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Abstract The development of photovoltaic devices,
solar cells, plays a key role in renewable energy sources.
Semiconductor colloidal quantum dots (CQDs), including
lead chacolgenide CQDs that have tunable electronic
bandgaps from infrared to visible, serve as good candidates
to harvest the broad spectrum of sunlight. CQDs can be
processed from solution, allowing them to be deposited in
a roll-to-roll printing process compatible with low-cost
fabrication of large area solar panels. Enhanced multi-
exciton generation process in CQD, compared with bulk
semiconductors, enables the potential of exceeding
Shockley-Queisser limit in CQD photovoltaics. For these
advantages, CQDs photovoltaics attract great attention in
academics, and extensive research works accelerate the
development of CQD based solar cells. The record
efficiency of CQD solar cells increased from 5.1% in
2011 to 9.9% in 2015. The improvement relies on
optimized material processing, device architecture and
various efforts to improve carrier collection efficiency. In
this review, we have summarized the progress of CQD
photovoltaics in year 2012 and after. Here we focused on
the theoretical and experimental works that improve the
understanding of the device physics in CQD solar cells,
which may guide the development of CQD photovoltaics
within the research community.

Keywords colloidal quantum dot (CQD), solar cell,
photovoltaics, carrier extraction, light trapping

1 Introduction

Colloidal quantum dot (CQD) semiconductors are quan-
tum materials, in which the bandgap can be tuned by
altering the size of quantum dots. In 1983, Brus et al.
reported the first CQD synthesis by aqueous and ionic
chemistry [1]. In 1993, Bawendi et al. reported nearly
monodispersed CQD materials using hot-injection method
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[2]. Since then, CQD materials and devices attract great
attention in academics and industries, and show broad
applications from biology to optoelectronics. In the
research of CQD optoelectronics, CQD materials have
been demonstrated to make light-emitting diodes (LEDs),
solar cells, and photodetectors. The development of CQD
LEDs can be found in a recent review [3]. A comprehen-
sive review of CQD photodetectors is available in Ref. [4].

CQD photovoltaics are of great interest in academic and
industry, and have shown rapid progress recently. This
journal published a review on the development of CQD
photovoltaics in year 2011 —2012. Thus, the scope of this
article is to summarize research works of CQD photo-
voltaics in year 2012 and after. There are several review
papers on CQD photovoltaics in the past two years.
Readers can obtain the comprehensive view on the
development of CQD solar cells in Refs. [5,6]. Reviews
from the perspective of device architectures can be found
in Refs. [7,8]. To distinguish from other reviews, this paper
focuses on the theoretical and experimental works that
improve the understanding of device physics in CQD solar
cells and improved device performance following these
principles.

In this review, Section 2 will cover the fundamentals of
generation, recombination and charge transport in p-n
junction solar cells. In Section 3, the development of high
quality CQD films for photovoltaics will be discussed.
Section 4 will focus on light trapping techniques for light
absorption enhancement in CQD films. Section 5 will
include recent progress in material processing and device
fabrication for cost-effective CQD solar cell manufactur-
ing. In the end, some prospective comments will be
addressed.

2 Fundamentals of generation, recombina-
tion and charge transport in p-n junction
solar cells

Photovoltaic devices, solar cells, can efficiently utilize
solar energy by converting it directly to electricity using
organic or inorganic semiconductor materials. Nowadays,
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the materials in high-performance CQD solar cells are PbS
and PbSe, and the dominant device architecture in single-
junction PbS CQD solar cells is p-n junction.

In p-n junction solar cells, an electron-hole pair is
excited after an incident photon is absorbed. Usually,
electron-hole pairs can easily dissociate to free electrons
and holes in inorganic semiconductors due to the low
coulomb binding energy. These free electrons and holes are
collected at the electrodes before they are recombined.
CQD materials have relative low absorption coefficient
(~10*cm™) at their band edges. Thus, several microns
thick CQD films are required to achieve >90% light
absorption. However, current CQD solar cells have an
optimum thickness of ~300nm [7]. To solve this
challenge, researchers work on two approaches: 1) various
methods to suppress recombination for increasing opti-
mum thickness, which will be discussed in Section 3;
2) light trapping techniques for enhancing light absorption
in CQD thin films, which will be discussed in Section 4.

In solar cells, the figure of merit is current-voltage (I-V)
characteristics. In this measurement, a bias voltage is
applied to the two terminal of an illuminated solar cell, and
the current passing through the devices is probed. The
current at zero bias voltage is called short circuit current,
I.. The bias voltage at zero current is called open circuit
voltage, V... The device achieves the maximum photon-to-
electricity conversion at the maximum power point, where
the value of current times voltage reaches the maximum.
At this condition, the ratio of the power of generated
electricity over the power of incident light represents the
power conversion efficiency (PCE) of the solar cell. The
device modeling of p-n junction solar cells is built on five
equations [9]: two current equations, one Poisson’s
equation, and two continuity equations. The following
parameters with extracted values from experiments are
required for quantitative device modeling: electron and
hole mobilities, dopant density, band-to-band recombina-
tion coefficient, semiconductor electronic band structure,
and electrical properties (such as energy levels, densities,
capture cross-sections etc.) of traps. Through simulation,
we can obtain the electric potential, electric field, electron
density, hole density, electron current, hole current,
generation rate and recombination rate at any position in
the device. The difference of electric potentials between
the two terminals is the applied bias. The sum of electron
current and hole current at the two terminals is the probed
current. It is noted that the sum of electron current and hole
current is not constant through the device due to different
generation and recombination rates at different locations.

The optimum thickness of CQD films can be predicted
using device modeling if all these parameters can be
accurately extracted from experiments. However, all of the
quantitative values of these parameters have not been
identified in CQD solar cells. Considering that the device
physics of CQD solar cells is still not fully clear, it is not
possible to assign accurate values for all parameters. For

example, theoretical works [10] suggest that the formation
or breaking of atomic dimers at the PbS and CdSe CQD
surface is the physic’s origin of traps close to conduction
band, but there is no direct evidence from experiments.

Fortunately, after several years’ development in CQD
photovoltaics, there is a simplified picture to describe the
device physics in a p-n junction solar cell with the p-type
CQD film. The density of photo-generated free electrons
and holes are low compared to the dopant density. This is
considered as low-level injection in semiconductors, thus
only the carrier lifetime of electrons is of interest. In low-
injection, Auger recombination can be ignored, therefore
free electrons can only recombine with holes either
through band-to-band transition, or through trap-assisted
recombination (Shockley-Read-Hall process). In band-to-
band transition, the carrier lifetime for electrons is

1
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PbS CQDs are direct bandgap materials, R,. is the
recombination coefficient and is about 10 '°cm’/s for
direct-bandgap semiconductors, so 7y,_y, is in the order of
microseconds for moderate doping (N, ~10'"®cm™). The
trap-assisted recombination is the process combining
electron capture and hole capture, so only those traps
near the mid-gap [11] are effective recombination centers.
The electron lifetime, 7y,,, depends on the energy levels,
densities, and capture cross-sections of trap states.
Although it is unknown in CQD films, it is estimated to
be much smaller than 7,_, in CQD solar cells.

The charge transport in CQD solar cells should be
discussed in two regions: space-charge (depletion) and
charge neutral regions. The charge transport in the
depletion region is a drift process, so the transient time
of electrons, Zyepieion, through the depletion region is
determined by the drift velocity. The charge transport in
charge neutral regions is a diffusion process, so the
transient time, .1, Of electrons through charge neutral
regions depends on the diffusivity. Both drift velocity and
diffusivity are related to mobility of charge carriers. Higher
electron mobility indicates that electrons can pass through
depletion region and charge neutral regions faster, which
leads to smaller transient times in both regions.

The overall collection efficiency of photo-generated
charge carriers in CQD solar cells depends on the
competition between charge transport and recombination.
If 7y, is much larger than Zgepeon, most of the free
electrons and holes generated in the depletion region of p-n
junction solar cells can be collected by the electrodes. If
Tyap 18 mMuch larger than £, most of the free electrons
and holes generated in the charge neutral region can be
collected by the electrodes. When the electron mobility
approaches ~1072cm*-V~'-s', the value of Zgepjeiion is in
the order of nanoseconds. Higher electron mobility will
reduce Zyepletion fOT faster charge transport in the depletion



Xihua WANG. Recent progress in colloidal quantum dot photovoltaics 243

region, so the chance of recombination in the depletion
region may be small in CQD solar cells. Therefore, the
major loss of photo-generated carriers is from the
competition between 7y, and feyyrar-

3 Recent development of CQD solar cells

Motivated by the above device physics, various recent
works have been reported on improving carrier mobility
and suppressing recombination. Other works, such as
using n-type CQD and band engineering within CQD films
to increase depletion region, also help to increase the
optimum CQD film thickness.

3.1 Development of high mobility CQD films

As stated in Section 2, larger mobility means smaller
Laepletion @Nd Zneyiral, and higher power conversion efficiency
(PCE) in CQD solar cells. Therefore, producing high
mobility CQD film is the priority in the development of
CQD solar cells. There have been several reports of
electron mobility above 1 cm?-V '-s! through field-effect
transistor (FET) measurements [12,13]. However, none of
these materials lead to champion devices in CQD
photovoltaics. It is possible that the electrical properties
of CQD films are highly sensitive to material processing.
Material processing methods used to increase carrier
mobility may reduce the carrier lifetime at the same time.
The observed high gate-dependent carrier diffusion length
[14] in FET measurement indicates a high density of mid-
gap traps, which leads to short carrier lifetime. These CQD
films leading to high performance solar cells, as shown in
Fig. 1, only showed modest mobility [15-17] of ~107 to
102ecm*-V'-s7', and were characterized by time-of-flight
or field-effect-transistor measurements. Thus, achieving
high mobility while keep low density of mid-gap traps is
critical in developing high performance CQD solar cells.
High mobility alone, confirmed by FET measurements,
does not assure high performance CQD solar cells.

3.2 Characterization of mid-gap traps

Although the depletion region could be large at equili-
brium, the depletion region of solar cells operated at the
maximum power point (MPP) is smaller due to the nonzero
bias voltage. The PCE of solar cells is calculated when
solar cells are operated at MPP. So high collection
efficiency of carrier in charge neutral region is the key to
achieve high performance for CQD solar cells. As
discussed in Section 2, the competition between 7, and
theurat determines the collection efficiency of carrier.
Recombination via mid-gap traps is a non-radiative
process, however, this process may be characterized by
the transient photoluminescence (PL) measurement, which

probes the population of electrons in the conduction band.
Since 7y,_}, is much larger than 7,,, the measured carrier
lifetime can be considered to be ,,. The diffusion process
in semiconductors is usually characterized by the diffusion

kT
length, Lgifusion = VD7, where D = (—) w and 7 1s the
q

carrier lifetime. The PL quenching measurement is an
effective approach to directly measure the carrier diffusion
length [18]. Both techniques are simultaneously used to
extract the carrier mobility in CQD films. Based on the
above discussion, the optimum thickness of CQD film
thickness should be the sum of depletion region at MPP
and a thickness of ~Lifrusion-

In the past three years, various methods have been used
to characterize the diffusion length and mid-gap traps.
Zhitomirsky et al. measured the diffusion length of CQD
solar cells [19] with 7% PCE using two approaches: devices
with 1D and 3D structures. Both methods gave similar
values for the diffusion length, 60 nm to 80 nm. They also
reported the mobility of ~102cm?-V™'-s™' and the trap
density of ~10'¢ cm® in the CQD films. Kemp et al. reported
a diffusion length of 39 to 86 nm in CQD solar cell by
analyzing the photocurrent extraction efficiency [20]. The
mid-gap trap density measured by open-circuit transient
decay method showed the value of ~2 x 10'® cm® in CQD
films [15]. A more reliable estimation of diffusion length in
CQD films was done by analyzing /- characteristics in
CQD solar cells [21] through a systematic measurement
that was carried out on devices with different thickness. The
diffusion length of ~150 nm was estimated from the trends
of measured FF, J,. and PCE values. As shown in Fig. 2, the
diffusion length is about the thickness of charge neutral
region of optimized solar cells operated at MPP.

For the first time, Carey et al. identified the physical
origin of a trap state in CQD solar cells by theoretical and
experimental studies [22]. They showed that ligand
exchange unintended introduced a high molecular weight
complex, containing both lead oleate and the shorter
conductive ligand, and this poorly soluble complex could
end up embedded within the CQD active layer and served
as traps. Adding an acidic treatment during film processing
could eliminate the complex and led to better device
performance. However, this discovered trap is unlikely to
be a mid-gap trap from its electroluminescence.

3.3 n-type CQD films and p-i-n devices

Before Tang et al. reported the first p-n homojection CQD
solar cell [23] with n-type PbS CQD films in 2012, PbS
and PbSe CQD films showed p-type semiconductor
properties. The p-type behavior comes from ligands used
in solid-state ligand exchange and oxidation by oxygen
and water vapor. The homojunction CQD solar cells
bypass the limit of narrow selection of electron-accepting
layer in CQD solar cells, and may also help to reduce
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interface recombination [24] between electron-accepting
layer and p-type CQD film. Various theoretical and
experimental works [25,26] revealed the physical origin
of n-type behavior in CQD films. The overall stoichio-
metry of the CQD, which can be altered by using different
types of surface ligands, determines whether it is n-type or
p-type.

Recent report [27,28] on air-stable n-type CQD solids
employed inorganic passivants strongly binding to the
CQD surface to repel oxidative attack. Air-stable devices
were fabricated, and showed a PCE over 8% using inverted
quantum junction architecture, as shown in Fig. 3. The
doping level of middle n-type CQD film is very low, so its
architecture is close to a p-i-n junction. Ko et al. also
reported p-i-n heterojunction CQD solar cells [29] using
non-CQD materials as n- and p-type layers.

3.4 Band engineering in CQD absorbing layers

It is well known that the bandgap of CQD films is
influenced by the size of individual quantum dots and the
coupling between quantum dots. Other electrical properties
of CQD films, such as electron affinity and doping level of
CQD films, can also be tuned by synthesis and surface
ligands. This opens the possibility to add graded electrical
properties in CQD absorbing layers. When combine two
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types of CQD films with different electron affinities, it may
offer a favored band offset to block electron flow to the
anode while facilitating hole extraction. When use two
types of CQD films with different doping levels, it will
form a depletion region at the adjacent region that extends
the overall depletion width in solar cells. Therefore
improve the carrier collection efficiency. Chuang et al.
observed the modification of electron affinity in CQD films
[30], and applied CQD films with different electron
affinities to realize favored band bending in CQD films
(Fig. 4). They reported a certified efficiency of 8.55% in
their CQD solar cells. Ning et al. used CQD films with
graded doping levels to achieve favored band bending in
CQD films [31]. Their devices showed a PCE of 7.4%.
Yuan et al. realized the graded doping levels in CQD films
through molecularly engineering surface ligand coordina-
tion [32], and achieved a PCE over 7% in their devices.

4 Enhanced light absorption in CQD films
using light trapping techniques

The low carrier diffusion length limits the optimum
thickness of CQD films to be ~300nm in solar cells.
This thickness is far away from the optimum thickness for
complete light absorption and leaves many of the incident
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Fig. 4 Photovoltaic device architectures and performance (reprinted from Ref. [30])

photons uncollected. In addition to improve CQD film
quality, another way to overcome the above-mentioned
limitation is to increase the chance of light absorption
inside the active layer by increasing the optical path length
of incident light inside solar cell without increasing the
thickness of the light absorbing layer. This is usually
referred as the light trapping technique [33].

Early works using nanostructures were built on the
empirical statement that hole diffusion length was larger
than electron diffusion length in p-type CQD films. So
nanostructured electron collection layer at the p-n junction
interface could help to collect electrons in thick p-type
CQD films. Kramer et al. reported ordered nanopillar
structured electrodes for CQD solar cells [34]. Lan et al.
demonstrated 7.3% CQD solar cells using ZnO/TiO,
nanowire networks [35]. Since transparent conductive
electrodes (TCOs) have different refractive index, com-
pared with CQD films, there may be some scattering
related light absorption enhancement in CQD film, but it is
not analyzed and discussed in these references.

4.1 Light trapping by dielectric nanostructures

Periodic dielectric nanostructures have shown great
potential for light trapping in various types of thin-film
solar cells. In these devices, at least one dimension of
structures is in the nanoscale and comparable to A/2n,
where A is the wavelength of interest and # is the refractive

index of dielectric material. Upon light trapping, the
incident light is converted to optical resonance inside CQD
films and analysis is done via wave optics theory. Adachi et
al. reported a broadband absorption enhancement in CQD
solar cells [36] using periodic nanostructured electrodes.
The patterning of nanostructures was realized using
nanosphere lithography, as shown in Fig. 5. Then the
nanostructured electrode was covered by a semi-conformal
PbS layer by dip-coating. An improvement of 31% in J
was observed due to the enhanced light absorption.
However, due to reduced FF, the PCE was only increased
from 5.3% for the planar device to 6.0% for nanostructured
device. The finite-difference time-domain (FDTD) analysis
showed optical resonance existing in CQD films. Mahpey-
kar et al. investigated the resonant coupling in CQD films
using FDTD simulation [37]. They reported the influence
of various shapes of nanostructured electrodes on the
performance of light absorption enhancement, and pro-
posed a 2D nanobranch array, which was able to maintain
its performance despite structural imperfections common
in fabrication. Mihi et al. reported the coupling of resonant
modes using embedded dielectric microsphere in CQD
solar cells [38]. They observed enhanced photocurrent, and
attempted to maximize the number of resonant modes by
locating microsphere at three different locations. Other
reports used nanoimprinting to fabricate nanostructured
electrodes [39,40], and observed enhanced light absorption
and higher PCE values.
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Fig. 5 Fabricated nanostructured CQD solar cells (reprinted from Ref. [36])

4.2 Light trapping by plasmonics

In the area of plasmonics, two types of surface plasmons
can be generated with metallic nanostructures: localized
surface plasmons (LSPs) and surface plasmon polaritons
(SPPs). In case of LSPs, much smaller metal nanoparticles
(tens of nanometers) efficiently scatter incident light and
focus light in near-field. For SPPs, corrugated metallic films
are required to convert incident light to propagation wave
along the metallic film surface. Both LSPs and SPPs have
been applied to CQD solar cells. Paz-Soldan et al. reported
the enhanced device performance by LSPs using Au/SiO,
nanoshells [41], as shown in Fig. 6. Beck et al.
demonstrated the light trapping in CQD films by SPPs [42].

4.3 Light trapping through enhanced effective absorption
length

Not only nanostructures, but large features as well can help
to break the compromise between CQD film thickness and
carrier extraction length. Koleilat et al. employed an
architecture in CQD solar cells by folding the path of light

propagating in the CQD film [43], and thus the effective
absorption length in the CQD film was enhanced. Labele et
al. reported the CQD solar cells with PCE as high as 9.2%
using hierarchical structuring [44]. They first fabricated
pyramid-shaped transparent electrodes using the stamping
method. Then they conformally coated the pyramid
electrodes with CQD films. As shown in Fig. 7, the
pyramid structure could give more than a 2-fold improve-
ment in effective absorption length, and lead to an overall
24% improvement in short-circuit current density.

5 Toward cost-effective CQD photovoltaics

Current CQD solar cells made in laboratories are based on
solid-state ligand exchange process by spin-coating or dip-
coating. This device fabrication process suffers two
drawbacks: 1) Low efficiency in utilizing CQD materials
— typically below 1%; 2) It is not compatible with roll-to-
roll processing. This section reviews various works to
develop alternative device fabrication methods for low-
cost CQD photovoltaics.
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5.1 CQD inks

In 2013, Fischer et al. developed CQD material based
inks [45] for fast, serial, large-area deposition of CQD
films. They replaced the solid-state ligand exchange by
solution-ligand exchange. The final CQDs were encapsu-
lated with small hydrophilic mercaptane 1-thioglycerol
(TQ), so that the passivation of CQD surfaces is preserved
in the solution while maintaining the colloidal stability of

CQDs. As a proof-of-concept, CQD solar cells using a
single-step deposition were fabricated, and showed a PCE
0f2.1%. This demonstration provides a compatible process
to roll-to-roll printing, which represents a promising step
toward cost-effect CQD solar cell manufacturing. One year
later, Ning et al. pushed this work forward using halide-
based ligands [46]. The finished device showed a PCE

of 6% due to improved CQD passivation, as shown in
Fig. 8.
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Fig. 8 n-type CQD ink based solar cells (reprinted from Ref. [46])
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5.2 Spray-coated CQD solar cells

Spray-coating technique is compatible with roll-to-roll
processing. Kramer et al. demonstrated the Ist spray
coated CQD solar cells on rigid, curved and flexible
substrates [47,48]. They achieved spray coating CQD with
a fully automated process with near monolayer control, and
termed this approached sprayLD. In this technique, they
realized solid-state ligand exchange process using several
automatically controlled fine mists, rather than spin
coating. The spray-coated CQD films were dried using
automatically controlled air blades, as shown in Fig. 9. The
champion sprayLD device showed a PCE of 8.1% on rigid
substrates. They demonstrated the potential transferability
of the spray-coating technique to roll-to-roll manufacturing
by spray-coating the CQD active layer onto six substrates
mounted on a rapidly rotating drum.

solution-processed
semiconductor

carrier
gas

Fig. 9 Illustration of spray-coating technique and finished CQD
devices (reprinted from Ref. [47])

6 Perspectives

By March 2015, the certified efficiency of CQD solar cells
has reached 9.9% [49]. The understanding of device
physics in CQD solar cells has been greatly extended in the
past three years. Light trapping techniques have been
demonstrated in CQD solar cells. Now the research
community of CQD photovoltaics has theoretical and
experimental tools readily available to characterize major
electrical properties of CQD solar cells. It is believed that
researchers will continue to improve the mobility of CQD
films, identify and reduce major contribution of mid-gap
traps in the near future. Initial works on CQD inks and
spray coating techniques are encouraging. The demonstra-
tion of roll-to-roll manufacturing is foreseen in the next 5-
10 years. As the commercialization of CQD photovoltaics

is approached, more works should be started on the long-
term stability of CQD solar cells.
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