.
Continued progress in the field (Figure 25) will rely on

progress in three key areas.
The first strives to synthesize a population of perfect

quantum dots, and to produce perfect quantum dot films from

them; fulfilling this prescription will rely on expertise in
materials science and materials chemistry. While large strides
have been made in recent years to improve quantum dot
surface passivation, orders of magnitude remain between the
defect density levels observed in bulk semiconductors and the
best quantum dot solids to date. Studies of novel passivation
strategies, including new or hybrid ligand systems, surface
engineering, core/shell strategies, and self-healing surfaces, will
reduce trap states, improve carrier transport, and reduce the
extent of energy level pinning. A second route to improved
electronic transport in quantum dot films will rely on densifying
nanocrystal films through improved packing and, ideally,
ordering. Such films will eliminate diversity in path length
and thus tortuosity in charge transport through the device.
Improvements in this area will be driven by actively engineering
order-generating quantum dot surfaces, and by careful work to
achieve a higher degree of film purity, with extraneous chemical
species eliminated from the quantum dot film.
The second pillar of research focuses on constructing the

most efficient device architecture using a given material.
Advances in this area have led to the most recent record
CQD solar cell efficiencies, and will continue to have vital
influence over progress in the field as a whole. Studies must
focus on optimizing both light and photocurrent management,
the goal being full capture of all incident energy, and the high-
yield conveyance of the resultant photogenerated charge to an
external circuit. This will rely on careful engineering of the band
structure of the quantum film in concert with that of selective
top and bottom electrodes. Significant studies have been
performed on the electron-transporting component (trans-

Table 3. Champion Colloidal Quantum Dot Photovoltaic Device Details

description material stack ligand
exciton peak

(nm)
number of
junctions

power conversion efficiency
(%) certified?

Schottky168 ITO/PbS/LiF/Al 1,4-benzenedithiol 1100 1 5.2 N
heterojunction123 TiO2/PbS MPA and CdCl2 950 1 7.0 Y
p−i−n42 ZnO/PbS/PbS TBAI/EDT 935 1 8.6 Y
fused
heterojunction130

TiO2/PbS MPA and CdCl2 1000 1 9.2 N

tandem216 TiO2/PbS/recombination stack/
PbS

MPA 800/1250 2 4.2 N

Figure 25. Pathways forward for CQD photovoltaics.
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parent conductive metal oxides, typically), yet as the

optoelectronic quality of the quantum dot solid improves,

even greater enhancements will be required in both the

electron- and hole-accepting layers to ensure optimal perform-

ance. Research will need to adjust existing systems or apply

novel material solutions, while intensely studying the interfaces

between the quantum dot film and electrodes to eliminate any

potential losses. Photonic enhancements will be required to

further increase absorption in a given thickness of light-

absorbing material.
Finally, as single-junction quantum dot solar cells advance

and improve, a renewed focus will be placed on multiple-

junction integration, with the goal of creating high-efficiency

devices through improved spectral utilization and minimal loss

associated with photocarrier thermalization. Tandem and triple-

junction all-CQD solar cells will exploit control over quantum

dot size to maximize spectral capture efficiency and boost

device voltage. It may be particularly attractive to combine

CQDs, distinctive among solution-processed materials in their

infrared-harvesting capability, with established solar technolo-

gies such as crystalline silicon, or with novel large-gap solar

technologies such as lead halide perovskites.
The past few years have seen a deepening in under-

standingthrough a combination of experimental and

computational studiesof how quantum dots and ligands,

through their composition and binding, lead to rationally

described transport, trapping, and consequent device perform-

ance. While the recent meteoric rise of perovskite photovoltaic

devices has raised concerns from some in the field, we contend

that these two platforms offer more value as complementary

rather than competing research paths. Each platform has

advantages and drawbacks: while perovskites hold the edge in

efficiency, with certified values over 20%, quantum dot films

exhibit significantly greater stability over time, and offer band

gap tunability into the infrared. Continued progress in the

fundamental physical chemistry and device physics of both

CQD and perovskite devices will be mutually beneficial, with

many insights applying to each platform. Colloidal quantum

dot photovoltaics remains a highly relevant, rapidly progressing

field with the opportunity to compete within a growing, highly

diverse solar marketplace.
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Cańovas, E. Interplay between Structure, Stoichiometry, and Electron
Transfer Dynamics in SILAR-Based Quantum Dot-Sensitized Oxides.
Nano Lett. 2014, 14, 5780−5786.
(32) Guijarro, N.; Lana-Villarreal, T.; Lutz, T.; Haque, S. A.; Goḿez,
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Altamimi, R. M.; Alyamani, A. Y.; Vaynzof, Y.; Sadhanala, A.; Ercolano,
G.; Greenham, N. C.; Improved Open-Circuit Voltage in ZnO−PbSe
Quantum Dot Solar Cells by Understanding and Reducing Losses
Arising from the ZnO Conduction Band Tail. Adv. Energy Mater. 2014,
4, DOI: 10.1002/aenm.201301544.
(196) Kemp, K. W.; Labelle, A. J.; Thon, S. M.; Ip, A. H.; Kramer, I.
J.; Hoogland, S.; Sargent, E. H. Interface Recombination in Depleted
Heterojunction Photovoltaics Based on Colloidal Quantum Dots. Adv.
Energy Mater. 2013, 3, 917−922.
(197) Yuan, M.; Voznyy, O.; Zhitomirsky, D.; Kanjanaboos, P.;
Sargent, E. H. Synergistic Doping of Fullerene Electron Transport
Layer and Colloidal Quantum Dot Solids Enhances Solar Cell
Performance. Adv. Mater. 2015, 27, 917−921.
(198) Ehrler, B.; Musselman, K. P.; Böhm, M. L.; Morgenstern, F. S.
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