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1 Introduction

Abstract: Colloidal quantum dots (CQDs) are attractive materials for solar cells due to their low cost, ease of fabrication and spectral tunability. Progress in CQD photovoltaic technology over the past decade has resulted in
power conversion efficiencies approaching 10%. In this review, we give an overview of this progress, and discuss
limiting mechanisms and paths for future improvement in
CQD solar cell technology. We briefly summarize nanoparticle synthesis and film processing methods and evaluate the optoelectronic properties of CQD films, including
the crucial role that surface ligands play in materials performance. We give an overview of device architecture engineering in CQD solar cells. The compromise between
carrier extraction and photon absorption in CQD photovoltaics is analyzed along with different strategies for overcoming this trade-off. We then focus on recent advances
in absorption enhancement through innovative device design and the use of nanophotonics. Several light-trapping
schemes, which have resulted in large increases in cell
photocurrent, are described in detail. In particular, integrating plasmonic elements into CQD devices has emerged
as a promising approach to enhance photon absorption
through both near-field coupling and far-field scattering
effects. We also discuss strategies for overcoming the single junction efficiency limits in CQD solar cells, including
tandem architectures, multiple exciton generation and hybrid materials schemes. Finally, we offer a perspective on
future directions for the field and the most promising paths
for achieving higher device efficiencies.

Colloidal quantum dots (CQDs), semiconductor particles
with dimensions on the nanometer scale stabilized in
a solvent through anchoring ligands, have emerged in
the last decades as a useful material in diverse applications such as light-emission [1–5], photodetection [6–9],
biosensing [10–14] and photovoltaics [15–18].
This widespread interest stems from the desirable
properties of CQDs including their solution-phase processing and spectral tuning via the quantum size effect,
which in turn facilitates the manipulation of their optical
and electrical properties. CQDs are a particularly promising solar cell material for several reasons. They offer the
potential for the realization of low-cost devices [16, 19–
22] through their ease of manufacturing [16, 23, 24], air
stability [25–27] and film flexibility [28–35], thus making
them compatible with roll-to-roll fabrication techniques.
Though the true costs of scaling up CQD solar cell manufacturing to the gigawatt power scale are unknown, they
are expected to be similar to those for organic photovoltaics [36] because of the similarities in materials, synthesis, and growth processes involved in the two technologies. Second, the steady rise in device efficiencies may indicate that CQD films combine the benefits of bulk semiconductors with those of solution-processed molecular
materials [37–39]. Third, CQDs possess unique optical and
electrical properties that could potentially be harnessed
in strategies for overcoming the single junction Shockley–
Queisser efficiency limit [40].
This last property is of particular interest for a number of advanced photovoltaic concepts. The band gap tunability of CQD materials creates a pathway through which
tandem solar cells can be fabricated using a single materials system, thus eliminating the difficulty of finding
a combination of materials with appropriate band gaps
and suitable lattice matching for optimized multijunction cells [41–47]. Solution-based fabrication methods and
infrared (IR) responsivity enable CQD films to be effectively combined with other materials in hybrid multijunction devices and serve as IR sensitizers. These properties
also offer avenues for performance improvement via light
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trapping and plasmonic enhancement techniques [48–
53]. Lastly, CQDs may have the potential to overcome the
Shockley–Queisser limit through multiple-exciton generation (MEG) [23, 54–59]. MEG can occur in semiconductors when a photon of energy greater than twice the band
gap energy is absorbed, resulting in the generation of multiple charge carriers per single photon absorbed through
impact ionization. MEG rates are predicted to be higher in
CQDs than in traditional bulk semiconductors due to the
discretization of the CQD energy spectrum [60, 61].
This review gives an overview of the field of CQD photovoltaics. We start with materials synthesis and fabrication methods and then discuss CQD optical and electrical
properties of relevance for solar cell applications. Next, we
outline the evolution and diversity of CQD solar cell device architectures. Lastly, we consider various advanced
schemes for achieving high power conversion efficiency
(PCE) in devices incorporating CQD materials and discuss
the most promising avenues for the field moving forward.

2 Colloidal quantum dot synthesis
and properties
2.1 Synthesis methods
The most common types of CQD materials used in solar cell
applications are lead sulfide (PbS), lead selenide (PbSe),
cadmium sulfide (CdS) and cadmium selenide (CdSe). PbS
and PbSe possess small bulk band gaps, 0.41 and 0.27 eV,
respectively [52, 62], making them ideal candidates for tuning the absorption spectra throughout the near-IR portion
of the sun’s spectrum. CdS and CdSe, with larger bulk
band gaps of 2.42 and 1.74 eV, respectively, have found
use in sensitized solar cell (SSC) architectures, and are of
more interest for visible-wavelength applications [63, 64].
They have good absorption in the visible and UV spectrum, larger obtainable open-circuit voltage (V OC ) limits
and have band edges well suited for coupling with many
organic polymers.
A critical factor for most CQD device applications is the
synthesis of highly monodisperse quantum dots. CQD size
is controlled during synthesis by a number of factors, including temperature, precursor concentration and rate of
conversion [54, 59] and degree of saturation. The synthesis
of CQDs typically involves precursor decomposition forming monomers that undergo rapid nucleation followed by
a slow growth phase [58, 65]. The synthesis reaction is initiated at a particular temperature, when the room temperature precursor is injected into a hot noncoordinating sol-

vent (called the “hot injection method”) [66]. The nucleation and growth processes are influenced by a number of
factors including monomer concentration and reactivity,
solution viscosity and reaction temperature.

Fig. 1. (A) Solution-phase absorption spectra of PbS CQDs with excitonic peaks at wavelengths of 880, 1000 and 1600 nm. Spectra
are offset for clarity. Inset: photograph of as-synthesized PbS CQD
solution with excitonic peak at 955 nm. (B) Transmission electron
microscope image of a large ensemble of PbS CQDs with excitonic
peak wavelength of 950 nm. (C) Top-view photograph of a 3 × 3
array of PbS CQD photovoltaic cells (full substrate is 1 inch × 1 inch).

By varying the injection temperature, the size of
the quantum dots can be tuned over a relatively large
range [67]. Figure 1A shows absorption spectra for several PbS CQD solutions synthesized via the hot injection
method with excitonic peaks in the range of 880–1600 nm,
corresponding to CQD diameters of ∼3–6.5 nm [68].
An alternative synthesis method, known as the
“heating-up” method, involves mixing all precursors,
reagents and solvent together at a low temperature and
heating the mixture to a specific temperature [69]. This
method yields similar size dispersity as the hot injection method, but may offer greater scalability potential
due to its simplicity. Single-shot synthesis yields of up
to 40 g of nanocrystals have been reported using this
method [70]; typical syntheses utilizing the “hot injection”
method yield about 0.5 g of nanocrystal material [70].
The most common precursors used for PbS
and PbSe syntheses are lead oxide (PbO), oleic
acid and bis(trimethylsilyl)sulfide ((TMS)2 S) or
bis(trimethylsilyl)selenide ((TMS)2 Se) [58, 71]. However,
(TMS)2 S and (TMS)2 Se are flammable and toxic, and they
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readily hydrolyze with water to form toxic H2 S and H2 Se.
This has led to the development of methods based on alternative precursors, including lead(II) chloride instead of
PbO as the lead precursor to improve the surface passivation of the resulting CQDs [68, 72], and elemental sulfur
instead of (TMS)2 S [73, 74]. Additional novel growth methods have been proposed, including the synthesis of PbSe
in a phosphate glass host [75]. The advantage of crystallizing QDs from the porous glass is that more homogeneous,
larger crystal sizes exhibiting quantum confinement effects could be achieved versus those achieved in the conventional colloidal growth methods [76].
There are many other colloidal nanocrystal materials that have been synthesized using variations of these
methods, including single element materials, such as
graphene [77], silicon and germanium, and compound materials. These compounds include binary, mostly III–V and
II–VI semiconductors such as metal chalcogenides [78–
80], as well as ternary and quaternary compounds [81–84].

2.2 Ligand types
Ligands play an important role in CQD synthesis and electronic film properties [85]. Their main function is to maintain colloidal stability in the solution phase and prevent
CQDs from aggregating during the nucleation stage of synthesis. Pb- and Cd-chalcogenide CQDs as-synthesized typically have Pb- and Cd-rich surfaces [27, 86–88]. There,
the ligands also play an important role in passivating electronic trap states that are otherwise present due to the
presence of undercoordinated surface atoms. Additionally, ligands help to protect CQDs from oxidative degradation, and can facilitate electronic coupling between neighboring CQDs in the film phase. Long organic ligands, however, can act as electronic tunneling barriers, where the
rate of charge transport through the barrier decreases exponentially with the barrier width and the square root of
the barrier height [89–92].
Ligand selection can therefore have a large impact on
CQD solar cell performance, and much effort has been directed in the field toward engineering ligands for better
device operation. Popular ligands for CQD electronic film
applications include alkane and aromatic thiols, amines
and carboxylic acids [16, 85, 93–96], metal chalcogenide
complexes [90] and halogen atoms [97]. Most organic ligands consist of three parts: an inner anchor to the quantum dot, a middle hydrophilic segment and an outer functional group. The freedom in choosing a functional group
gives ligated CQD materials versatility for different applications.
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Metal chalcogenides and metal halides are alternatives to organic ligands commonly used for CQDs in solar
cells. Treatment with metal chalcogenide complexes, such
3−
as In2 Se2−
[98] and Sn2 S4−
4 [98, 99], {In2 Cu2 Se4 S3 }
6 [90],
has been shown to improve interparticle coupling over the
use of organic ligands [90] in CQD thin-film field-effect
transistors.
Metal halide ligands are well suited for trap state passivation, as their small size allows them to access and passivate exposed surface sites inaccessible to longer organic
ligands. Studies have shown that device air stability and
efficiency are greatly increased when the CQD active material is treated with Cl-containing ligands [16, 72]. Several
specific methods have been developed that take advantage
of the properties of halogen ligands. These include a PbS
CQD treatment procedure that deployed iodine-based materials to create an air-stable ink [100], and a PbS/CdS coreshell CQD synthesis method that used chlorine-based ligands to achieve a V OC of 0.66 V through the large band
gap of CdS and the passivating effects of the Cl [101]. The
highest performing CQD solar cells today incorporate some
halide-based ligands into their CQD films [23, 102].

2.3 Film processing
The most prevalent method of forming CQD films for solar
cell applications involves layer-by-layer deposition. This
process can be carried out under inert or ambient conditions and involves several deposition iterations, as the
name implies. One processing step typically includes deposition of the CQDs, followed by a solid-state ligand exchange that densifies the film rendering it insoluble, and
several washes with an organic solvent to remove the exchanged ligands [103, 104]. The ligand exchange process
is vital to improve the overall conductivity of the thin film,
as it replaces the long aliphatic synthesis ligands with
shorter, often bifunctional, linkers [105].
Methods for depositing the CQDs vary, and include
spin-casting [6, 17, 18, 41], dip-coating [106, 107], dropcasting [108,109], spray-coating [110–113] and doctorblading [114, 115]. Figure 1C shows a CQD solar cell array
in which the PbS CQD film was spin-cast using a layer-bylayer deposition process to build up a thick film.
One drawback of the layer-by-layer process is the inefficient use of materials inherent in spin-casting, dipcoating and spray-coating processes. Several methods
have been proposed to address this limitation, such as
developing nanoparticle inks using solution-phase exchanges to shorter ligands [116]. This process allows deposition to occur in a single step that utilizes nearly 100% of
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the CQD starting solution, and offers distinct material and
scalability advantages over the layer-by-layer method.

2.4 Optical properties
The optical properties of CQDs are determined by the size,
composition, ligand structure and shape of the individual
quantum dots [55, 56, 117–119]. The size of the CQD has
a direct impact on the apparent band gap, with smaller
quantum dots exhibiting higher excitation energies. This
is quantitatively shown via the Brus equation [120]:
[︂
]︂
h2 π2 1
1
1.8e2
*
E = Eg +
+
−
(1)
ϵo ϵp R
2R2 m e m h
Here, E* is the apparent band gap, E g is the bulk band
gap, m e and m h are the respective effective electron and
hole masses, ε p is the dielectric constant of the nanoparticle and R is the nanoparticle radius. This formula includes
the additive component of the quantum confinement of
the excitons as well as the subtractive component of the
electron-hole repulsion. For PbS CQDs, a prevalent material for CQD solar cells due to its optimal band gap tuning
range, Moreels et al. showed that the following empirical
equation is a good approximation of the relationship between the effective band gap (in eV) of the CQD and its diameter, d (nm) [121]:
E* = 0.41 + (0.0252d2 + 0.283d)−1

(2)

Particle size influences optical properties beyond tuning the absorption onset. The ambient stability of PbS
CQDs has also been demonstrated to be dependent on the
nanoparticle size [57]. The excitonic wavelength of larger
CQDs (diameter >4 nm) experiences a blue shift when
stored in air, as the un-passivated (100) surface becomes
oxidized and the effective optical particle diameter decreases [57]. It was also shown that the molar extinction
coefficient increases with the CQD volume as d3 (where d
is particle diameter) at higher energies, but only increases
as d1.3 near the band gap [121].
Electroluminescence efficiency is viewed as a good indirect measure of the open-circuit voltage of a solar cell;
thus, achieving large luminescence yields is a requirement in photovoltaic materials. At open-circuit, high luminescence efficiency implies the absence of nonradiative sources of recombination in a solar cell [122]. Typical
as-synthesized CQD solutions possess photoluminescence
quantum efficiencies (PLQE) around 50%, and treatments
such as a cadmium chloride (CdCl2 ) metal-halide passivation strategy have been shown to help CQD solutions maintain these efficiencies even after the washing steps nec-

essary to prepare the CQDs for film deposition [17]. Filmphase PLQEs are much lower, substantiating the view that
CQD film transport is limited by nonradiative recombination processes induced by the large electronic trap state
densities.
Additionally, emission in CQDs is red-shifted with respect to the first (1S) excitonic absorption peak [123]. This
difference between the luminescence energy and the absorption energy is referred to as the Stokes shift, and it
decreases with increasing quantum dot size. The relatively large Stokes shifts observed in CQDs have been partially attributed to the surface properties of the nanoparticles [124].
Ligands play an important role in the optical properties of CQDs. Better passivated surfaces can increase radiative recombination efficiency, leading to higher photoluminescence quantum yields. Ligands can also facilitate
coupling between quantum dots, which can have the effect of red-shifting the absorption and emission spectra
and increasing exciton dissociation rates, thereby lowering radiative recombination rates. One study showed that
photoluminescence quantum yields could be increased by
a factor of 2 when using glutathione (GSH) over tiopronin
ligands due to the presence of an inner thiol group in the
GSH ligand [125]. Silva et al. later showed that the partial hydrolysis of GSH caused some of the sulfur to react with the CdTe to create a CdS shell that provided better surface passivation [126]. Another study found that
when comparing bifunctional carboxylic acid molecules,
the more acidic and shorter chains performed the best optically, leading to an excitonic absorption peak red shift
due to greater electronic coupling between neighboring
dots [127]. This electronic coupling, also seen in the study
of 1,3-benzenedithiol (1,3-BDT), ethanedithiol (EDT), mercaptopropionic acid (MPA) and ammonium sulfide, was attributed to the extension of the electron wave function outside the individual CQDs [128]. This resulted in a reduction
of the quantum confinement of the particles, decreasing
the apparent band gap of the CQDs.
MEG is a potentially useful phenomenon that is predicted to occur at higher efficiencies in quantum-confined
nanostructures compared with bulk semiconductors [129,
130]. MEG can occur when a photon with energy greater
than twice the band gap energy is absorbed. This effect is
explained by impact ionization, during which a high energy, excited carrier decays by transferring its energy to
the promotion of additional electron-hole pairs [131]. Harnessing MEG in a solar cell device could lead to improved
photovoltaic conversion efficiency, as it increases the generated photocurrent while simultaneously restricting heat
generation resulting from phonon scattering [60]. MEG has
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been measured in studies involving both solution-phase
and thin-film CQD materials [60, 61, 132].

2.5 Electronic properties
Critical electronic film parameters that influence CQD solar cell performance include carrier mobility, trap density
and diffusion length (Table 1). Carrier mobility refers to the
speed at which holes or electrons move under an electric
field. Typical carrier mobilities in CQD solar cell films have
been measured in the range of 10−4 to 10−2 cm2 /Vs [94, 133,
134]. Carrier mobilities as high as 8 × 10−2 cm2 /Vs have
been observed in recent PbS CQD photovoltaic film studies [134].
Electronic states that lie within the band gap of a
semiconductor are referred to as trap states, and their
density is usually reported as a measure of material purity. They are detrimental to photovoltaic device performance, as they act as recombination centers for charge carriers. Trap states within CQD films have a variety of physical origins; they can exist on the surface of CQDs due
to incomplete surface ligand coverage, and larger-thanaverage CQDs can also introduce electronic states within
the band gap of a CQD film. Trap state densities in PbS
CQD solar cell films have been reported in the 1016 –1017
cm−3 eV−1 range [17, 133, 135, 136]. Studies have found that
trap state densities in CQD films are sensitive to air [136].
After leaving a EDT-treated PbS CQD film exposed to air
for 2 days, the trap state density increased sixfold from
2.7 × 1016 to 1.8 × 1017 cm−3 eV−1 [136]. This was likely due
to the exposure of the films to oxygen and water, which
shifted the Fermi level and lowered the measured shortcircuit current (J SC ) by 23%. A recent study identified adsorbed oxygen molecules as the mostly likely origin of ingap states measured to lie ~200 MeV above the valence
band edge in a PbS CQD film [137].
Diffusive transport has been a limiting factor in CQD
solar cell performance. Typical diffusion lengths in CQD
photovoltaic films have been measured to be in the range
of 50–100 nm [120, 138]. A recent study demonstrated a
record diffusion length of 230±20 nm by tuning the ligand
structure to enable partial fusing of the CQDs without sacrificing their overall optical properties [134]. Table 1 contains a summary of the mobilities, trap densities and diffusion lengths measured in several PbS CQD photovoltaic
device studies.
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2.6 CQD solar cell devices
CQDs can be deployed in multiple solar cell device architectures. CQD thin films display semiconducting behavior,
and device designs based on these materials have taken
inspiration from bulk semiconductor cells and organic solar cells. Additionally, CQDs have been used as a sensitizing material in electrochemical solar cell designs. Improvements in CQD solar cell efficiencies have relied on
both materials development and device architecture engineering. This section gives a brief introduction to solar cell
operation and overviews the progress in CQD solar cell device designs and performance.
Solar cells are two-terminal optoelectronic devices
that convert light into electricity via the photovoltaic effect. Their operation is typically quantified by several figures of merit, which we will use in the following section.
The short-circuit current, I SC , is the current that flows
through a photovoltaic device at zero bias. I SC depends on
the generation and collection of charge carriers, and the
area-independent short-circuit current density, or J SC , is
often employed in its place. The open-circuit voltage, V OC ,
is the maximum photovoltage obtained from a solar cell
device at zero current. The V OC is largely dependent on the
band gap or absorption edge of the photovoltaic material
and can be reduced by recombination processes. The fill
factor, FF, is a measure of the squareness of the currentvoltage curve and is defined as the ratio of the current
times the voltage at the device maximum power point of
operation to I SC × V OC . The PCE is the ratio of the maximum
power from the device to the input power from the sun, and
is usually calculated as J SC × V OC × FF/100 mW/cm2 , where
100 mW/cm2 is the AM1.5G standard terrestrial solar irradiance.

2.7 Hybrid polymer-CQD and Schottky CQD
photovoltaics
Early devices that used CQDs as the absorbing layer employed a Schottky or metal-semiconductor junction for operation [52]. They relied primarily on the difference in work
functions for the transparent conductive oxide (TCO), and
the top metal electrode to generate a built-in field and
promote the flow of a photocurrent across the absorbing
medium. This absorbing medium was initially a polymerCQD composite layer; however, after further studies on the
electronic impact of the polymer [139], the composite was
replaced with a pure CQD layer. Figure 2A shows the structure of a CQD Schottky junction solar cell.
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Table 1. Summary of electronic properties measured in PbS CQD solar cell films employing different ligand strategies.
Material
Untreated [17, 94, 135]
MPA-treated [133, 135]
EDT-treated [94, 133]
CdCl2 -treated, MPA-treated [17, 134, 135]
RnH2 -Cl-passivated, CdCl2 -treated [134]

Carrier mobility (cm2 /Vs)
<1 × 10−4 (hole)
5.1 × 10−3 (electron)
1 × 10−4 (hole) 2.4 × 10−4 (electron)
4.2 × 10−3 (hole) 2.1 × 10−2 (electron)
8 × 10−2 (electron)

These solar cell designs that used CQDs as both the absorbing medium and charge transport medium were based
on the rectifying junction present at the p-type PbX (X = S
or Se) CQD film and shallow work function metal interface.
Various materials, including Al, Ca, Mg and Ag have been
used as the shallow work function metal in Schottky devices [18, 107, 140, 141]. Improvements in the performances
of these devices led to PCEs exceeding 3%, and air stability
was improved through engineering of the stabilizing ligands [142]. The air stability was further improved through
the insertion of a LiF blocker at the semiconductor–metal
interface to limit degradation [143]. Further studies on improving the air stabilities of Schottky cells have involved
inverting the junction [144] and oxidation of the CQDs at
the semiconductor–metal interface [145].
The CQD Schottky architecture has several advantages, such as functional simplicity and ease of fabrication, and has achieved PCEs exceeding 5% [146]. The major
drawback of this architecture is Fermi level pinning at the
rectifying junction which limits the V OC to well under the
band gap of the material [147, 148].

2.8 CQD-sensitized photovoltaics
The IR sensitivity and high absorptivity of CQDs makes
them attractive materials for use as sensitizers in electrochemical solar cell architectures [149–151].
In these SSC devices, a monolayer of CQDs coats a
porous electron acceptor (usually titanium dioxide [TiO2 ]
or zinc oxide [ZnO]), and hole transport and extraction is
provided by an infiltrated electrolyte. Compared with traditional dyes, CQDs are appealing due to their band gap
tunability via the quantum size effect [152], large intrinsic
dipole moment for efficient charge separation [153–155],
potential for efficient MEG by impact ionization [60, 61,
130] and relative stability under illumination [156–158].
Figure 2B shows the architecture of a photovoltaic cell employing CQDs as sensitizers.
An observed issue in CQD-SSC devices is the detrimental presence of high shunt resistance. In addition, the
small average size of the electron acceptor pore openings

Trap density (cm−3 eV−1 )
1 × 1017
2 × 1016 to 5.4 × 1016
8 × 1016
1.8 × 1016

Diffusion length (nm)
<10
40±10
60±10
230±20

makes obtaining a continuous monolayer of infiltrated
CQDs difficult to achieve. Studies have shown that at saturation, only 14% of the real electron acceptor surface area
is covered by CQDs [159]. This leads to the presence of
shorts at the locations deficient of CQDs, due to the direct contact between the two charge transporting media.
Performing ligand exchanges, where the original lengthy
ligands are substituted for shorter bifunctional ligands,
has improved CQD loading due to the enhanced anchoring of CQDs to the titania electrode [160, 161]. Alternative loading methods, including a pressing technique [162]
and electrophoretic deposition [163], have led to improved
CQD loading and elimination of regions exposed to the redox electrolyte. In recent studies, pH control was demonstrated to increase quantum dot loading as well as reduce
interfacial recombination in CQD-SSC devices [164, 165].
Although performances continue to rise in these device architectures, efficient deposition of high-performing
presynthesized CQDs into the nanoporous electrodes is
a challenge. Alternative loading methods have included
using chemical bath deposition (CBD) [166–168], successive ionic layer adsorption and reaction (SILAR) [161, 169,
170] and ion layer gas adsorption and reaction to form
CQDs in situ [171]. A recent study has shown that although
the SILAR loading method provides more intimate interfacial contact, resulting in efficient charge injection and
higher photocurrents, sensitization using ex situ synthesized CQDs leads to longer electron lifetimes [172].
PCE improvement for these architectures focuses on
three main schemes: (1) FF enhancement, by integrating
counter electrodes that are compatible with polysulfide
electrolytes [173–176], (2) short-circuit current enhancement, by improving absorption in the CQD materials or
harvesting the near-IR portion of the spectrum [156, 177]
and (3) open-circuit voltage enhancement, through the use
of alternative redox systems or by suppressing interfacial
recombination [178, 179]. The highest PCE to date achieved
in a CQD-SSC device is 8.21% [180]. In this study, a novel
sequential double-layer treatment on the CQD-sensitized
photoanode was demonstrated to suppress interfacial recombination while enhancing cell stability.
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2.9 Depleted heterojunction CQD
photovoltaics
As a means to overcome the limitations of the Schottky
junction architecture, as well as to combine the merits
of the Schottky and CQD-SSC architectures, the depleted
heterojunction (DH) CQD solar cell was developed [181].
The DH architecture consists of an n-type electron acceptor forming a heterojunction with a p-type CQD film [181].
The full device structure starts with a substrate (usually
glass or a flexible transparent material) with a transparent conductive oxide (usually indium tin oxide or fluorinedoped tin oxide). The electron acceptor or n-doped layer
is a wide band gap semiconductor, such as TiO2 or ZnO,
and the absorbing p-type CQD film layer is deposited on
top of this layer. Finally, the device is completed with an
optional highly doped metal oxide, such as molybdenum
trioxide (MoO3 ), and a hole-collecting deep work function
metal such as gold. Figure 2C shows the architecture of a
photovoltaic cell employing the DH design.
An additional limitation of Schottky junction devices
is the distance between the photogeneration plane, located near the CQD-TCO interface, and the charge separation junction, located at the CQD–metal interface. The
DH architecture eliminates this issue as photogeneration
occurs very close to the metal oxide–CQD junction itself.
The doping levels of each material determine the depletion widths on both sides of the junction; typically, the ntype wide band gap semiconductor is highly doped to ensure that more of the depletion region falls on the CQD film
side. The electric field associated with the depletion layer
helps promote charge extraction through the CQD film by
extending charge transport beyond the carrier diffusion
length [182].
Several improvements in the performance of DH devices have been made as a result of materials development and architectural modifications. Improvements in
the band alignment between the CQD layer and the wide
band gap semiconductor have been made to ensure efficient injection of electrons [23]. Depletion widths have
been extended through the use of p-i-n architectures, resulting in improved charge extraction and increased absorption [183]. Band alignment and doping engineering in
CQD solar cells will be discussed in depth in a later section.
Many CQD solar cell performance advances have relied on ligand engineering. Most high-performing devices
utilize short thiol ligands [184] in combination with inorganic halide ligands [16], which are delivered through
solid-state or solution-phase ligand exchanges. Improved
ligand strategies typically lower the density of mid-gap
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electronic trap states while increasing diffusion lengths
and carrier mobilities [16, 95, 134, 135, 185].

Fig. 2. Schematics of different CQD solar cell architectures employing: (A) a Schottky junction, (B) CQDs as sensitizers, (C) a depleted
heterojunction.

The highest certified PCE to date of 9.9% has been
achieved in a modified DH architecture [102]. Despite ongoing advances in CQD solar cell efficiencies, performance
is still limited by short charge carrier transport lengths in
CQD films. The discrepancy between the relatively long
IR photon absorption lengths in CQD materials and the
smaller charge carrier transport lengths is referred to as
the “absorption-extraction compromise”. The absorption
lengths in CQD films are typically near 1 µm at the optimum single junction IR band gap wavelengths [186].
As summarized in Table 1, maximum diffusion lengths
of about 230 nm have been achieved in CQD films using
RnH2 -Cl or CdCl2 passivation, leaving a discrepancy of
a few hundred nanometers between the absorption and
transport length scales. The maximum photocurrent possible for a material with a band gap of 1.3 eV is calculated
to be 36 mA/cm2 [148]; maximum photocurrents achieved
in CQD SCs with band gaps near 1.3 eV today are approaching 30 mA/cm2 [23, 25, 187, 188]. Therefore, photocurrent
enhancements on the order of at least 20% are needed to
approach the theoretical limits.
Methods to overcome this limitation include materials
engineering [96, 189–191], device architectural modifications [192–196], incorporation of light trapping techniques
to decrease the effective film absorption lengths [197–202]
and the integration of plasmonic elements to enhance absorption in the CQD material [203–208]. These strategies,
along with other advanced techniques, will be discussed
in the following sections.
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3 Advanced CQD solar cell concepts
3.1 Device architectures for enhancing
carrier extraction

was maintained in the thicker devices. Short-circuit densities were increased from 19.8 mA/cm2 in planar control
devices to 22.5 mA/cm2 in the best performing nanowire
devices.

3.1.1 Bulk heterojunctions
Although heterojunction CQD photovoltaic devices have
achieved higher open-circuit voltages and FFs compared
with Schottky devices, the performance is still constrained
by short carrier diffusion lengths. A large fraction of the
generated carriers do not contribute to the extracted photocurrent in these devices but, instead, are lost through
nonradiative recombination processes. Similar compromises between absorption and charge extraction have
been observed in other solar cell materials. Bulk heterojunction (BH) device designs, in which donor and acceptor phases are mixed together to increase the chargeseparating interfacial area, have been used successfully
in organic solar cells. These device structures enable enhanced exciton dissociation while allowing the thicknesses of the absorbing layers to be increased.
Taking inspiration from this concept, depleted BH devices were developed for CQD solar cells. A porous TiO2
layer infiltrated with PbS CQDs was developed to form a
CQD depleted BH [15]. This design effectively increased absorption, especially in the IR near the band gap energy,
and improved carrier collection efficiency by facilitating
more complete depletion of the CQD film. The increase
in bimolecular recombination due to the large interfacial
area was ameliorated by the induced electric field and a
titanium chloride treatment, which effectively passivated
the TiO2 matrix.
Additional advances in BH structures included the
use of nanowires to increase the CQD film loading fraction [209, 210]. Figure 3 illustrates a bottom-up fabrication
technique that was used to realize nanowire network TiO2
electrodes for a CQD BH solar cell. Dense ZnO nanowires
were first synthesized by a hydrothermal method. Subsequently, TiO2 nanowires were formed by a liquid-phase
deposition (LPD) process while the ZnO was etched away
by the HF, which formed during the process. The final
nanowire fabrication step was a titanium tetrachloride
(TiCl4 ) treatment to fill in the porous nanowire surfaces.
PbS CQDs were infiltrated into the nanowire network. The
extension of the depletion region within the absorbing material allowed for the incorporation of thicker CQD films.
This led to absorption enhancements, particularly in the
IR region of the spectrum, and higher external quantum
efficiency (EQE), indicating that high collection efficiency

Fig. 3. Fabrication procedure for TiO2 nanowire network electrodes
for CQD BH solar cells. (A, D) ZnO nanowires were first synthesized
on an FTO substrate via a hydrothermal method. (B, E) The ZnO
nanowires were converted to porous TiO2 nanowire networks via
LPD. (C, F) Solid TiO2 nanowire networks were formed as a result of
TiCl4 treatment. Reprinted with permission from [209]. Copyright
2013 Wiley-VCH Verlag GmbH & Co. KGaA.

ZnO nanowires fabricated using the same method
have also been used directly as the electrodes in a BH
CQD solar cell [211]. After optimization of the nanowire
size, devices exhibited short-circuit current increases of
50% over planar controls, leading to 35% increases in PCE.
The study revealed that the ordering and uniformity of
the nanowires strongly affected the carrier transport, with
nonuniform nanowires acting as additional sources of series and shunt resistance in the cell. Insertion of a MoO3
interlayer between the ZnO nanowire-CQD film composite and the back electrode was necessary to prevent device
shorting.
A device design with similar inspiration is the bulk
nano-heterojunction (BNH), in which the active layer is
made of mixed phases of n- and p-type nanoparticles. One
demonstration consisted of a blend of p-type PbS CQDs
and n-type Bi2 S3 nanoparticles [212]. The measured carrier lifetime in a cell with an optimized blend ratio of PbS
and Bi2 S3 materials was three times longer than in the
bilayer control device. The improved absorption, carrier
transport, and carrier collection led to a threefold shortcircuit current enhancement and a PCE of 4.87%.
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Further improvements in the BNH design relied
on the formation of pathways for better carrier transport by introducing hyperbranch-shaped CdSe nanoparticles [213]. Compared with isolated CdSe quantum dots,
these nanoparticles formed a continuous network, which
theoretically provided an efficient transport channel for
electrons and holes. The improved carrier collection contributed to a dramatic improvement in cell performance
and a PCE of 5.72%.

3.1.2 Graded doping device designs
Other strategies to increase charge extraction focus on enhancing the built-in field or increasing the depletion width
within the CQD film by modifying the doping densities of
the various cell layers. A p-i-n device architecture accomplishes this goal [183]. Studies employing p-i-n CQD device
designs aim to increase absorption by including thick intrinsic CQD layers sandwiched between highly-doped ntype metal oxides and p-type CQDs treated with alternative ligands. These designs have led to improvements in
short-circuit current and open-circuit voltage. Overall performance has been limited by low FFs due to the large series resistance of the thick intrinsic layer, ultimately leading to PCEs of 3.4% [214].
Another graded doping study used a p+ PbS/n PbS/n+
PbS design in a quantum junction (QJ) cell [215] that improved carrier extraction by introducing a electric field
through the doping gradient. Bromide and iodide-based
ligands were used to realize lightly and heavily doped ntype PbS in the structure. Efficient charge separation was
enabled by the separation of the Fermi-levels through the
high doping densities, resulting in both higher V OC and FF
compared with a conventional QJ reference cell.
Graded doping schemes have also been implemented
in DH cells. One study used both p and p+ PbS layers in
a PbS/TiO2 solar cell [216], where the order-of-magnitude
difference in doping densities was achieved through 3mercaptobutyric acid and 3-mercaptopropionic acid ligand strategies, respectively. At the maximum power point,
the graded doping devices maintained high photocurrent
close to the J SC value due to their superior carrier extraction efficiency. V OC was slightly degraded due to the suppression of the quasi-Fermi level splitting.

3.1.3 Band engineering in CQD solar cells
To date, the best open-circuit voltages demonstrated in
CQD solar cells are still significantly below the theoretical
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limits based on the band gap of the materials. Bulk recombination in the CQD layers, at interfaces and in metal oxide electrodes, as well as Fermi level pinning are sources of
the low V OC . Band engineering of the device layers is one
potential method for achieving higher V OC values in CQD
solar cells.
The n-type metal oxide electrodes can be engineered
to reduce cell voltage losses. In ZnO, a long conduction
band tail of states is frequently observed. These band gap
states are detrimental to carrier extraction since they contribute to electron trapping and loss at interfaces, leading
to a lower V OC . This issue can be alleviated by doping ZnO
with Mg [217]. With increased doping concentrations, the
conduction band edge of ZnO was raised to reduce the density of states below the PbSe CQD film conduction band
edge in one solar cell demonstration [217].
Interface defects are present in both Schottky and heterojunction CQD solar cell devices, leading to fast recombination rates and carrier loss. Air annealing at mild temperatures and UV/ozone treatments have been used to form
a thin oxide layer within the PbS CQD film in a Schottky
junction device [145]. This resulted in the removal of some
interface states and introduced a larger amount of band
bending to the cell. The result was higher V OC and FF compared with a nonoxidized cell.
Interface recombination can be especially severe in
BH architectures since the interfacial area is large compared with planar devices. A ZnO nanowire passivation scheme using a thin TiO2 surface layer prepared by
CBD [218] resulted in significant trap state reduction in one
study and improvement of solar cell V OC from 0.3 to 0.42 V.
However, addition of oxide layers can also increase the cell
series resistance and therefore must be carefully designed
to achieve a net performance benefit.
Introducing buffer layers into CQD solar cells can also
be used as a band engineering tool and can reduce carrier loss at interfaces [219–221]. Organic materials are good
buffer candidates as they exhibit low trap state densities.
One demonstration used a [6,6]-phenyl-C61-butyric acid
methylester (PCBM) buffer layer in a CQD heterojunction
solar cell which resulted in long carrier lifetimes, leading
to 20% PCE enhancement over a control device without the
buffer layer [220].
Another promising strategy involves modifying the
interfacial band structure itself to suppress recombination processes. The piezoelectric effect can be used to induce polarization at a CQD heterojunction interface. In
practice, this has been achieved by using compressively
strained ZnO to induce a positive piezoelectric field polarization [222]. By changing the interfacial charge distribution, the depletion width was extended within the CQD
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film, and a larger band offset was realized, leading to improved carrier generation and extraction. This method decreases in effectiveness with higher illumination intensities due to the polarization screening effect.
Deep work function metals such as gold are used to
form Ohmic contacts to p-type CQD films. However, Schottky barriers can form at the CQD–metal interfaces due to
Fermi level pinning. Thus, MoO3 is often used to pin the
Fermi level on the electrode to avoid forming a Schottky
junction and facilitate efficient hole collection [223].
Ligand treatments have also been demonstrated as an
effective method for engineering band alignments. One
study showed that the conduction and valence band energy levels of similarly sized PbS CQDs can shift by up to
0.9 eV due to different ligand treatments [224]. In another
study, high power conversion efficiencies (8.55%) as well
as superior air stabilities were achieved through the application of different ligand treatments, effectively engineering the relative band alignment at the CQD interfaces with
the selective electrodes [23]. Eliminating the MoO3 layer,
as well as using inorganic ligand-passivated CQDs as the
absorbing layer, was found to be crucial in obtaining ambient stability.
Using core-shell quantum dots has also been proposed as a mechanism to decrease trap-state densities associated with CQD surface defects and improve device stability. PbSe/PbS [214] and PbS/CdS [225] core-shell quantum dots have been reported to facilitate higher conductivity and efficient carrier injection into TiO2 . Using band
alignment engineering between the core and shell materials for optimal separation of electrons and holes led to a
PCE of 3.93% in a device employing core-shell CQDs [163].

from a mixture of different sized CQDs, which greatly simplified the quantum funnel fabrication process [227].

3.1.5 Quantum junction devices
In theory, homojunction-type devices offer advantages
over heterojunction devices due to the elimination of potential voltage losses due to band offsets. Fabricating such
a structure out of CQD films has been difficult due to the
need to engineer both n- and p-type behavior in these materials. An initial QJ demonstration was enabled by the
fabrication of stable n-type CQD films [46].
The doping character of CQD films is determined by
the net stoichiometry of the system considering both the
CQD cores and ligands. In practice, CQD doping types are
affected by the ligands and the chemical processing environments. Halide anion ligands, delivered through tetrabutylammonium iodide or cadmium bromide/iodide treatments, have proven to be efficient in achieving n-type doping of CQD films under inert atmosphere processing conditions [25, 228]. Additionally, PbS CQDs can be treated with
Ag ions during synthesis to increase the doping density on
the p-side of the junction, thereby extending the electric
field farther into the lightly doped n-type films [229]. Bidoping has also been successfully used to achieve n-type
doping of PbS CQDs [230].
Further optimization of the QJ device design resulted
in a field-enhanced device, which employed engineering
of the electric field profile of the junction region [231] as
shown in Figure 4. Slightly smaller nanoparticles were employed on top of the main absorbing CQD layer, which led
to both higher open-circuit voltage and short-circuit current in the field-enhanced solar cell.

3.1.4 Quantum funnels
The quantum funnel device is another concept developed
to enhance carrier transport in CQD photovoltaics. It takes
advantage of the size-tuning effect of CQDs to layer semiconductors with different band gaps and create a photoelectron potential “funnel” [45]. This potential cascade design induces an additional built-in electric field and serves
as a driving force, which improves the minority carrier
transport in device demonstrations. Longer wavelength
photons were absorbed closer to the junction, which increased the FF of a graded solar cell [39]. A subsequent
study demonstrated efficient exciton transfer mechanisms
in EDT- and 1,3-BDT-treated funnels, resulting in enhanced
carrier transport and photocurrent [226]. Centrifugal casting has also been employed as a one-step deposition technique to form CQD films with a graded band gap structure

3.1.6 Light trapping in CQD solar cells
The small charge transport lengths in CQD films limit the
thickness of the active layers that can be used in solar
cells. This has a negative effect on device absorption, especially at longer IR wavelengths. Light trapping, where effective photon absorption lengths are increased via structuring of the device layers, is a potential method to overcome this limitation. Incorporating structured electrodes
to form BH devices is a strategy that can be extended to
light trapping. In addition to enhancing carrier extraction,
structured electrodes can serve as optical scatterers and
in-couplers to enhance photon absorption.
One study used polystyrene microspheres to introduce
nanoscale pores with diameters of about 300 nm into the
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Fig. 4. (A, B) Simulated equilibrium band diagrams of QJ and fieldenhanced QJ structures, respectively. (C, D) Simulated band diagrams at open-circuit conditions for the same structures as in (A)
and (B), respectively, under 1000 W/m2 solar illumination. The fieldenhanced QJ design exhibits a higher open-circuit voltage due to
the increased separation between the Fermi levels of the p- and
n-type layers and (E) a higher built-in voltage at equilibrium. (F)
Simulated electric field inside the solar cell active layers at the maximum power point. The field-enhanced QJ architecture exhibits a
higher electric field magnitude. The electric field vector is directed
toward the p-layer, driving minority holes toward their selective
contact during photovoltaic operation. Reprinted with permission
from [231]. Copyright 2013 AIP Publishing LLC.

TiO2 electrode [232]. The size of the pores led to absorption enhancement in the CQD films due to scattering from
the electrode at visible and near-IR wavelengths. The EQE
enhancement over a wavelength range of 400–1200 nm
also included contributions from improved carrier transport due to the BH structure.
Another study used a stamping process to fabricate
micron-scale pyramid-shaped TiO2 electrodes in combination with conformal CQD deposition [233]. A schematic of
the structure and light path in both planar and pyramidshaped devices is shown in Figure 5. The pyramid shape
was demonstrated both theoretically and experimentally
to be beneficial for increasing the optical path lengths
within the active material at wavelengths longer than
600 nm. Compared with planar devices, the hierarchically
structured CQD solar cells achieved a short-circuit current
density enhancement of 24% and a maximum PCE of 9.2%
with negligible effect on the open-circuit voltage and FF.
The pyramid angle of 54.7 degrees was chosen due to silicon’s natural etch plane for ease of fabrication; sharper
pyramid angles of up to 80 degrees were predicted to result in even larger absorption enhancements, but would
require advanced fabrication techniques.
Another study used a soft nano-imprinting technique
to pattern a diffraction grating into an indium tin oxide
(ITO) electrode and increase absorption near the excitonic
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Fig. 5. (A) Schematics of planar (left) a pyramid-patterned (right)
thin-film solar cells, illustrating the increased light-path-length
advantage of pyramid-patterned electrodes. (B) Cross-sectional
scanning electron microscope image of a planar CQD device. The
film thickness is ∼350 ±30 nm. (C) Cross-sectional scanning electron microscope image of a pyramid-patterned CQD device. The film
thickness is ∼400 ±30 nm. Reprinted with permission from [233].
Copyright 2015 American Chemical Society.

peak wavelength of the PbS CQDs in a solar cell [234]. The
fabrication process used an epoxy stamp, which was left
as part of the device to reduce the number of processing
steps. Spin-cast ZnO was deposited on top of the ITO grating, and a PbS CQD layer planarized the device. In comparison to the flat device, solar cells with the imprinted
electrodes exhibited a onefold increase in light absorption
from 600 to 1100 nm in wavelength. The enhanced absorption directly contributed to the 17.5% increase in device photocurrent while maintaining similar FF and opencircuit voltage as in the planar devices.
Nanophotonic light trapping schemes have also been
used in CQD solar cells. A periodic structured PbS CQD solar cell (Figure 6) was fabricated using nanosphere lithography to create nanopillars in the glass substrate with rationally designed geometrical features [235]. In this architecture, the nanostructure was propagated from the substrate through the device layers using conformal coating
processes. At the interface between the top Au electrode
and the PbS CQD film, a significant increase in field intensity was predicted to occur using finite-difference timedomain simulations. This increase was ascribed to surface plasmon polaritons excited in the structured Au electrode. Furthermore, this structure also demonstrated less
reflection in comparison to planar devices. The absorption

42 | Yan Cheng et al., Advancing colloidal quantum dot photovoltaic technology
thus successfully exhibited strong enhancement, ranging
from 600 to 1200 nm. J SC increased by 31% with further improvement requiring more uniform thickness of the
films [235].

known TiO2 , ITO and substrate materials could result in
short-circuit current densities exceeding 34 mA/cm2 , approaching the theoretical limits for the band gap of the absorber.

Fig. 7. Configuration and geometric considerations in FLP CQD solar
cells. (A) Conventional double-pass CQD solar cell configuration.
(B) Periodic arrangement of FLP CQD solar cells. (C) Geometric considerations for multipass absorption in the FLP cell. Reprinted with
permission from [236]. Copyright 2013 Macmillan Publishers Ltd.

Fig. 6. (A) Forty-five degree tilt angle and (B) cross-sectional scanning electron microscope images of a periodically patterned
glass/ITO/TiO2 solar cell electrode with conformal PbS CQD layer
coating. (C) Finite difference time domain simulation of power absorbed per unit volume in a planar PbS CQD solar cell film (top) and
a nanostructured PbS CQD solar cell film (bottom) at λ = 950 nm.
The two structures have the same total PbS CQD volume. Reprinted
with permission from [235]. Copyright 2013 Macmillan Publishers
Ltd.

Light trapping techniques that rely on purely geometrical effects instead of device structuring have also been
used in CQD solar cells. A metal back mirror was deposited
to create a folded light path (FLP) in one CQD solar cell
study [236]. Compared with the conventional double-pass
absorption scenario at normal incidence, the folded-lightpath structure (Figure 7) achieved a total of six light-passes
through the active layer, which greatly increased the total path length for photons inside the solar cell. Calculations demonstrated that 50 degrees was an optimal tilt angle, and short-circuit current additions of 3 mA/cm2 over
a planar device were achieved using this design. The overall PCE was increased to 7.8%, despite a slight decrease
in open-circuit voltage due to the larger effective device
area. The authors of the study predicted that minimizing
parasitic absorption in the electrodes by using the best-

Another study used an inverted architecture with a
ZnO optical spacer to engineer the spatial optical field profile in a CQD solar cell, leading to increased light absorption in the active layer [237]. A low-temperature synthesis process was used for the ZnO so that it could be deposited on top of the CQD layer without degrading the
electrical properties of the device. The effect of the spacer
layer on the short-circuit current density was dependent
on the thicknesses of both the ZnO and PbS CQD layers,
which were adjusted to locate the constructive interference
within the CQD layer. The inverted architecture and ZnO
deposition process introduced some compromises to the
electrical performance of the device.

3.1.7 Plasmonically enhanced CQD solar cells
Plasmonics is a rapidly emerging technology of interest
for increasing absorption in photovoltaics [238, 239]. Metal
nanostructures can be used to confine light to nanoscale
dimensions for absorption enhancement via near-field effects or can be used as plasmonic scatterers in far-field
light trapping schemes. These properties, along with the
ability to seamlessly integrate solution-processed metal
nanoparticles into CQD films, make plasmonics a promising method for overcoming the absorption-extraction
compromise in CQD solar cells.
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In practice, plasmonic materials can act as recombination centers within a semiconducting film, reducing
the charge carrier density within a solar cell. Additionally, most plasmonic materials are sources of parasitic
absorption. Therefore, materials composition, plasmonic
nanoparticle size and shape, and placement within the solar cell of the plasmonic elements need to be carefully designed in order to obtain real improvements in device performance.
One study identified spherical SiO2 -Au core-shell plasmonic structures as being of interest for CQD solar cell
integration due to their large scattering-to-absorption ratios [240]. Figure 8 shows a transmission electron microscopy (TEM) image of the well-defined core-shell structure. In the study, CQD devices with integrated Au
nanorods exhibited no increase of the short-circuit current density due to parasitic absorption loss introduced
by the nanorods. By introducing Au nanoshells, absorption was enhanced by 100% near the plasmon resonance
wavelength over nonplasmonic CQD devices. As a result,
the overall PCE was increased to 6.9%, an 11% improvement over the reference cell.

Fig. 8. Plasmonic–excitonic solar cell device design. (A) Schematic
of the PbS CQD DH device with embedded nanoshells. (B) Top view
scanning electron microscope image showing representative density of nanoshells after CQD deposition. Scale bar, 1 µm. (c) Crosssectional TEM image showing a single gold nanoshell embedded
in a PbS CQD film. Scale bar, 100 nm. Reprinted with permission
from [240] Copyright 2013 American Chemical Society.

Another demonstration deployed Ag nanocubes in a
BH ZnO nanowire-PbS CQD solar cell to enhance absorption through both near- and far-field scattering [241]. The
nanocubes had edge lengths of 80 nm and a radius of curvature of 10 nm and were designed to exhibit a localized
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surface plasmon resonance (LSPR) between 700–1200 nm,
the spectral range where the PbS CQD film was weakly absorbing. The position of the cubes within the cell was important; they were placed far from the front FTO electrode
in order to avoid blocking visible light from entering the
cell. In addition to the expected increase in J SC , the device
V OC and FF were also improved through higher carrier extraction efficiency.
Plasmonic nanoparticles have the ability to drastically enhance electric field intensities within their near
fields and can therefore in theory be used in light-trapping
schemes that exceed the maximum classical thin-film absorption enhancement factor of 4n2 , where n is the refractive index of the absorbing medium [239, 242]. One study
developed plasmonic solar cells which took advantage of
the near-field effect in 5 nm Au nanoparticles [243]. Hot
electron transfer directly from the excited plasmonic Au
nanoparticles to the PbS CQD medium was optimized by
the integration of a wide band gap semiconductor (CdS)
to passivate the plasmonic nanoparticles. This design reduced carrier scattering while improving the stability of
the heat-sensitive films.
Plasmonic grating couplers have also been effective in
trapping light in CQD solar cells through the use of surface plasmon polaritons [244]. Plasmonic gratings can be
easily integrated into devices through nanostructuring of
the metal electrodes. Gratings can be designed to have
a large overlap between the diffraction order and metal
nanoparticle resonances to efficiently couple light into the
active layer of a cell, resulting in increased light absorption
and photocurrent. As with integrated plasmonic nanoparticles, however, care must be taken to minimize Ohmic
losses associated with parasitic absorption in the metals. A
simulation study found that Au nanoparticles with diameters of 140 nm could exhibit strong coupling and lead to
an EQE enhancement at the excitonic peak of a CQD solar
cell [244].
In addition to providing optical enhancements, plasmonic elements can be used as electrodes in CQD cells.
Plasmonic Ag nanoparticles have been used to form a
Schottky nanojunction with a PbS CQD film in a photovoltaic device [245]. Both small (40 nm diameter) and large
(120 nm diameter) Ag nanoparticles were produced by an
evaporative self-assembly technique. The smaller particles
had an LSPR at 850 nm, and the larger particles exhibited an EQE enhancement at shorter wavelengths due to
a Fabry–Pérot resonance at 580 nm that their inclusion induced in the solar cell.
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3.1.8 Multijunction solar cells incorporating CQDs
Multijunction or tandem solar cells are a successful strategy for overcoming the single-junction Shockley–Queisser
efficiency limit [246, 247]. Typically, they are composed of
stacked series-connected single junction solar cells with
different band gaps in which each active layer harvests
part of the solar spectrum. CQDs are considered particularly promising materials for multijunction solar cells
since their band gaps can be tuned via the quantum size
effect throughout the visible and IR portions of the electromagnetic spectrum.
Two main requirements must be considered in designing an efficient tandem CQD solar cell. First, the individual low and high band gap cells must be current-matched
which can be achieved by adjusting the active layer thicknesses. The second criterion is making sure that holes from
the front cell can recombine with electrons from the back
cell efficiently without severe potential loss. Tunnel junctions or recombination layers have been introduced in tandem cells in other materials systems to achieve this second
goal [41, 44].
One of the first all-CQD tandem devices employed series connected PbS CQD-TiO2 cells with a graded recombination layer (GRL) [41]. Instead of using a deep work function contact between the cells, the GRL consisted of thin
layers of sputtered MoO3 , ITO and aluminum-doped zinc
oxide (AZO). Stacked in that order, the three metal oxide
layers exhibited a gradual decrease of work function with
MoO3 and AZO matching the work function of the PbS CQD
and TiO2 films, respectively. The overall open-circuit voltage of the tandem cell (1.06 V) in this demonstration was
approximately equal to the sum of the open-circuit voltages of the two constituent single junction cells. With a J SC
of 8.3 mA/cm2 , the tandem cell achieved a PCE of 4.21%.
Transparent n-type oxide layers are good candidate materials for graded doping layers in CQD tandem
cells, thanks to their favorable doping levels and work
functions [191]. Oxides with high doping levels exhibit
tunneling-dominant transport while thermionic transport
mechanisms are dominant at low doping levels. For
a single-material recombination layer strategy, shallow
work function materials are preferred, since deep work
function materials would exceed the barrier limit for tunneling transport (0.75 eV).
Another early CQD tandem cell demonstration was
based on a solution-processed PbS CQD-ZnO design
incorporating a metal-based recombination layer [44].
Taking inspiration from organic tandem solar cells,
this design used a Au (1 nm)/pH-neutral poly(3,4ethylenedioxythiophene) (PEDOT) polystyrene sulfonate

interlayer. The Au layer was inserted to compensate for
the large band offset between PEDOT and ZnO. The tandem cell exhibited a V OC of 0.91 V, a J SC of 3.7 mA/cm2
and a PCE of 1.27%. Other metal interlayers such as Ag
and Al were also attempted, but instead of forming Ohmic
contacts, they induced a large series resistance, which
deteriorated the device performance.
The high absorption coefficient in the visible portion
of the spectrum seen in CQD films makes current matching
in all-CQD multijunction cells difficult. Narrow band gap
polymers offer complementary absorption properties that
can be used in conjunction with CQD films to form hybrid
tandem architectures. A blend of poly(3-hexylthiophene)
(P3HT) and PCBM was used as the back subcell in a hybrid tandem device that included an interlayer consisting
of WO3 and Al [249]. The limiting factor in the device J SC
was the low current produced in the back subcell. Optimization of the thicknesses of both the PbS CQD and
P3HT:PCBM layers resulted in better current matching, relatively high V OC , and 1.8% PCE. Though the efficiency in
this device was not competitive with the best CQD-only
tandem demonstrations, improvements could be made
in the organic active layers used as the front subcells.
This includes using smaller band gap organic materials
such as poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1b;3,4-b 0]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)].
In the highest performing single junction CQD solar
cells, efficient electron injection from the CQDs into the
n-type material (usually TiO2 or ZnO) is determined by
the band alignment at the heterojunction interface. Hence,
it is difficult to optimize small band gap single junction
CQD solar cell performance in a heterojunction architecture, because the lowering of the conduction band edge
in small band gap CQD films results in unfavorable conditions for charge injection. The results of studies that have
been done on optimizing performance in single junction
solar cells employing CQD films with band gaps near 1 eV
are summarized in Table 2.

3.1.9 Multiple exciton generation
In addition to tandem architectures, MEG can be used as a
mechanism for overcoming the single-junction Shockley–
Queisser efficiency limit that is of particular interest in
CQD solar cells. In semiconductors, when a photon with
energy greater than twice the band gap energy is absorbed,
multiple electron-hole pairs can be generated if momentum conservation conditions are satisfied. This process
is of interest for solar cells since one photon can potentially produce more than one photocarrier pair, leading to
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Table 2. Summary of selected optimized studies in single junction CQD solar cells with band gaps near 1 eV.
Structure
Depleted heterojunction [181]
Depleted heterojunction [250]
Schottky [251]
Depleted heterojunction [73]
Depleted heterojunction [252]

CQD material
PbS
PbS
PbS0.7 Se0.3
PbS
PbS

Band gap (eV)
0.9
1.0
1.0
1.0
0.95

quantum efficiencies exceeding 100%. This process is predicted to be more efficient in quantum confined nanostructures, such as CQDs, because momentum conservation conditions are relaxed in these structures and competing phonon scattering processes are reduced [60]. Transient absorption spectroscopy has been used to study MEG
in CQDs and obtain quantum yields [60, 253, 254]. Various
studies on quantum confined materials including PbSe,
PbS, CdSe, CuInSe2 and PbSx Se1−x alloyed CQDs have
measured MEG processes with different thresholds and
quantum yields [60, 254, 255].
The first CQD solar cell demonstrating MEG was reported in 2011. It showed a peak EQE of greater than
100% at short wavelengths, with a maximum value of
114% [256]. A BH architecture employing MEG was used to
enhance carrier extraction. The key to achieving high MEG
efficiency was a ligand exchange process employing hydrazine. Devices that used hydrazine-treated PbSe CQDs,
as opposed to those using conventional dithiol treatments,
showed improvements in all solar cell parameters, including J SC , V OC ,FF and PCE. The MEG device internal quantum efficiency (IQE) was obtained from the EQE measurements, taking into account absorption and reflectance in
the cell. The IQE reached a peak of 130% at short wavelengths in cells using CQDs with a band gap of 0.72 eV. To
maximize the performance effects, developing materials
engineering strategies that move the MEG threshold closer
to twice the band gap energy will be important.
To further understand and increase the MEG efficiency, studies have been done on nanocrystals with various shapes, sizes and surface ligands [253, 257–259]. Related studies on measuring hot electron cooling rates using transient absorption spectroscopy have also been conducted [260]. One study observed slower cooling rates in
PbSe/CdSe core-shell nanostructures along with high MEG
yields and lower MEG threshold energies [261]. The authors attributed this improvement over core-only structures to the interaction of valence band states between the
core and shell.
Singlet exciton fission is an analogous process to MEG
that can occur in organic semiconductors, although extracting the low-energy triplet products is a challenge. Sev-

VOC (V)
0.38
0.4
0.45
0.44
0.48

JSC (mA/cm2 )
11.3
17.4
15
23.8
31

FF (%)
21
58
50
61.2
52

PCE (%)
0.93
4
3.3
5.35
7.3

eral recent experiments have demonstrated the efficient
transfer of the triplet products of singlet exciton fission
in organic materials to CQD materials in hybrid architectures. One study observed multiple triplet exciton generation in pentacene followed by transport to PbSe CQDs via
Dexter transfer [262]. The transfer process was only efficient when the band gap of the PbSe CQD material was in
resonance with the energy of the triplet excitons. Another
study observed triplet transfer from tetracene to size-tuned
PbS CQDs [263]. Shorter ligands were also found to facilitate higher transfer efficiency. By using singlet fission, the
PCE in hybrid organic-inorganic architectures can in theory be enhanced through additional photocurrent generation.

3.1.10 Luminescent solar concentrators
Luminescent solar concentrators (LSCs) have been developed in parallel with photovoltaics as an alternative strategy for covering large areas with solar-harvesting materials. The key component of LSCs is a dye or other luminescent material that absorbs and then re-emits light, which
is directed through a waveguide to a relatively small solar
cell for conversion into electricity. The use of LSCs in theory decouples light collection and charge transport, and
allows for the collection of both direct and diffuse light
without the need for tracking or scaling of expensive solar cells over large areas. CQDs have been proposed as a
promising candidate material for LSCs.
There are several optical design challenges associated
with building efficient LSCs. These include minimization
of reflection and transmission losses in the system, as well
as high luminescence quantum efficiency. Importantly, the
luminescent materials need to exhibit broadband absorption and minimal spectral overlap between their absorption and emission in order to minimize reabsorption. Recently, CQDs with both broadband absorption and high
photoluminescence quantum efficiency have been investigated as a promising candidates for use in LCS. The main
obstacle for developing CQDs as LSC materials is their relatively small Stokes shifts (spectral separation between ab-
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sorption and emission bandwidths), which are associated
with large reabsorption probability [264].
One of the strategies to reduce reabsorption in CQDs
is by doping them with metal ions and using the resulting lower energy intraband gap states for emission. Doping effectively alleviates reabsorption by increasing the
Stokes shift in the CQDs. However, doping can also lower
the quantum yields (to less than 30%), which negatively
impacts the overall conversion efficiency [265].
Another promising approach is to employ core-shell
quantum dots with type II heterostructures to tune
the Stokes shift. A CdSe/CdS core-shell CQD was proposed to spectrally separate absorption and emission
processes [266]. The thickness of the CdS shell was designed to isolate the inner CdSe core and effectively reduce nonradiative recombination. A Stokes shift of larger
than 400 MeV was observed in the core-shell photoluminescence spectra, compared with a Stokes shift of about
70 MeV for CdSe core-only quantum dots. As a result, a
100-fold increase in the number of photons reaching the
solar cell in a LSC setup was achieved. Another study on
the CdSe/CdS core-shell CQD system used a modified synthesis procedure to achieve a doubled 82% quantum yield
compared with the thick shell CQDs [267]. The absorption
efficiency was 48% in that system, with optical losses attributed to other effects such as reflection, transmittance
and nonuniform quantum yield.
Another demonstration used Mn2+ -doped ZnSe/ZnS
core-shell CQD structures in a LSC system [268]. Due to
a large difference in the absorptivity between the Mn2+
ion inclusions and the ZnSe, a Stokes shift of 1 eV was
obtained. The photoluminescence quantum efficiency of
the CQDs was nearly 53% and further improvements were
predicted to be possible by optimizing the CQD passivation. A Cd1−x Cux Se CQD materials system with an
even narrower band gap was employed to fully utilize
the solar spectrum [269]. Thanks to both high absorption and little overlap between the absorption and emission spectra, it compared favorably with CdSe/CdS coreshell, CdSe/CdS dot-in-rod and Zn0.87 Cd0.11 Mn0.02 Se/ZnS
demonstrations [269]. Other CQD LSC demonstrations include ternary I–III–VI2 CISeS materials [270], which exhibited high absorption and a large Stokes shift of 530 MeV.
Apart from the radiative quantum efficiency of the luminescent materials, the waveguide used in LSC systems is
another potential source of light loss. CdSe/CdS CQDs were
used in combination with a photonic mirror which assisted
in trapping the emitted light inside the waveguide [271].
The photonic mirror allowed the portion of the light that
was not trapped by total internal reflection or scattered to
be efficiently harnessed. A 60% photoluminescence effi-

ciency was demonstrated, and a high concentration factor
of 30 was achieved in that system.

4 Conclusions and perspectives
CQD solar cell efficiencies have improved dramatically in
a single decade, from their inception in 2005 to the highest certified PCEs today of 9.9%. The field still holds great
potential for further improvements, which will require a
systematic understanding of intrinsic transport mechanisms, wise architecture design and the incorporation of
advanced nanotechnology concepts. Improving transport
in CQD thin films remains the greatest challenge in realizing single junction efficiencies of 15–20% that are comparable to crystalline thin film technologies.
In the materials engineering sphere, the large electronic trap state densities in CQD films impede efficient
transport and limit solar cell V OC . Novel materials with
better surface passivation must be engineered, given that
most of the trap states are attributed to imperfectly passivated nanocrystal surface sites. Carrier mobilities are still
limited to the 10−3 to 10−2 cm2 /V/s range, which is well below those found in the best-performing traditional semiconductor solar cells materials. Diffusion lengths must
also be improved. There is evidence that transport in CQD
films is largely trap-limited and that improving this aspect
of the materials will simultaneously lead to higher mobilities and diffusion lengths [272].
Developing solar cell architectures that deploy the
unique properties of CQDs, in combination with band engineering, is a promising way to enhance carrier extraction and achieve large photocurrents. However, methods
to improve carrier extraction can introduce detrimental
side effects, including additional series resistance or interface recombination. Other strategies that rely on complicated fabrication procedures detract from the scalability
of solution-based processing methods as a selling point of
CQD materials. Therefore, it is important to take a comprehensive view of device design when developing new solar
cell architectures.
Photon management, including integrating plasmonic elements, continues to be a promising avenue to
increasing performance in CQD solar cells. New plasmonic
enhancement strategies will require the design of the materials and structures that maximize field enhancement
in the active material while minimizing parasitic absorption in the plasmonic elements themselves to achieve a
net increase in J SC . Developing other hybrid materials and
photonic strategies that allow absorption in CQD films
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to be better matched to the solar spectrum through complementary functionality is another promising research
avenue.
Although CQD solar cell efficiencies are reaching parity with other solution-processed photovoltaic materials,
much of the promise of this materials system lies in its
potential to be used in hybrid strategies for overcoming the traditional single-junction efficiency limits. Recent
demonstrations combining CQDs with other materials, including transfer of spin triplets generated through singlet fusion in pentacene [262] and tetracene [263] to PbSe
and PbS CQDs, as well as heteroepitaxially grown CQD hybrids [273], should lead to next-generation device applications. The band gap tunability and solution-processed deposition of CQDs make them of particular interest for use
as IR layers in multijunction strategies with other materials acting as the visible cells. Additionally, exploitation
of MEG in CQD films has received much interest due to recent demonstrations of greater-than-unity IQE in CQD solar cells [256]. In order to achieve real PCE gains, understanding the fundamental processes affecting MEG yields
will be critical, as will developing schemes to suppress fast
relaxation processes and improve carrier extraction.
In conclusion, CQDs remain a promising material set
for scalable photovoltaic technologies, as well as an intriguing test-bed for studying fundamental processes involved in nanoscale energy generation and transport.
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