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Towards the commercialization of colloidal
quantum dot solar cells: perspectives on device
structures and manufacturing

Hyunho Lee, (2 +2 Hyung-Jun Song, 2 +* Moonsub Shim 2 *® and
Changhee Lee () *¢

Over the past decade, colloidal quantum dot solar cells (CQD-SCs) have been developed rapidly, with
their performances reaching over 16% power conversion efficiency. Accompanied by the development
in materials engineering (CQD surface chemistry) and device physics (structures and defect engineering),
CQD-SCs are moving towards commercialization. A broad overview of the requirements for
commercialization is thus timely and imperative. Broad comprehension of structure engineering,
upscaling techniques, stability and the manufacturing cost of CQD-SCs is necessary and should be
established. In this review, the development of device structures is presented with their corresponding
charge transfer mechanisms. Then, we overview the upscaling methods for the mass production of
CQD-SCs. Comparisons between each of the upscaling techniques suggest the most advanced process
close to industrialization. In addition, we have investigated the origin of the photovoltaic (PV)
performance degradation. The possible degradation sources are categorized according to external
environmental factors. Moreover, strategies for improving the stability of CQD-SCs are presented. In the
conclusion, we have reviewed the cost-effectiveness of CQD-SCs in terms of the niche PV market.
Step-wise manufacturing cost analysis for the commercial CQD-SCs is presented. In the conclusion, the
future direction for environment-friendly CQD-SCs is discussed.

Colloidal quantum dots (CQDs) have received growing attention with respect to solar energy harvesting systems on account of the possibility of using them for
multi exciton generation, and their ease of energy level control, and solution-based processing. The efficiencies of CQD solar cells have increased rapidly and
reached over 16%. It is expected that CQD solar cells will enter a market for non-utility scale, portable, and flexible applications. By utilizing their wide range
(~1400 nm) light absorbance characteristics, CQD solar cells can convert low energy infrared light into electricity, which is barely harvested by conventional
crystalline silicon solar cells or other emerging photovoltaics. Moreover, adding a stack of low band gap CQD solar cells to conventional (crystalline silicon)

photovoltaic systems, in so-called tandem structures, could boost their efficiency by converting low energy IR light into electricity. This review aims to provide a
comprehensive summary of the current status of CQD solar cells from the viewpoint of the progress in terms of performance and the development of the device
structure. In addition, the key issues surrounding CQD solar cells for realizing large-sized stable devices are addressed. Moreover, opportunities and challenges
for marketability and mass production will be discussed.

“ Department of Materials Science and Engineering, Frederick Seitz Materials

1. Introduction

Colloidal quantum dots (CQDs) are chemically synthesized
semiconductor nanocrystals with sizes of typically less than
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bulk materials.' Thus, CQDs have drawn much attention as a
highly flexible platform for realizing next-generation optoelec-
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decreasing the manufacturing cost.” Consequently, over the
last two decades, significant progress has been achieved in
the area of CQD-based optoelectronic devices, including light-
emitting diodes (LEDs), field-effect transistors (FETs), and
photodiodes.? Currently, CQD-incorporated LEDs compete with
other devices in the high-end display market.* Other applica-
tions for the development of highly-efficient and commercially-
available devices have also been intensively studied.

CQD solar cells (CQD-SCs) have very promising applications.
First, these SCs can be fabricated on flexible plastic substrates
using a solution-based approach. In addition, CQD films meet
the requirements for efficient solar energy harvesting systems
in terms of their optical and electrical properties. As the absorp-
tion coefficients of CQDs are ~10° cm™*, a film of only a few
hundred nanometres is sufficiently thick enough to absorb
sunlight in the range of the CQD bandgap (E,).” Moreover, the
E, of a CQD can be easily tuned by varying its size and shape, to
achieve the desired value. Thus, a broad spectral range can be
harnessed in CQD-based SCs. Furthermore, such cells have the
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potential to be utilized in tandem devices, incorporating other
CQDs and/or thin-film SCs. In particular, large-sized CQDs can
convert IR light into electricity, which is suitable for the bottom
cell of a tandem structure. Regarding the electrical character-
istics, the carrier mobility of a well-prepared CQD film exceeds
1 em”® V7' s, which allows the photogenerated carriers to
be transported to the electrode with only small losses.>”
Additionally, preferentially oriented carrier transport can be
achieved in anisotropic nanostructures, such as nanorods and
tetrapods.®'° Also, the energy levels of a CQD can be modified
by controlling its surface treatment.'"'> Different from other
bulk semiconductor materials, in CQD films, hot carrier extrac-
tion is possible via multiple exciton generation (MEG). Owing
to the quantum confinement in a CQD, its efficiency of MEG,
in which two excitons are generated from one absorbed high
energy photon, is higher than that in bulk semiconductors.®
Empirically, the external quantum efficiency (EQE) of PbS CQDs
has been reported to exceed 100% in the blue and UV regions."*
Thus, CQD-SCs are expected to be a platform to overcome the
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Shockley-Queisser limit of a single cell.'> By exploiting the
excellent optical and electrical properties of CQDs, the certified
power conversion efficiencies (PCE) of CQD-SCs have recently
exceeded 16%.

Many materials and compounds have been suggested as
solar energy harvesting CQDs. Originally, II-VI CQDs with toxic
Cd (Cdse, CdTe and Cds) were adopted in SCs. However, the E,
values of these CQDs are large, so their absorption spectrum
can only cover the visible light range (up to 800 nm). To utilize a
wide solar spectral range extending to the infrared (IR) region,
many non-toxic binary (InAs, InP) and ternary (AgBi,S, CulnS,,
CulnSe,)-based nanocrystals have been introduced into SCs."®
Since the bulk films of these compounds exhibit excellent
photovoltaic (PV) properties, highly efficient devices are expected
to be fabricated when employing these non-toxic CQDs within
them. However, the device efficiencies of these CQD-SCs are not
very high because of the poor understanding of their energy
levels, poor size control, and lack of a good synthesis method
to produce them. To date, most record high results have been
obtained from SCs with PbS and PbSe nanocrystals, which
absorb in a broad range of the solar spectrum, from UV to IR.

Fig. 1 shows the development of the PCE of the CQD-SCs
(Pb-based) and the number of publications over time. Over two
thousand studies have been reported since 2008, contributing
to the improvement of the PCE over the past decade. The field
of CQD-SCs is now moving towards their commercialization
with the featured advantages of CQDs. Although intensive
studies have been conducted to improve the efficiency and
stability of CQD-SCs, they are still lab-scale and prototype
devices compared to other types of solar cells. According to a
market survey by the Fraunhofer Institute of Solae Energy (ISE,
Germany) and the National Renewable Energy Laboratory
(NREL, United States), the annual installation of photovoltaic
systems exceeded 90 GW in 2018. Among the many types of
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Fig.1 PCE development of CQD-SCs based on the accumulated number
of publications over the years. Each plot of the PCE is based on Table 1.
The red dots represent PbS- and PbSe-based CQD-SCs. The sky-blue dots
represent CsPbls CQD-SCs. The green dot represents the PCE record held
by the National Renewable Energy Laboratory (NREL). The type of active
layer has not been reported. The plot data is taken from the Web of
Science, found by searching for quantum dot solar cells and colloidal
quantum dot solar cells.
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Table 1 The PCE development of CQD-SCs

Published year PCE (%) Reference (type of active layer)
2008 2.1 PbSe™

2009 3.4 PbSe*’

2010 2.9-5.1 Pbs>'7%3

2011 5.1-5.7 Pbs>*%7

2012 5.4-7.4 Pbs?8731

2013 7.3-8.4 Pbs?*3*

2014 6.1-8.6 Pbs?38

2015 7.3-9.0 Pbs*9 !

2016 9.0-10.6 Pbs,'?*274¢ CspbI,*”
2017 10.4-11.6 Pbs,**°3 CsPbI,*

2018 10.6-12.5 PbS,>%°7%2 Cspb1,**%*
2019 10.4-16.6 PbS,® CsPbl;,%*%7 etc.*®

cells, crystalline silicon (C-Si) and other thin film-based cells
(CdTe, Cu-In-Ga-Se, amorphous Si and GaAs) are competing in
the PV market, and their manufacturing facilities are already
over the GW scale (please see Fig. 2)."”'® On the other hand, other
emerging technologies, including CQDs, perovskites, organics
and so on, are still being used to enhance the performance of
prototype devices. Currently, only a few companies (e.g. QD solar,
Quantum materials corp.) aim to demonstrate commercially
available CQD-SCs, while others (e.g. Nanosys, Nanoco, QD vision
and so on) focus on improving the electrical and optical properties
of QDs. Nevertheless, as the performance of CQD-SCs has been
enhanced significantly over the last decade, it is expected that they
will enter the flexible solar cell market very soon. To occupy
a proper PV market share, several issues should be addressed,
such as efficiency, mass production of device structures, manu-
facturing processes, device stability and cost effectiveness of the
materials, as well as fabrication. Although progress and research
trends in CQD-SCs have been clearly summarized in other review
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Fig. 2 Record high efficiency and manufacturing capacity of various type
of photovoltaic cells. Five technologies, based on c-Si, CdTe, Cu-In-Ga-Se
(CIGS), amorphous silicon (a-Si), and GaAs, compete with each other in
the market, while other emerging solar cells are still prototype devices.
However, the efficiencies of emerging solar cells have increased rapidly
over ten years, so it is expected that they will enter the commercial market
sometime in the near future.
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papers, the approach of the commercialization of CQD-SCs has
been barely addressed. Considering the progress in CQD-SCs, it
would be fruitful to figure out the current status of CQD-SC
technologies and their possible commercialization for further
future studies. In this review, we cover the progress in CQD-SCs
towards commercialization. First, the device physics will be dis-
cussed to determine the most efficient device structures and device
engineering methods to date. Then, we will discuss the viability of
upscaling the manufacturing of CQD-SCs for mass production.
Furthermore, progress on the stability of the devices will be
reviewed along with degradation mechanisms involving internal
or external degradation sources. Finally, the possible approaches
towards the commercialization of CQD-SCs will be reviewed in
terms of cost considerations and environmental issues.

2. Device physics
2.1 Device structures

The device structure is the most important factor that affects
charge generation and transport in CQD-SCs. Device structures
have been developed to extend the depletion region in the CQD
layer and optimize the energy level alignment for efficient
charge extraction to the electrodes. This section addresses the
development of device structures in terms of charge generation,
transport mechanisms, and ultimately, PV performance.

2.1.1 Schottky CQD-SCs. Schottky CQD-SCs were the first
proposed device structure, in which the CQD active layer is
sandwiched between a transparent electrode (ITO (indium tin
oxide) or FTO (fluorine-doped tin oxide)) and a counter metal
electrode. n-Type or p-type CQD films form Schottky junctions
with counter metal electrodes (Fig. 3(a)). A potential difference
at the junction leads to the charge extraction of photogenerated
carriers from the CQD layer to each electrode. In theory, the
height of the Schottky barrier is estimated by the difference in
the work functions of each electrode (Fig. 4(a)). However,
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experimental results have shown that the barrier heights are
normally less than the difference in the work functions of each
electrode.®® The E, of a CQD changes depending on the size of
the nanocrystals. The E, energy increases as the nanocrystal
diameter decreases. The shorter first excitation wavelength of
smaller CQDs results in an improvement in open circuit voltage
(Voc). The work function difference between metal electrodes
(Ca, Mg, Ag, Al and Au) results in different V¢ values as well as
different Schottky barriers, as shown in Fig. 4(b)."® Thickness
control of a ligand-exchanged CQD layer has been shown to
enable improvement in the PV performance, achieving a 5.2%
PCE.®® In addition, CQD layers have been oxidized to enlarge
the Schottky barrier height via air annealing and UV-ozone
treatment. An oxidized PbS film induces a hole injection barrier
that leads to a built-in voltage improvement.”® Moreover,
insertion of a buffer layer between the electrodes and CQD
layer provides an increased energy barrier, thereby resulting in
better carrier transport. A thin LiF layer has been applied to
enhance the Schottky barrier stability at the interface between
the CQD layer and metal electrode.”* The work function of FTO
was tuned via the insertion of polyelectrolyte (polyethylenimine,
PEI), increasing the Schottky junction barrier at the CQD/FTO
interface.”” Nevertheless, the limitation on the Schottky barrier
height tuning and the weak stability of the Schottky junction of
the CQDs mitigate the advantages of the easy fabrication process
and simple device structure of Schottky CQD-SCs. To date, the
reported Voc values of Schottky CQD-SCs are far below the
expected Voc values based on the E, values of CQDs. Never-
theless, Schottky CQD-SC structures are efficient tools for inves-
tigating the material characteristics, such as carrier mobility,
diffusion lengths, and doping concentrations of CQD films."*
2.1.2 Depleted heterojunction CQD-SCs. The development
of depleted heterojunction CQD-SCs is inspired by p-i-n-based
PV devices. CQD layers are deposited on top of oxides with wide
Eg values (TiO, or ZnO), forming junctions with the electron
transport layers (ETLs). The introduction of a junction between
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Fig. 3 Schematic diagram of device structures and their energy level bands. (a) Schottky CQD-SCs. (b) Depleted heterojunction CQD-SCs. (c) Quantum

junction or band alignment CQD-SCs.
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electrode. Reproduced with permission from ref. 19. Copyright 2008,

SCs with different CQD sizes (different Eg) and work function of the metal
the American Chemical Society. (c) Schematic energy band diagram of

conventional and n-doped ETL employed depleted heterojunction CQD-SCs. (d) J-V characteristic of depleted heterojunction CQD-SC with a
boron-doped ZnO layer as a transparent electrode. The inset shows the cross sectional SEM image of the device and the photovoltaic performance table.

Reproduced with permission from ref. 73. Copyright 2016, Wiley.

the ETL and CQD allows one of the main limitations of
Schottky CQD-SCs to be overcome (Fig. 3(b)). Photogenerated
charge carriers are created in the junction region and can be
efficiently extracted by the ETLs. Furthermore, the ETLs block
hole transport from the CQD layers to the cathode, thereby
resulting in reduced non-radiative electron-hole recombina-
tion. Early studies on depleted heterojunctions focused on
energy level alignment between the CQD layers and charge
transport layers (CTLs) by controlling the CQD diameter or
thickness.?>”* A comparison between depleted heterojunction
and Schottky-type SCs revealed that higher Voc and FF values
can be obtained by implementing proper CTLs.” E, tuning of
CQDs allows the formation of different junction kinetics at the
interfaces, resulting in a PCE of 5.1%.>® Most studies have
focused on the modification of ETLs. ZnO nanoparticles have
been used as ETLs and formed heterojunctions with 1.3 eV
bandgap PbS QDs, resulting in a certified PCE of 2.94% with
cells that are stable over 1000 h.*! Mesoporous TiO, also
elongates the depletion region between the ETL and the CQD
layer, which improves charge extraction at the junction region.
Thus, thicker CQD layers can be applied, which results in enhanced
light absorption. As a result, the short circuit current density (/sc)

408 | Energy Environ. Sci., 2020, 13, 404-43]

almost doubles, and a PCE of 5.5% can be achieved.** For
better charge collection efficiency, mesoporous TiO, has
been modified to a more periodic pillar structure. The charge
carriers generated at the deeper region in the device were
optically demonstrated to be efficiently extracted by periodic
ETLs. This modification extended the depletion region two-fold
and led to a hysteresis-free PCE of 5.7%.%° Mesoporous-type
CQD-SCs were further optimized with a TiO, nanonetwork
structure, and a PCE of 7.3% was achieved.*® In addition,
UV-ozone treatment of ZnO allowed control of the depletion
region. The corresponding thickness of the CQD layer was
increased, which resulted in an enhanced PCE.”® ZnO was also
modified to nanowire structures to enlarge the surface area of
the thick depletion region. The use of highly n-doped ZnO
layers with boron doping increased the depletion region on
the junction side (Fig. 4(c)). A PCE of 7.55% was reported for
CQD-SCs employing n-doped ZnO, and even when the n-doped
ZnO layer was used as a transparent electrode, a PCE of 7.33%
was obtained (Fig. 4(d)).”> Chemical modification of the ZnO
surface reduced its surface trap sites. Photogenerated charge
carriers in the depletion region were efficiently extracted by a
1,2-ethanedithiol (EDT) ligand-treated ZnO layer, resulting in a

This journal is © The Royal Society of Chemistry 2020
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certified PCE of 10.14%.** Additionally, metal oxide and p-type
polymer layers are widely adopted as a hole transporting
layer (HTL) in CQD-SCs. The optimization of CQD layers by
introducing a MoO; layer at the hole contact electrode resulted
in a PCE of 4.3%.”” Recently, PBDTTT-E-T, a copolymer of
benzo[1,2-b:4,5-b"]dithiophene (BDT) and thieno[3,4-b]thiophene
(TT), was introduced as an HTL in infrared (IR) CQD-SCs.”®
In addition, the introduction of a nanostructured HTL into
the device, using nanoimprint lithography, enhanced light
absorption at IR wavelengths. As a result, a record PCE
(19.1 mW cm™?, cut-off <1100 nm) of 6.83% was obtained
under IR light (19.1 mW e¢m ™2, cut-off <1100 nm), which is
suitable for tandem structures with commercialized c-Si SCs
(absorbing light up to 1100 nm).

2.1.3 Quantum junction CQD-SCs. A heterojunction
between inorganic CQDs was introduced into CQD-SCs in
2012 by Rath et al.”® The purpose of a quantum junction is to
extend the depletion region in the junction area. Photogene-
rated charge carriers can be efficiently separated in the junction
region of the active layer. n-Type Bi,S; CQDs and p-type PbS
CQDs were used as a heterojunction. The advantage of using
the heterojunction layer was an improved carrier lifetime,
which minimizes recombination losses. The thickness and
mixing ratio optimization of the QD junction resulted in a
PCE of 4.87%. The E, values of the PbS CQDs were controlled
(0.6-1.6 eV) to align the energy levels of different quantum
junctions. E, matching between n- and p-type CQDs resulted in
a certified PCE of 5.4%.%' Furthermore, a comparison of the
simulated efficiency trends between depleted heterojunction and
quantum junction CQD-SCs demonstrated that the quantum
junction has great potential to achieve a higher PCE by managing
the E, values of the quantum junctions. The initial stage of
quantum junction SC research used Schottky-type cell structures.
The order of the quantum junction (np- or pn-wise stacking) and
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corresponding metal electrode could be controlled to activate
SCs under a forward or reverse bias current.®*® Quantum junction
cells were further improved by applying additional charge extrac-
tion layers. TiO,- and aluminium-doped ZnO (AZO) ETLs were
introduced into PbS quantum junctions. A PCE of 6.1% was
achieved by adding MoO; at the hole contact.>” Furthermore,
halide exchange has been intensively studied to utilize different
doped CQDs, as shown in Fig. 5(a). Highly n-doped iodide-
modified PbS CQDs, n-doped bromide-modified PbS CQDs,
and p-doped mercaptopropionic acid (MPA)-modified PbS CQDs
were applied to form a ternary junction, which extended the
depletion region to approximately 330 nm (Fig. 5(b)). As a result,
a PCE of 8.0% was reported.*® The size of CdSe CQDs were tuned
to realize proper band alignment between a ZnO ETL and PbS
CQDs. The photogenerated charge carriers from the PbS CQDs
as well as from the CdSe CQDs contributed to an improved
Jsc value, thereby leading to a PCE of 7.5%.%" n- and p-type CQDs
were synthesized via a pre-ligand exchange method. The n-p
quantum junction arising from pre-synthesized CQDs on top of a
ZnO ETL showed a PCE of 10.94%, without the need for a
complicated washing process.>”

2.1.4 Band alignment. The structural development of CQD-
SCs has been moving towards enlarging the depletion region
and reducing the energy barrier at the junction between CQDs
and CTLs for efficient charge extraction, as shown in Fig. 3(c).
The band alignment structure of CQD-SCs aims to enhance
these parameters via the introduction of additional CTLs and
ligand exchange of the CQDs. For p-doped CQDs, the surface
of the CQDs was treated using a short cross-linking ligand,
3-mercaptopropionic acid (MPA) or 3-mercaptobutyric acid
(3-MBA). The p-doped CQDs with 3-MBA exhibited a larger
depletion region, and the p‘-doped CQDs with MPA exhibited
a larger quasi-Fermi level splitting, leading to a higher Voc
value. The combination of both ligands resulted in gradient
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Fig. 5 Quantum junction and band alignment CQD-SCs. (a) Schematic of a ternary quantum junction constructed by combining conventional (p—p*
junction) and inverted (p**—n-n") quantum junction structures. (b) Corresponding simulated energy band diagram with depletion regions. Reproduced
with permission from ref. 38. Copyright 2014, Springer Nature. (c) Energy levels of pure PbS-TBAI, PbS-EDT and PbS-TBAI with different thicknesses of
PbS-EDT layers. The red and blue lines represent the conduction and valence band edges of the CQDs. The dashed lines represent the Fermi levels of the
CQDs. (d) Proposed energy band bending under short-circuit conditions. Reproduced permission from ref. 35. Copyright 2014, Springer Nature.
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band alighment with a PCE of 7.2%.% Tetrabutylammonium
iodide (TBAI) and EDT were applied to CQDs as n- and p-type
ligands, respectively. EDT-PbS CQDs showed band alignment
with TBAI-PbS CQDs and even took on the role of electron
blocking in the hole contact region (Fig. 5(c) and (d)). A certified
PCE of 8.55% was recorded.’® To estimate the underlying
mechanism of carrier transport in TBAI- and EDT-capped
CQDs, temperature-dependent electrical characterization of
CQDs was conducted. Based on carrier lifetime, electron and
hole diffusion length, doping concentration, and depletion
width measurements, a highly p-doped CQD was required
for Voc value improvement. Moreover, the concentration of
the p-type dopant should be one order of magnitude higher
than that of the n-type dopant for efficient band alignment.*?
Ligands were further exchanged with methylammonium lead
iodide (MAPDbI;) and thioglycerol (TG). Both MAPbI; and TG
ligand exchange led to n-type properties. When n-type CQDs
were mixed together, the charge transfer between the valence
bands (VBs) of the mixed n-type CQDs was efficient compared
to that in single CQD films. Thus, in donor-acceptor structure
CQDs, an appropriate donor-acceptor ratio leads to balanced
electron-hole pairs. As a result, a hysteresis-free PCE of 10.45%
was reported.”> Moreover, E, control of IR-absorbable CQD ink,
dissolved in a highly stable non-polar solvent, led to the
formation of a graded back junction and an extended depletion
region. A mixture of 1.4 and 1.3 eV n-type CQDs further
absorbed light in the IR region, resulting in a PCE of 12.3%.>°
However, the introduction of a junction between HTL and CQDs
has been less studied compared to ETL junctions because
realizing smooth band alignment at the interface is difficult,
and serious recombination frequently occurs at the interface.
Furthermore, CTLs beneath the CQD layers need to be robust
enough to endure chemical processes such as ligand exchange
and CQD surface treatments. The high level of requirements for
CTLs limits the materials that can be used. Wang et al. inserted a
thin NiO film at the interface of an HTL and EDT-PbS or I -PbS
for gradient band alignment, achieving a PCE of 9.7%.%® Based
on n-type I -PbS and p-type MPA-PbS CQD-SCs, a hole selective
layer (HSL) was introduced on the hole contact side. The HSL
prevented electron-hole recombination at the anode and effi-
ciently extracted photogenerated holes, resulting in a PCE of
0.23%. Furthermore, a thick HSL layer works as an optical
spacer, which enables more light to be absorbed in the active
layer. Owing to optical management, CQDs with a V-compound
parabolic trapper (enhancing light absorption) exhibited a
PCE of 11.71%, arising from the improved Jsc value.”” The
exchanging of different ligands provides an efficient band
alignment structure to realize larger depletion regions and
less recombination losses in mixed CQD films. By introducing
additional charge selective layers, both the PCE and lifetime of
the device could be further improved.

2.1.5 Tandem structure. The layer thickness of CQDs is
limited owing to the trade-off between charge extraction and
light absorption. The physical parameters of CQDs, such as
the charge diffusion length and depletion region, govern the
optimal thickness of CQD layers. Hence, advanced structures
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for utilizing unabsorbed photons due to thin CQD layers are
needed. One well-known strategy to convert more photons to
electricity is a tandem structure consisting of stacked light-
absorbing layers. The most important design factors of tandem
cells are E, tuning between each light-absorbing layer and
design of a charge recombination layer between each sub-cell.
Prototypes of tandem CQD-SCs, employing 1.0 and 1.6 eV
nanocrystals, were reported by Choi et al.®* The charge recom-
bination layer included ZnO, thin Au (1 nm) and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS).
For efficient energy harvesting, metal oxide layers, such as
MoO;, ITO, AZO, and TiO,, were adopted in tandem structures
as charge recombination layers. The efficient electron-hole
recombination at the inter-layer resulted in a PCE of 4.21%.%°
However, difficulties in tuning the E, of CQDs led to the
introduction of other types of light-absorbing layers, such as
organic layers, to tandem devices. An organic heterojunction
light absorber (poly(3-hexylthiophene), P3HT) and [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) were used as the active
layer of sub-cells in CQD tandem SCs. An inter-recombination
layer with thin Al (1 nm) and WO; (15 nm) was used.®® Further
improvement of CQD tandem structures with organic absorbers
was achieved by incorporating the low E, polymer thieno[3,4-b]-
thiophene/benzodithiophene (PTB7). Optimization of the inter-
layers resulted in a PCE of 9.4%.%%® Tandem devices with
perovskite SCs were achieved by introducing SnO, and
PEDOT:PSS as a recombination layer. The E; tuning of a PbS
cell led the tuning of the V¢ value, which resulted in PCE
of 11.03%.%° For all-inorganic devices, inorganic CdTe nano-
crystals have also been included in CQD tandem cells. E,
optimization of both PbS and CdTe CQDs with ZnTe and ZnO
inter-recombination layers was conducted.”® EDT-PbS CQDs,
Au, PEDOT:PSS and ZnO nanocrystals were used as the charge
recombination inter-layer. A downshift in the vacuum energy
level arising from the inter-recombination layer allowed the use
of the same light-absorbing layer for both sub-cells, achieving a
PCE of 8.3%.°" Chemical vapour-deposited graphene and AZO
were introduced to the inter-recombination layer, forming
efficient PbS CQD-based all-inorganic tandem SCs with a PCE
of 8.2%, as shown in Fig. 6(a)~(d).”*> Recently, all-PbS CQD-
based tandem SCs were achieved by introducing graded band
alignment. The size of the CQDs was precisely controlled and
the carrier transport in the charge recombination layer was
enhanced, leading to a PCE of 6.8%.%

As we have discussed, the structural development trends of
CQD-SCs are extending the depletion region and minimizing
the recombination loss of photogenerated charges. An improve-
ment in the materials could enhance the physical character-
istics of CQDs, such as the charge diffusion length. However,
there is more room for improvement in PV efficiencies through
structural enhancements. Kim et al. suggested a close-packed
CQD layer by pressing the film with an external force.”* Introduc-
tion of an ordered structure to CQDs could be a method to
overcome the losses in PV parameters. Recently, CQDs were
structurally confined with a two-dimensional matrix using lead
iodine (Pbl,) and amines (Fig. 6(e) and (f)).*>°> A low dimensional
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Copyright 2018, Springer Nature.

device structure induces structural ordering of the CQDs, which
significantly reduces their energetic disorder, as shown in Fig. 6(g).
A possible advantage of ordered CQDs is the extension of their
intrinsic diffusion, showing efficient charge extraction even for
thick CQD layers. The reported high PCE of 12.48% implies that
the research direction of the structural development of CQD-SCs is
promising. Perovskite-based CQD-SCs have emerged with phase
stability and a desirable bandgap. The presence of cubic phase
CsPbl; CQD-SCs boosted the development of perovskite-based
CQD-SCs.*” CQD surface treatment with methyl acetate allowed
a compact and electrically conductive film state, resulting in a PCE
of 10.77% (Fig. 7(a)-(c)). The bandgap tuning of nanocrystals
was easily achieved by substituting in halide ions, making the
application of perovskite-based CQDs more feasible for use
in optoelectronic devices.’® Further improvements in CsPbl,
SCs were reported by cooperating organic perovskite species
(formamidinium) or inorganic salts to Cs cation. The larger
absorbance range and improved electrical coupling in the
active layer improved the photovoltaic performances.>*%°7:9

Al

MoO,
spiro-OMeTAD
CsPbl, QDs

— Tio,

FTO

glass

2.2 Device structure engineering

Understanding the role of each constituent layer of CQD-SCs is
essential in optimizing the device efficiency and stability. The
charge transport characteristics between each interface play
important roles in the device performance. This section covers
the device physics for each device constituent layer: CQDs,
CTLs and electrical contacts.

2.2.1 Ligand exchange and CQD passivation. Highly con-
centrated, stable CQD films are essential for the commerciali-
zation of CQD-SCs. For the stable dispersion of CQDs in organic
solvents, long chain ligands, such as oleic acid, have been
widely used.’® These long chain ligands exhibit insulating
properties that hinder dot-to-dot carrier transport. If CQDs
with long chain ligands are used for the light-absorbing layer
in PV devices, the collection efficiency of photogenerated
charges is low. Furthermore, the long chain ligands and surface
defects of CQDs function as the non-radiative recombination
centres of photogenerated charge carriers, decreasing the Voc
and FF values of the SCs. Hence, to achieve efficient carrier
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Fig. 7 Perovskite-based CQD-SCs. (a) Device structure of CsPbls CQD-SCs. (b) Corresponding cross-sectional SEM image. (c) Photovoltaic
performance in terms of device storage time. The black diamond represents the stabilized power output at 0.92 V. Copyright 2016, AAAS.
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transfer inside CQD films, improvement of the film conductivity
of the CQD layers is required, which can be achieved by
exchanging long chain ligands with short ones, as shown in
Fig. 8(a). Ligand exchange shortens the distances between the
CQDs and increases their packing density, thereby resulting
in more efficient charge transport in the CQD film. Also, n- or
p-type CQDs with carrier density variation can even be achieved
by doping, as shown in Fig. 8(c). An atomic ligand with halide
ions (I, Cl7, Br ) can passivate a the defect states of a CQD and
control its energy levels.”” Ip et al. reported that the mid-gap
states of a CQD act as additional electron trap sites for photo-
generated electron-hole pairs.*® Thus, mid-gap trap states are
one factor that restricts the PV performance of CQD-SCs. Since
the passivation of defect states at CQD surfaces is normally
performed in solution rather than in solid films, halide anions
are used as passivating materials for the defects. As a result of
surface passivation by halide ions, the binding strength
between CQDs and ligands is improved, and defects within
the bandgap can be successfully suppressed. Halide ligand
exchange also protects CQDs from oxygen penetration, allowing
successful synthesis of air-stable n-type CQDs.*® Additionally,
organic short ligands, such as MPA, EDT, and TBAI, have been
suggested for improving the electrical characteristics of CQD
films. Long insulating oleic acid ligands have been exchanged
with EDT (p-type) and TBAI (n-type).>> The successful band
alignment of p- and n-type CQDs employing EDT and TBAI led
to efficient carrier transport in the device. Further studies were
performed to passivate defect states on the CQD surfaces. Liu
et al. reported that organic-inorganic hybrid ligand exchange
sharpened the band tails and decreased energy funnelling.'**
The native hydroxyl ligand in CQDs affects the PV performance,
so this ligand should be removed or replaced.** The passivation
of hydroxyl defect states by a hybrid ligand has been shown to
improve the device efficiency and stability. The deep density of
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traps on the Pb surface have been passivated via I doping with
a 1.5% I/Pb ratio during the PbS synthesis process.’® Ligand
exchange of pseudohalides, such as the thiocyanate anion
(SCN™), was reported to passivate the deep trap states at the CQD
surfaces.'® The hydroxyl ligands were partially replaced by
introducing lead acetate trihydrate (PbAc) during CQD synthesis.
The acetate formed efficient capping ligands with oleic acid,
replacing the hydroxyl ligand and enhancing the device perfor-
mance, as shown in Fig. 8(b).®" Recently, sodium acetate was
shown to prevent CQDs from aggregating and passivate the
facet defect states of CQDs.'*® Recent approaches such as UV
treatment and oxygen-plasma treatment on CQD surfaces have
allowed the reduction of the density of hydroxyl groups at CQD
surfaces, inducing effective p-doping on CQDs."**'%

2.2.2 CTLs. The improvement in materials engineering
led to the development of different energy band CQDs. The
n- or p-type tunability of CQDs via ligand exchange or surface
passivation initiated structural development focused on CTLs.
The efficient collection of photogenerated charge carriers
requires three properties: (1) step-wise band alignment between
CQDs and CTLs, (2) proper electron-hole mobility balance, and
(3) photophysical stability of each layer.

The variation in the optimum conduction band (CB) and VB
of CTLs depends on the size of the CQDs, implying that an
optimum QD size exists for proper CTLs. As the E, of a CQD
varies depending on its size, CTLs should be carefully chosen
considering the energy level of the CQD and its VB and CB.
Furthermore, simulation results indicate that the thickness of
the CTL plays an important role in balanced charge extraction
and electric field redistribution, which is closely related to
the maximum Jgc values in CQD devices.'% In particular, the
injection dynamics of photogenerated charges from CQD
layers to ETLs could be limited by the photoconductivity of the
ETLs.'%” To realize efficient charge extraction to an ETL, the

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Device engineering of charge transport layers and metal electrodes. (a) The Eg of ETL (ZnO) tuned via the magnesium doping ratio. The valence
band of both doped and undoped ZnO layers exhibits no changes. The conduction band edges of doped ZnO are calculated using the UPS data and E4
measurements. (b) The device performances with Jsc and Voc variation regarding the magnesium doping effect on ZnO. Reproduced with permission
from ref. 109. Copyright 2014, Wiley. (c) Schematic of a CQD-SC integrating an organic hole selective layer, or HTL. The corresponding energy level
alignment of each of the layers under short circuit conditions is depicted. (d) J-V characteristics and EQE values of the devices with/without a HTL.
(e) Normalized forward biased EQE of CQD-SCs and the charge generation profiles of the device structures. Reproduced with permission from ref. 57.
Copyright 2018, the Royal Society of Chemistry. (f) Schematic of the DMD structured CQD-SC and normalized optical electric field intensity within the
device at an incident wavelength of 650 nm. Reproduced with permission from ref. 119. Copyright 2016, Elsevier.

photoconductivity of ETLs (mainly TiO, or ZnO) and their
doping process have been widely investigated. Zr or Sb was doped
with TiO, to achieve higher mobility (0.015 to 0.026 cm* V' s~ %),
Together with CB tuning of the doped TiO,, the PV performance
was improved.”® The accumulated carrier density inside the PbS
CQD layer was effectively decreased by introducing n-doped
PCBM on top of TiO,.'°® In particular, elemental doping of

This journal is © The Royal Society of Chemistry 2020

ZnO led to improved conductivity and better PV performance
of the device. Mg doping was performed to induce a band shift in
ZnO (Fig. 9(a) and (b))."**'*° In addition, In atoms contribute to
enhanced light absorption of ZnO-incorporated CQD-SCs by
filling the vacancy states of the ZnO film and decreasing its
parasitic absorption. The CB energy level was tuned by adjusting
the In doping concentration to maximize photogenerated
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charge carrier extraction.""' Moreover, Cl, Cs, or K were also
introduced to dope ZnO, tuning its E, and energy level.*>*>
Additionally, surface passivation of ZnO boosts the perfor-
mance of ZnO-containing CQD-SCs. The ZnO surface was
passivated using WPF-6oxy-F to enhance the Vo value. The
introduction of a surface dipole to the ZnO surface induced a
larger Fermi level splitting at the junction.*” The junction proper-
ties between the CQDs and ZnO were improved by introducing a
poly(vinylidenefluoride-trifluoroethylene) (P(VDF-TrFE)) layer. The
porous P(VDF-TrFE) exhibits piezoelectric characteristics that
generate a converging electric field at the junction."™ The intro-
duction of a three-dimensional graphene network at the ETL/CQD
junction interfaces reduced fast electron recombination, which
enhances charge collection to the electrode.'™* Moreover, the
introduction of nanostructured ETLs boosts photovoltaic perfor-
mance by enhancing charge extraction at the CQD-ETL junctions.
The increased interfacial area reduces the trap-related recombina-
tion and enhances bimolecular recombination. The ordered
nanopillar structures of TiO, enhance absorbance to the photo-
active layer, suppressing trap-related recombination.?® The porous
TiO, template enhances increased light absorption with charge
de-trapping.''® Vertical arrays of ZnO nanowires decouple light
absorption from carrier collection at the junction interface,
enhancing the photovoltaic performance by 35%.”” Recently,
high-performance CQD-SCs were achieved by combining optical
management strategies such as ZnO nanowires and energy
down-shifting CQD optical conversion layers.'*

In early studies, the structural development of CQD-SCs
was focused on forming efficient junctions between CQDs
and ETLs, because PbS-based CQDs generally exhibit p-type
characteristics enabling hole transport through them. Most
reports on HTLs have focused on minimizing the energy barrier
between CQDs and electrodes and introducing materials that
have high hole conductivity for efficient extraction of photo-
generated holes. For band alignment between CQDs and HTLs,
Cul was introduced to enable step-wise hole extraction to the
electrode.'’” Graphdiyne was inserted between an Au electrode
and a CQD layer to reduce charge recombination at the
electrode-HTL interface.””> An organic HTL was applied to
passivate a CQD surface. N,N,N',N'-Tetrakis(4-methoxyphenyl)-
benzidine (p-MeO-TPD) efficiently was shown to extract photo-
generated holes and block drifting electrons, thus decreasing
electron-hole recombination at the metal electrode, as shown
in Fig. 9(c)-(e). Moreover, regarding the device stability in
ambient air, an HTL layer has been shown to protect CQDs
from oxygen penetration.>” A study on the effect of the hole
mobility of a HTL revealed that the hole mobility has signifi-
cant importance, along with the proper energy level alignment
with CQDs, indicating that a PCE of over 15% could be reached
if the high hole mobility (~0.1 cm® V™' s') and deep HOMO
level (~5.4 eV) PTB7 layer could be tuned.'"®

2.2.3 Electrical contacts. The foremost property of electrodes
in SCs is the matching of the work function to the energy levels
of the CTL or CQD layers. As proven for many optoelectronic
devices, the formation of an ohmic contact at the electrode is
very important.’>***' The work function of FTO was tuned to
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facilitate electron extraction.*® Shallow work function FTO was
operated with relatively thin ETLs (10 nm) and the depletion
region was extended by 10%, showing improved PV perfor-
mance. Work function control of metal counter electrodes has
also been widely studied. p-Type CQDs require proper band
alignment with the work function of metal electrodes and Au
electrodes exhibit a higher work function than Al (4.3 eV) and
Ag (4.7 eV) electrodes.>® Au reduces the energy barrier with the
HTL compared to Al or Ag, which results in a lower series
resistance of the CQD-SC. Further improvement in the shunt
resistance of the devices has been achieved by introducing a
thin layer of MoO3.>>"** The energy level of the MoOj layer was
pinned to the VB of CQDs, which lowered the energy level
barrier between the CQDs and metal electrodes. Non-radiative
recombination at the anode/MoO; interface was inhibited,
resulting in higher Jsc and Voc values, with higher shunt
resistance in the device. When noble Au was replaced with Ni
because of its cost savings and proper work function alignment
with the VB of CQDs,?** sulfur interdiffusion from the CQDs to
Ni electrodes deteriorated the PV performance. The introduc-
tion of thin LiF efficiently blocked sulfur inter-diffusion, and
the photogenerated charges were extracted to the Ni electrode
through a thin tunnelling barrier.

Based on their efficient charge extraction properties, metal
electrodes and transparent electrodes can be modified to manage
light confinement in light-absorbing layers. Nanostructured
diffraction gratings at an ITO surface allow increased re-absorption
of light reflected from counter metal electrodes. Additionally,
the amount of incoming light through the nanostructured
ITO is increased.'* Zhang et al. introduced dielectric-metal-
dielectric (DMD) structures to the transparent anode, as shown
in Fig. 9(f)."*° In the DMD structure, a thin metal layer is
sandwiched between each dielectric, such as MoO;. The DMD
structure maximizes the optical transparency by utilizing
refractive index matching between the metal and dielectrics.
Through optical management, absorption by the anode and
re-absorption of the light reflected from the counter metal
electrode by the CQDs were maximized. Furthermore, an optical
spacer was installed to re-distribute the electric field in the
active layer, which provides maximized light absorption at the
CQD layers. Additionally, the counter metal electrode could be
replaced by DMD structures to realize all-transparent electrodes
for CQD-SCs."** Recently, semi-transparent CQD-SCs were fabri-
cated using a graphene electrode, which shows around 60%
transmittance at 550 nm."'*’

2.3 Carrier multiplication

The Shockley-Queisser limit of the efficiency of single junction
PVs is based on the assumption that an absorbed photon at the
most generates one electron and hole pair.’*® A hot electron
excited by high energy (more than two-fold E,) in a QD has the
potential to generate additional electron-hole pairs when it
relaxes from a higher energy state to the 1S, energy state. The
high energy state of hot electrons could be lost via heat, but in
some cases, this high energy state additionally excites electrons
from the ground state, forming additional electron-hole pairs.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Carrier multiplication. (a) The measured EQE and IQE values of over 100% in CQD-SCs. IQE begins to rise at a photon energy larger than 3E.
Reproduced with permission from ref. 14. Copyright 2011, AAAS. (b) Schematic of energy losses in a device from cooling of hot carriers and schematic of
the CM process. Reproduced with permission from ref. 141. Copyright 2014, Springer Nature.

The inverse Auger recombination process of hot electrons has
been reported in the form of carrier multiplication (CM) or
multiple exciton generation (MEG) (Fig. 10(b))."*”**® In theory,
SCs capable of MEG are expected to overcome the Shockley-
Queisser limit. The effects of CM on bulk semiconductor
materials and CQDs have been widely compared."”*> The
materials that show quantum confinement effects, such as
CQDs, may slow down hot electron relaxation,"*® and the extra
energy from the excitonic transition can be utilized for energy
harvesting. Size and structure tuning of CQDs have been widely
studied because CM is controlled by the amount of incident
photon energy compared to the E,."**'*”'%® In 2009, the first
optoelectronic devices that showed over 100% EQE and internal
quantum efficiency (IQE) were reported.'*® The photoconduc-
tivity at an incident photon energy of over 2.7E, exhibited
significant enhancement. This reported CM threshold, 2.7E,,
exceeded the theoretical calculation by Klimov et al.**” In PbS
or PbSe CQDs, the expected threshold for CM was reported as
3E,, because the effective masses for electrons and holes are
similar. The first PVs that utilized CM were reported in 2011 by
Semonin et al.'* As shown in Fig. 10(a), the devices using the
0.72 €V E, of the PbSe CQDs achieved an EQE over 114% and an
IQE over 130% under 3E, excitation energy. The CM could be
further enhanced by modifying the CQD structures. PbSe CQD
nanorods exhibit a stronger Coulomb matrix than dot struc-
tures, which results in a 122% EQE and a 150% IQE from 0.8 eV
E, CQD nanorods."*® However, to date, a high power conversion
efficiency in CQD-SCs utilizing CM has not been reported. The
device structures of CQD-SCs achieved to date may not be ideal
for utilizing CM. Moreover, the CM threshold is still high,
which needs to be further improved by materials engineering
to control the relaxation process of hot electrons.

3. Stability

As the cost of electricity from SCs is determined by their
efficiency and lifetime, the levelised cost of electricity (LCOE)
is normally calculated using the following equation:

If a photovoltaic system exhibits premature aging, the total
amount of energy generated from the system shrinks, thereby
resulting in a higher LCOE. Then, the system loses its compe-
titive edge in the market. For instance, the LCOE of a device
approximately decreases by half if its lifetime doubles. Hence,
the stability of SCs is a key factor for their commercialization.
Unfortunately, the device lifetime, whether the maximum
power point tracking lifetime or storage lifetime, is a still a
bottleneck in the commercialization of CQD-SCs, in compar-
ison with commercialized c-Si PV systems. For example, the
commercial c¢-Si solar panels from market leading companies
(Jinko Solar, JA Solar, First Solar, Hanwha Q-cell and most other
solar panel manufacturers) have a 25 year warranty for Ty,
(80% of initial efficiency) under standard test conditions
(1000 W m~2, AM 1.5 G, 25 °C). They also guarantee that the
initial drop of their product is less than 4% within 1 year.'*?
Since the device stability has been the most limiting factor for
the commercialization of CQD-SCs, it has been continuously
investigated and enhanced. Table 2 shows the development of
device stability with respect to device structure, measurement
conditions and publication year. The stability of CQD-SCs
exceeds 1100 h (T, under illumination) and has been increasing.
The stability merit could be an intuitive tool for comparing the
stabilities of CQD-SCs to those of commercialized c-Si SCs
(Fig. 11). The stability merit represents the importance of the
stability in addition to the PCEs of the devices. Although a large
gap still exists between c¢-Si SCs (green dashed lines in Fig. 11) and
CQD-SCs, much room remains in extending the device lifetime
of CQD-SCs by improving the materials or device engineering.
In this section, we will discuss the effects of the most common
device degradation sources and the strategies for overcoming
these device degradation processes.

3.1 Degradation mechanisms

3.1.1 Oxygen and humidity degradation. When Pb-based
CQDs react with ambient air, lead sulfite (PbSO;>") or sulfate
(PbS0O,>7) can form on their surfaces (Fig. 12(a) and (b)).">****
PbSO;>" has been reported to create shallow trap states
(depth ~0.1 eV), while PbSO,>~ generates mid-gap trap states

total cost of installation and operation ($)

LCOE ($ per kW h) =
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Fig. 11 Stability merits regarding the device lifetimes of CQD solar cells
compared to a commercial c-Si solar cell. Stability merits are calculated
by multiplying the maximum PCE and corresponding device degradation
percentage. For example, the stability merit of a CQD-SC which exhibits a
10% maximum PCE and Tgq (time that the PCE takes to decrease to 80% of
the initial value) at 100 days can be calculated as 10 x 0.8 = 8. The green
dashed lines represent the decay trend of a commercial c-Si solar cell. Here,
it is assumed that the line represents a drop rate for the c-Si SC of around
2-4% (relative) in the first year of operation.!*? The black and red dots
represent the stability merits of CQD-SCs in the dark and under illumination
conditions, respectively. All the plotted data is based on that shown in Table 2.

(depth ~0.3 eV) around the CB of CQDs, which are critical for
device performance and stability. Larger CQDs are prone to
exposure to oxygen from air, exhibiting more PbSO,>" than
smaller CQDs after degradation. Moreover, volume shrinkage
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(~50%) of a CQD solution was reported when the solution was
exposed to air. The 50% CQD solution was transformed to lead
oxide components within 24 h. The effective core size of the
CQDs decreased, enhancing the quantum confinement effect
leading to a PL band shift.’>> The optoelectronic application
of CQDs requires ligand exchange processes, as discussed in
Section 2.2.1. During the ligand exchange process, the detached
sites of long ligands can remain as empty sites without further
short ligand attachment. Oxygen can become attached to
such an empty site, acting as a defect state. This oxygen-
induced quenching site provides additional trap states for photo-
generated charge carriers, thus decreasing the PV performance
and stability. In particular, both the non-polar (100) and polar
(111) facets of Pb-based CQDs are easily exposed to oxygen and
thus require passivation."” Kirmani et al. reported that the device
performance is degraded when the devices are fabricated under
high humidity or non-humidity-controlled conditions.> Down-
shifting of the Fermi level of a p-type CQD via oxygen doping
can enhance hole extraction, with reduced non-radiative recom-
bination. However, a high humidity environment inhibits the
effective oxygen doping of EDT ligand-based CQDs. Thus, the
effective oxygen doping of p-type CQDs can be achieved by storing
PV devices under dry air conditions. The degraded devices,
fabricated under high humidity, can be recovered by storing them
in a dry atmosphere. Once the device performance has recovered,
the devices exhibit high stability under humid conditions.
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Fig. 12 Degradation sources of CQDs. (a and b) Comparison of oxidation characteristics measured using absorbance and X-ray photoelectron
spectroscopy (XPS). The absorbance peak shifts according to CQD oxidation. The thermal degradation results increase lead sulfate formation.
Reproduced with permission from ref. 150. Copyright 2010, the American Chemical Society. (c) Schematic figures of CQD with oleic surfactants
showing that the (111) facet is occupied with hydroxyl groups. (d) XPS S 2p signals exhibit lead sulfite and sulfate formation on CQD surfaces. (e and f) XPS
O 1s signals from EDT and TBAI ligand exchanged CQDs. The hydroxyl groups can still be detected after the ligand exchange process. Reproduced with

permission from ref. 44. Copyright 2016, Springer Nature.
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The dry-air-stored devices follow the same decay trend as PV
devices fabricated under dry air conditions.

3.1.2 Light-induced degradation. The hydroxides on CQD
surfaces have been reported to be unstable under light
exposure.'>* ¢ The most widely used ligand exchange processes
with EDT and TBAI were reported to lead to hydroxide species on
Pb-terminated (111) surface facets, as shown in Fig. 12(c)~(f).**
These hydroxide sites exhibit the quenching of photogenerated
electrons and holes, thus increasing the non-radiative recombina-
tion rate, which is critical for device stability under illumination.
Additionally, the most widely used ETL for record high-efficiency
CQD-SCs is ZnO. Thus, investigation of the light stability of ZnO is
worthwhile. Several reports on the photostability of intrinsic and
modified ZnO have been presented,*®*° and degradation of the
ZnO interface or ZnO itself under illumination is expected. The
sensitivity of ZnO or its light soaking behaviour under illumina-
tion has been reported for various types of SCs. Kim et al. reported
that the ZnO layer is degraded under 1 sun illumination, causing
increased energetic disorder around the CB edge."” Additional
trap states were created, resulting in decreased Vo values.
Furthermore, oxygen-containing defects on the ZnO surfaces have
been reported to cause inferior photostability.'>*°

Some CQD-SCs exhibit interesting decay trends under
illumination. The degraded PCEs recover to their original level
or higher after storing the devices in the dark.'*”'*® This self-
healing process was also reported in perovskite SCs.'®' The light-
activated meta-stable trap states can accumulate under light
illumination. The charged region in the bulk leads to degradation
of the photocurrent. When the devices are kept in the dark, these
paths disappear, and the efficiency recovers. The degradation
mechanism under light illumination should be considered as
the combined effect of defect states on the CQD surfaces and in
the interlayers of the device.

3.1.3 Thermal degradation. The formation of lead sulfite
or sulfate at the CQD surface can be accelerated at elevated
temperatures.’*® CQD films annealed at 90 °C for 10 min show
increases in their oxygen composition from 6% to 9% depending
on the CQD size. The XPS S 2p spectra of annealed CQDs imply that
the amounts of both lead sulfite and sulfate can be increased by
applying heat, as shown in Fig. 12(b). The increased lead sulfite and
sulfate amounts induce additional trap states that lie below the CBs
of the CQDs (0.1 and 0.3 eV for sulfite and sulfate), which cause
degradation of charge extraction in SC applications. The thermal
stability of ZnO, as investigated in the light degradation section,
should contribute to the overall thermal device degradation. The
thermal degradation effect in CQD devices was investigated in
terms of the effect of AZO.>* The device stability was very good for
3 h at 90 °C. The interfacial robustness arising from the AZO
inhibited the formation of lead sulfate when the devices were
heated. This result implies that a robust capping layer on the
CQDs can effectively mitigate oxygen penetration, thus diminishing
oxygen-induced thermal degradation. Thus, when the degradation
study of CQD films is extended to devices, the effect of the thermal
degradation of adjacent buffer layers should also be investigated.
The inorganic parts in typical CQD-SCs, such as ZnO, TiO,, and
CQDs, can be considered to be stable at high temperatures.
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However, recent reports have introduced additional organic
HTLs to realize efficient hole extraction, which can be considered
unstable under high-temperature environments.>”””***® Thus, a
more systematic investigation should be carried out on the thermal
stability of advanced device structures with high PV performances.

3.2 Strategies to improve the device lifetime

Many studies on passivating degradation sources have been
reported, as discussed in the previous section. To prevent dangling
bonds created by oxygen penetration into CQDs, several strategies,
such as ligand exchange or surface chemistry modification, have
been developed. The packing density (higher stability) of CQDs was
increased by a factor of two through a ligand exchange process with
n-alkylthiolate compared to a tert-butylthiolate ligand exchange
process.'®® Halide species (I, Br, Cl™)-capped CQDs have been
shown to be robust under oxygen exposure.>**410L143148 Quera]],
the iodide complexes showed better stability than bromides or
chlorides, as shown in Fig. 13(a)-(e). The cation exchange from
ZnSe using halides (PbX,, X =1, Br, or Cl) allows CQDs to withstand
oxygen and humidity."*® In addition, shell structures were intro-
duced to produce CQDs with core/shell structures and enhance the
CQD stability."*>'** The undesirable oxidation of PbS CQDs was
inversely utilized to enhance CQD stability.”® The amounts of lead
sulfite and sulfate were increased by PbS oxidization, but the partial
oxidization of PbS surfaces induced efficient Fermi level pinning
between the electrode and CQDs, which raised the Schottky
barrier and enhanced the light stability. A thin LiF layer was
introduced between PbS and Al electrodes to prevent oxygen
and moisture penetration. The delayed oxidization of both the
PbS and Al electrodes made the device more stable.”* The light-
unstable hydroxide species could be replaced with photostable
alkyl-terminated ligands, such as an oleic surfactant, which
resulted in enhanced light stability.'®

The most commonly used ETL, ZnO, has been modified to
passivate unfavourable defect states on the surface. The thermal
robustness of the entire device was enhanced by introducing
aluminium dopants into Zn0.*° Magnesium- and cesium-doped
ZnO also exhibit enhanced robustness, with enhanced stability
of the SCs,*>™** potassium-doped ZnO shows enhanced light
stability,”® deposition of a thin layer of TiO, on a ZnO layer leads
to enhanced stability,"** and self-assembled monolayer (SAM)
treatment of the ZnO layer makes the device more robust.*®

Further stability enhancement was achieved by introducing an
HTL passivation layer over the CQD layers. Single-walled carbon
nanotubes were introduced as an additional hole extraction layer
that significantly enhances the shelf-life and light stability of the
device.'® Organic HTLs were introduced to prevent oxygen and
sulfur diffusion, resulting in stability enhancement (Fig. 13(f)-(h)).””

Inorganic encapsulation-based strategies for achieving higher
stability have also been reported. A stack of inorganic thin films
has been proven to make devices more stable, which is valid
in CQD-SCs.'®” A TeO, capping layer was deposited on a full
device, which effectively prevented the penetration of oxygen and
humidity."*® Similarly, an MgF, capping layer was deposited on a
full device, resulting in a significant enhancement in the device
stability."*”

This journal is © The Royal Society of Chemistry 2020
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Fig. 13 Strategies to improve the stability of CQDs. (a) lodide ligand exchange successfully passivates the dangling bonds on CQD surfaces, inhibiting

oxygen penetration. The origin of iodide-ligand based defect passivation
between different halide ligand exchange processes. The iodide ligand ex:
ligands. (c) The iodide-processed CQD-SC shows no EQE difference befor:
exposed to air, resulting in a significantly reduced EQE after exposure of t

comes from the high reaction kinetic energy of iodide. (b) PCE comparison
changed device shows much higher stability over other devices using halide
e and after air exposure. The bromide-processed CQD film was oxidized after
he device to air. (d) The iodide ligand exchanged CQD film maintains n-type

characteristics, whereas other halide-processed CQD films become p-type following oxidation. (e) Rutherford backscattering spectrometry confirms
that iodide-processed CQDs are resistive at oxidation. Reproduced with permission from ref. 38. Copyright 2014, Springer Nature. (f) Schematic of a
hydro/oxophobic pore structured HTL. (g) The oxygen permeability as a function of partial pressure and the diffusion constant of entrapped oxygen from
MD simulations. (h) The 3D depth profiling of TOF-SIMS. Reproduced with permission from ref. 57. Copyright 2018, the Royal Society of Chemistry.

The shelf lives of CQD-SCs have been continuously investi-
gated and improved, exhibiting high stability over 5 months.*®
However, the device stability under illumination conditions is
insufficient and needs to be improved. The photostability of
devices could be improved by understanding the interaction
mechanisms between the CQDs and adjacent interlayers. To date,
many photostability-related reports regarding ZnO modification
have been presented, as discussed in this section. These reports
imply that much room remains in improving ZnO to realize a
higher photostability. Moreover, eventually, a light-robust ETL or
an improved CQD-SC structure will be needed.

4. Manufacturing
4.1 CQD film formation

Transformation of CQD solutions to solid films is key to
achieving QD-based optoelectronic devices. Since the absorp-
tion of incident photons is one of the main determining factors
of the efficiency of QD-SCs, the formation of a thick and
uniform CQD film through various solution-based methods
has been extensively studied. In addition, recombination losses

This journal is © The Royal Society of Chemistry 2020

must be minimized and charge extraction to the electrodes
must be optimized. For instance, the mean distance between
dots should be minimized to enhance the electrical properties
of CQD-SCs.”*"%%1%° As mentioned in Section 2, short ligands
are widely adopted on the CQD surface to realize the prefer-
ential transport of photogenerated carriers. Regarding these
factors, three major solution-based approaches, drop casting,
spin coating, and dipping, have been mainly employed in
CQD-SC fabrication on the lab scale (Fig. 14). In this chapter,
the progress on film fabrication methods, including strategies
for realizing large-area films, is presented.

4.1.1 Drop casting. Drop casting is the simplest method for
forming lab-scale small-sized solid QD films. A liquid solution
drop is spread over the target area, and the solvent completely
evaporates. Compared with other solution-based film formation
methods, the drop casting process is very simple yet good for
decreasing material waste. In addition, solvent engineering
of the CQD solution enables the formation of a thick film
with a single drop. Fischer et al. successfully developed stable
CQD ink and demonstrated CQD-SCs employing the drop
casting method.'”® Here, 1-thioglycerol-capped PbS QDs were
well preserved in dimethyl sulfoxide (DMSO) solvent with a
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Fig. 14 Various coating methods for CQD SCs: (a) spin-coating, (b) dip coating, (c) drop casting, (d) inkjet printing, (e) spray coating, and (f) doctor blade
coating. The long ligand encapsulating the CQD can be substituted for a short one via a post-deposition treatment in spin and dip casted films. On the
other hand, a pre-treated CQD ink with a short ligand is widely used in drop casting, spray coating, inkjet coating, and doctor blade methods.

pH-adjusting agent. Well-dispersed CQDs in solvent allowed the
fabrication of thick CQD films using the drop casting method.
According to the study, the consumption of materials used to
form the CQD film significantly decreased (1/40) in the drop
casting method (0.88 g m™?) compared to the layer-by-layer
coating method (38.75 ¢ m2), as shown in Fig. 15. Moreover,
a 200 nm QD film was achieved via single drop casting process in
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this work. Despite simple processes with reduced material
consumption, the drop-cast devices show limited PV perfor-
mance because of their poor film conditions induced by the
non-uniform evaporation of the solvent and non-controllable
nanomorphology of the active layer.”>'”> As a result, possible
solvents for CQD synthesis are limited, and the use of additives
for dispersion is inevitable in the drop casting approach.'”*'”

b Single Layer Drop Casting d

Falling drops
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b |
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Fig. 15 (a and b) Comparison of CQD ink consumption in the forming of a thick film through spin coating and drop casting. Here, thioglycerol (TG) and

oleic acid (OA) were used for dispersing the CQDs in solvents. Reproduced with permission from ref. 170. Copyright 2013, Wiley. (c) Pre-mixed CQD ink
capped by TG and methylammonium lead triiodide (MAPBI3). The pre-mixed ink enables us to control carrier transport in the CQD film by modifying the
nano morphology of film. Reproduced with permission from ref. 52. Copyright 2017, Springer Nature. (d) Ultrasonic substrate vibration-assisted drop
casting for the fabrication of solution processed light harnessing semiconductors. Reproduced with permission from ref. 174. Copyright 2015, Springer.
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To achieve better film quality and superior performance of
the device, several modifications of the drop casting method
have been conducted. With the assistance of substrate vibra-
tion, the morphology of the CQD films was made smoother, as
proven in perovskite films and SCs."”* Additionally, control of
the mixing ratio between PbS QDs capped by different ligands
has been shown to improve the carrier transport balance in
the drop-cast film, as shown in Fig. 15.%% It was found that the
miscibility among CQDs capped with different ligands affects
the carrier extraction balance. Although the reported PCE of the
drop-cast CQD-SC is very low (2.1%) currently, basic studies on
ink preparation and film formation for drop-cast CQD layers
will provide valuable guidelines for the mass production of
CQD-SCs based on simple, high-throughput processes.

4.1.2 Spin and dip coating. Spin and dip coating methods
are mostly adopted in CQD-SC research since they are good for
small-scale and batch-driven films. In the spin coating method,
a CQD solvent is spread on a glass or flexible substrate and
changes into a thin film through the high-speed rotation of the
substrate. While the substrate rotates, the low-boiling solvent
evaporates, and the solid QD film is cast (Fig. 14(a)). In contrast,
in the dip coating approach, the substrate is immersed into a
CQD solution. By dipping and withdrawing the substrate, a thin
layer of QDs is deposited on the target substrate, while the
solvent evaporates.””'”> In comparison to the spin-coated film,
the material consumption is significantly reduced for the
dip-coated film. Since the size of the equipment for spin
and dip coating is sufficiently small enough to fit into an inert
gas-filled glove box and/or closed system, these approaches
are suitable for evaluating the full potential of materials by
isolating CQD films from oxygen or humidity.”"""%'”” As these
approaches are also less dependent on solvent than drop casting,
CQD-SCs have been developed using various solvents, including
toluene, dimethylformamide (DMF), hexane, and so on.*®'’
Moreover, the attainable advantage of the spin and dip coating
methods is the easy tunability of the thickness of the deposited
film by controlling the number of repeated processes, which may
be considered a type of layer-by-layer (LBL) deposition.*®”*7%179
Furthermore, LBL-based coating and dipping methods are very
suitable for exchanging long ligands, passivating CQDs with
short ones during the process. To maintain the uniform
distribution of CQDs and suppress their aggregation in the
solution state, CQDs are normally capped with long ligands,
such as oleic acid (OA). However, this long ligand acts as a
barrier for charge transport among QDs.'*®'5*'81 Thys, the
inter-dot distance must be decreased to improve the perfor-
mance of CQD-SCs. As a physical approach, external pressure
can be used to compact the QD active layer by removing voids,
which results in improved carrier transport and device
performance.®® In contrast, in chemical ligand exchange
approaches, long ligands are substituted by short ligands after
the surface modification and washing steps of the LBL process.
Depending on the polarity of the exchanged ligand, the carrier
transport inside the film can be controlled.'" In particular, PbS
or PbSe CQDs can form either an n- or p-type active layer via
the introduction of TBAI and EDT ligands, respectively.>’*>%4%°
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By introducing different short ligands during the modification step
of the LBL process, a p-n structure active layer can be utilized with
the same set of CQDs, which enables directional control of the
photogenerated carrier. In addition, a mild washing solvent (e.g:,
acetonitrile) reduces the defects on the QD surface during the LBL
washing process, thereby resulting in reduced recombination losses
and higher device performance.**® As a result of these develop-
ments, record-breaking efficiencies have been reported mainly in
devices using the spin and dip coating approaches.®>*

4.2 Upscaling methods

While many solution-based approaches for CQD-SCs have been
successfully developed, most of them have been conducted
with small-sized substrates using lab-scale systems. Unfortu-
nately, uniformity and sufficient thickness over a large area are
difficult to achieve using these film formation techniques.
Reduction of material consumption is a big challenge for
dip- and spin-coating approaches. LBL-based thick films are
not suitable for mass production due to their lengthy processing,
consisting of multiple deposition and washing steps. Addition-
ally, the drop casting method requires careful handling of the
solvent to achieve uniform films. Thus, a single-step deposition
method in which the thickness and uniformity of QD films can
be controlled is desirable for mass production. For example, a
Canadian CQD-SC company, QD solar Inc., have focused on
forming QD films from a single step method for fabricating
devices via a roll-to-roll process. By employing pre-ligand-
exchanged CQD inks, thick and uniform QD films have been
demonstrated despite several challenges, such as poor colloidal
stability, use of high-boiling-point solvents for CQD dispersion,
and so on.’»'7"'® Three common single-step approaches
for constructing QD-based optoelectronic devices are inkjet
printing, spray coating, and slot-die coating, as shown in Fig. 14.
The properties of each method are summarized and compared to
those of lab scale processes in Table 3. The advantage of these
approaches is the ability to fabricate devices with reduced material
consumption in a short time. The current status of each deposition
method will be addressed.

An inkjet printing system can be used to deposit expensive
materials with reduced material consumption over a target
area. Thus, this method is widely used for solution-based
electrically functional materials. Using multiple nozzle heads,
which cover the entire substrate, a large-area film can be easily
deposited within a certain time. Moreover, the film uniformity
can be controlled by modifying the solvents. However, the coffee-
ring effect caused by the uneven evaporation rate of the solvent
in the ink deteriorates the uniform performance of the CQD-SCs.
The introduction of a mixed solvent for the QDs leads to reduced
surface tension and viscosity, which enables the fabrication of
reproducible flat films.’®* Many inkjet-based PV devices have
been developed because of their excellent film quality and
acceptable film deposition process for large-sized films.'®* 8
However, to date, most studies on inkjet-printed CQD opto-
electronic devices have focused on LEDs rather than PV cells,
since complicated patterned light-emitting layers are necessary
for full-colour devices. To date, inkjet-printed LEDs have been
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Table 3 Comparison of different deposition techniques for CQD-SCs

Methods CQD consumption Thickness control Process speed Examples of reported PCEs Ref.
Spin coating Very high Good Low 13.4% (CsPbl;) 54

Dip coating High Good Low 10.6% (PbS) 58

Drop casting Moderate Poor Moderate 2.1% (PbS) 170
Inkjet printing Low Good High —

Spray coating Low or moderate” Moderate or poor High 8.1% (PbS) 171
Doctor blade coating Low Good High” 10.0-10.3% (Pbs)? 2 and 55
Slot-die coating Low Good High

“ Depending on the spray system, the consumption may be varied. ? According to polymer solar cell results, the speed of the doctor blade approach

is around 15 mm s~ *

method without further modification.

successfully commercialized, and the infrastructure and facilities
for inkjet processed CQD films are ready for mass production by
materials (Nanosys QD vision, Nanoco and so on), device (Samsung
Electronics, TCL, BOE), and manufacturing equipment companies
(Kateeva, Epson). Consequently, the feasibility of producing large
inkjet-based CQD-SCs is very promising.

The spray coating technique is a film deposition method
based on the collection of small liquid drops dispersed in a
carrier gas. A CQD solution is sprayed through a nozzle using
high pressurized gas. All processes can be performed under
ambient conditions; thus, the use of an inert gas-filled glove
box is not essential in this approach. Uniformly deposited,
large-sized CQD films have been achieved by simply controlling
the nozzle and gas pressure.'®”"'*¢ The thickness of the CQD
film is controllable through a repeatable process, as shown in
Fig. 16. Hence, spray coating of CQDs paves the way for forming
large-sized, low-cost films. The key issue of the spray coating
method is how to uniformly disperse CQDs in the carrier gas
and maintain their function. To achieve better film quality,
long ligand-capped CQDs are normally dispersed in a solvent.
Then, the pressurized inert gas forces the CQDs to move and
deposit on the substrate. After that, the ligand is exchanged for
a short ligand to boost carrier transport among nanocrystals. A
comparison of spin- and spray-coated films indicates that the
surface of the spray-coated layer is smoother.”’ In addition,

System
Control

. ¢ Inkjet-based CQD-SCs have been barely reported.

CQD ink for doctor blade coating is compatible with the slot-die

pinholes and defects are significantly suppressed in spray-
coated films, resulting in an increased minority carrier lifetime
and an enhanced diffusion length of the CQDs. These benefits
have led to a uniform performance of CQD-SCs fabricated via
spray coating (PCE of 8.1 £ 0.7%). In addition, the possibility of
a roll-to-roll process via spray coating has also been verified
with flexible substrate-based SCs."”*

The last possible upscaling method is doctor blade or
slot-die coating, which is widely accepted in the industry for
large-area films with reduced material consumption. Using a
large dispenser head and a knife, a uniformly coated layer can
be achieved in slot-die and/or doctor blade coating.'®® The
amount of ink can be controlled by modifying the head of the
slot-die coater and knife of the doctor blade coater, which
enables the deposition of a film with the desired thickness.
Moreover, this process is compatible with a cost-efficient
roll-to-roll process. Utilizing these advantages, many research
groups have successfully demonstrated slot-die- or doctor
blade-processed SCs with solution-processed light absorbers,
including chalcogenides, perovskites and organic materials.®®
CQDs are also soluble materials; thus, attempts have been made
to realize large-area films using these techniques.” According
to Kirmani et al, the introduction of a slot-die-coated film
results in significantly reduced materials consumption (only
4%) compared to a film deposited via a spin coating method.

5 Layers ~

Fig. 16 (a) Schematic of a spray coating system for producing a CQD film, (b) Image of CQD films with different numbers of sprayed layers. Reproduced

with permission from ref. 40. Copyright 2015 Wiley.
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In addition, ambient humidity and oxygen can act as dopants of
the CQD ink in slot-die coating, leading to enhanced electrical
properties of the films with these dopants, as introduced in
Section 2. By employing a high-speed coating process, meeting
industrial requirements (>15 m min~'), a PCE of 10.3% was
obtained. A summarized comparison of the different deposition
techniques for CQD-SCs is presented in Table 3. As of now, doctor
blade or slot-die coating techniques seem the most promising for
mass production. Further intensive studies on enlarging CQD
films will result in commercially available devices.

5. Obstacles for CQD-SC
commercialization
5.1 Economic viability of CQD-SCs

Commercially available c-Si SCs and their modules are dominant
technologies for utility-scale PV power plants. Their market
share exceeds 95% owing to their high efficiency (>20% module
efficiency) and low cost (~0.2 $ per W). Moreover, the output of
a c-Si PV module system degrades by less than 20% after 20 years
of operation. As a result, the cumulative installation of c-Si SCs is
over 500 GW.'* In addition, more than 2.5% of the world’s
electricity generation is from c-Si PV modules. However, the
thick glass sandwich ¢-Si PV module is too heavy (>16 kg m?),
which limits its application (e.g., building- or vehicle-integrated
PV modules). Moreover, rigid c-Si PV modules are generally not
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compatible with portable devices. Although the annual demand
for non-utility-type PV modules (portable, aerospace, vehicle-
integrated, and microstructure-integrated products) is predicted
to be less than 100 MW, representing only 0.1% of the utility-
scale market, this market is growing much faster than the heavy
and rigid c-Si PV market."®" This niche market will be an
opportunity for thin film-based SCs to enter the commercialized
market. Compared to the utility-scale PV market, the function-
ality of solar modules, such as their light weight (W kg™ ),
design, and flexibility, plays a very important role in this area.
The projected cost of the emerging flexible PV modules is
approximately higher than 1 $ per W, as shown in Fig. 17(a).
Fortunately, CQD-SCs meet the requirements of the niche
PV market. Some pioneering research studies have system-
atically analysed the attainable flexible CQD-SC cost from the
viewpoint of elements and processes. Currently, the estimated
lowest cost for flexible PbS CQD-SCs is 0.94 $ per W, as shown
in Fig. 17(b).">> Here, the efficiency of the CQD-SC (PET film/
indium zinc oxide (IZO)/ZnO/PbS/NiO,/Al) is assumed to be
19%, and the device is assumed to be manufactured via a roll-
to-roll process. According to the data, the synthesis method
using PbCl, and thioacetamide precursors suggested by Huang
et al. significantly decreases labour as well as material costs
(0.16 $ per W).'*> However, the additional cost of PbS CQD ink
preparation for slot-die coating (0.11 $ per W) is inevitable in
the absorber preparation.’®® Finally, common elements for the
substrate (0.11 $ per W), buffer layer (0.07 $ per W), reliable
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Fig. 17

(a) Projected emerging PV market size as a function of the PV price per watt. Reproduced with permission from ref. 191. Copyright 2018, Springer

Nature. (b) Manufacturing cost for a roll-to-roll processed PV module with flexible substrate (100 um thick PET film). The projected total cost is 0.94 $ per W.
Here, it is assumed that the efficiency of the PbS CQD PV module is 19%. Reproduced with permission from ref. 192. Copyright 2018, the Royal Society of
Chemistry. (c) c-Si and low band gap CQD tandem cell structure with its theoretically calculated /-V curve and (d) external quantum efficiency under AM
1.5 G conditions. Reproduced with permission from ref. 193. Copyright 2018, the American Chemical Society.

This journal is © The Royal Society of Chemistry 2020

Energy Environ. Sci, 2020, 13, 404-431 | 423


https://doi.org/10.1039/c9ee03348c

Published on 04 January 2020. Downloaded by University of Illinois - Urbana on 6/1/2020 1:36:36 AM.

Energy & Environmental Science

device (encapsulant, 0.27 $ per W) and circuit (electrode,
contact and junction box, 0.15 $ per W) may increase the cost
of PbS-CQD PV modules. The common price for roll-to-roll-
based SCs still has room for improvement in the high volume
market. In addition, the cost of QD ink will be reduced by
implementing solvent recycling, developing a robust synthesis
method, and automating the process. Further progress in the
substrate, encapsulant and CQD ink would accelerate the
commercialization of CQD-SCs in the near future.

Another strategy to commercialize CQD-SCs is a tandem
approach. As mentioned above, the current cost of a c-Si PV
module is approximately 0.2 $ per W, which is almost impossible
to reach using CQDs as an absorber in SCs, considering the
current status.'® Hence, many companies and research institutes,
such as Ubiqd, QD Solar Inc., Los Alamos National laboratory,
Caltech, and so on, have tried to find a way to boost the
performance of c¢-Si SCs with the assistance of specially designed
QD films and devices.'®”'*"*% Because of the thermodynamic
(Shockley-Queisser) limit of light-harvesting materials, the opti-
mized E, of the active layer for conventional SCs is approximately
1.1 eV."?**® For instance, the E, values of Si, chalcogenides (CIGS),
GaAs, CdTe, and perovskites, which are widely used in conventional
SCs, are in the range of 1.1-1.5 €V. As a result, low energy photons,
below the E, (wavelength > 1100 nm), penetrate the cell and do not
contribute to the photocurrent in conventional SCs. The total
energy of non-absorbed photons is 16.4 mW cm > in conventional
single c-Si SCs under AM 1.5 G solar irradiation.***> Thus, many
research groups have developed small E, PbS-incorporated SCs and
proposed tandem structures consisting of conventional top cells
and PbS bottom cells (see Fig. 17(c) and (d)). Since lattice matching
among light-absorbing films is not necessary in solution-processed
devices, a small E;, CQD-SC is versatile for a tandem device.
Although the cost of the cell itself increases upon implementing
a CQD bottom cell, the enhanced performance of the tandem cell
with the stacking of a conventional device and IR-converting CQDs
curtails its levelized cost of electricity.

The energy attainable by introducing a small E, CQD cell
into the tandem structure was theoretically calculated based on
experimental results. According to the calculation, the PCE of a
tandem cell with a stack of CdTe (E; = 1.5 eV) and IR-absorbing
CQD (E; = 0.75 eV) cells reaches over 40%.”° Moreover, by
harnessing solar light in the IR region, a PCE of 29.7%
is expected in a monolithic tandem device with perovskite
(E; = 1.55 eV) and PbS CQD (E4 = 1.0 eV) cells."”> Comparing
certified state-of-the-art perovskite (25.2%) and CQD (16.6%)
SCs, more progress is projected in tandem devices. To realize a
highly efficient tandem structure with a conventional device,
improvement in the performance of the bottom cell, consisting
of small E;, CQDs, is essential. Y. Bi et al. empirically demon-
strated a 7.9% efficiency single PbS CQD-SC, the E, of which is
below 1.0 eV.?* In particular, the EQE of the cell is over 80% at
1350 nm. With the assistance of extended photon absorption
up to 1400 nm, achieved by attaching bottom PbS CQD
cells, efficiencies of 3.33 and 0.67% were added to the top
perovskite (long pass 750 nm) and c-Si (long pass 1100 nm) SCs,
respectively. According to the roadmap of QD solar Inc., an

424 | Energy Environ. Sci, 2020, 13, 404-431

View Article Online

Review

improvement of more than 4% will be achieved by inserting
CQD-SCs at the bottom of c-Si SC systems.*** Moreover,
optimization of the optical structure is projected to lead to
better performance of small E, CQD-SCs located under conven-
tional cells. A selective cavity mirror consisting of multiple
layers of an oxide and a nitride reflects IR light, which allows
small E; CQDs to convert more photons to a current.”’’
Although further studies are required to improve the stability,
interlayer, and optical design, the stacking of a conventional
solar absorber and low E, CQDs provides an opportunity to
successfully overcome the Shockley-Queisser limit of a single
junction cell.

5.2 Eco-friendly SCs

To date, highly efficient devices based on Pb-containing CQDs,
such as PbS (PCE of 12.1%) and CsPbl; (14.1%) nanocrystals, have
been reported. However, the use of toxic elements, including Pb,
Hg, Cd, and so on, severely restricts their usage in nearly all
commercial electronic devices. Many regulations have been
imposed on the amount of Pb that can be used.””® Moreover,
end-of-life issues need to be addressed for PV modules containing
Pb-based CQDs. Although the Pb-based active layer is very thin
(hundreds of nanometres), the amount of accumulated Pb from
MW- and/or GW-sized CQD PV systems is non-negligible. c-Si PV
modules, which currently dominate the PV market, also face
similar problems. Due to environmental regulations, replacement
of Pb-containing solders (SnPb) with eco-friendly solders and
collection of these solders from aged modules have been inten-
sively studied.>*° As Cd-containing CQDs have been successfully
substituted for heavy metal-free (InP, CIGS, and so on) ones in
commercialized CQD displays, the development of highly efficient
CQD-SCs with non-toxic materials is expected.”*''* Unfortunately,
the performance of CQD-SCs with eco-friendly elements is
currently inferior to that of PVs with PbS CQDs, as summarized
in Table 4. However, progress in new materials and device
structures would enable the efficient utilization of CQD devices
with heavy metal-free elements.

Among the many possible non-toxic materials, In-based binary
and ternary (InAs, InSb, InZnP) QDs have been investigated,
which can convert a broad range of solar light (from UV to NIR)
into electricity. In-based nanocrystals and their films exhibit
excellent optical and electrical properties for optoelectronic
devices. Their absorption coefficients are very high such that an
film of only 100 nm is sufficiently thick enough to absorb incident
photons.****'*> Moreover, the electron mobility of films with InAs
CQDs exceeds 15 cm? V™' s7! in field-effect transistors.*'®

Table 4 Efficiency thin-film photovoltaic cells with toxic and non-toxic
CQDs

Materials PCE (%) Ref.

Pb based QDs PbS CQD 12.1 18
CSPbI; 14.1 66

Non-toxic QDs InZnP 1.2 206
AgBiS, 6.3 207
CulnS, 1.2 208

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9ee03348c

Published on 04 January 2020. Downloaded by University of Illinois - Urbana on 6/1/2020 1:36:36 AM.

Review

In addition, the attainable advantage of In-based eco-friendly
CQDs is the enhanced MEG, because their CM threshold is near
2E,.*'” Moreover, In-based QDs show excellent stability under
high voltage field, as reported by Samsung Electronics.>'® Despite
the excellent optical and electrical properties of In-based CQDs,
the reported efficiencies of solid-state SCs with 3.2 nm InP and
2.8 nm InZnP CQDs are only 0.7 and 1.2%, respectively.>*® This
result can be mainly attributed to the poly-dispersity of the CQD
size and increased recombination losses induced by poor CQD
surface passivation.>'*?*° For the better performance of In-based
CQD SCs, these issues should be overcome. Meanwhile, imple-
mentation of In-based CQDs in SCs as a buffer layer rather than
an active layer has been suggested. As the In-based nanocrystal
layer exhibits very high mobility, the incorporation of an In-based
CQD film into a SC led to improved carrier collection efficiency.
Moreover, the E, of the In-based QD can be tuned by surface
treatment, enabling the desired band alignment between the
electrode and active layer. Song et al. inserted an InAs QD layer
between an electrode and a p-n-type PbS QD active layer.>*!
The air-stable InAs QD film boosted the carrier collection
efficiency, thereby leading to improved FF (0.39 — 0.63),
Jsc (13.13 = 20.92 mA cm™2), Vo (0.21 — 0.54 V), and PCE
(1.1 - 7.2%) values. Although the active layer still consisted of
Pb-based CQDs, this work revealed that surface-treated InAs
QDs have the potential to realize eco-friendly CQD-SCs.

Other possible candidates for non-toxic CQD-SCs are Ag- and
Sb-based compound nanocrystals (Sb,Ses, Ag,S, AgBiS,,
AgBiSe;). The bulk E, values of these materials are narrow, so
they can absorb a wide range of IR light (i.e., bulk E, of AgBiS,:
1.1 eV, Ag,S: 1.07 eV, Ag,Se: 0.17 eV, Sb,Se: 1.0 eV).207?22:223 Ag
a result, intensive studies have been conducted on developing
SCs using these bulk materials. Solid thin-film SCs with a
bulk Sb,Se; layer have shown promising efficiency (PCE of
7.5-9.2%).2>?%> This result was achieved without incurring
high costs (In and Ga) or using toxic (Cd and Pb) materials.
However, the excellent properties of bulk Sb,Se; have not been
linked to a highly efficient CQD-SC because of its poor size
control and corrosion during the synthesis process.*”* Regard-
less of the many obstacles for realizing highly efficient non-toxic
CQD-SCs, such as the poor understanding of the CQD surface
passivation, charge transport inside the film, and CQD composi-
tion, a record high PCE of 6.31% has been achieved using AgBiS,
QDs.>”” The E, of AgBiS, lies between those of ZnO and the
p-type polymer layer; thus, the introduction of an ETL and an
HTL boosts the photogenerated carrier collection efficiency in
AgBiS, CQD-SCs. Further modification of the surface passivation
and size control of Ag- and Sb-based CQDs is predicted to help
overcome the limitations of their devices by minimizing recom-
bination losses and maximizing light absorption.

Last, CQDs consisting of chalcopyrite (e.g., CnInGaSe,) have
also been considered as non-toxic alternatives. For the bulk
film, the record efficiency of a Cu-In-Ga-Se SC has exceeded
20%, and this cell is competitive with other thin-film and c-Si
PV cells in the commercial market.”*® Because of the strong
absorption coefficient and the possibility of tuning the E,,
chalcopyrite CQD optoelectronic devices have been intensively
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studied.””” However, the studies have mainly been focused on
dye-sensitized SCs rather than on solid-type SCs owing to
inefficient charge transport in the CQD film. The delocalized
ions and Cu vacancies in chalcopyrite CQDs contribute to
broadening of the CB and VB, which act as trap sites in the
solid film.>*®**° In particular, the intra-gap state dramatically
decreases the carrier mobility. As a result, a PCE of only 1.1%
has been achieved in solid-type chalcopyrite CQD-SCs, while
the certified PCE of dye-sensitized-type chalcopyrite CQDs is
11.6%.2°%**” Since thermal annealing of films and control of
elements may reduce the defect states of chalcopyrite CQDs,
control of the carrier transport inside the chalcopyrite CQD film
is necessary for developing solid-type SCs based on this.

6. Conclusion and remarks

CQD-SCs are considered to be strong candidates as next-
generation energy sources. By utilizing the quantum confine-
ment effect, efficient colour-tunable SCs with varying CQD sizes
can be fabricated. Along with the improvements that have been
achieved in CQD materials and surface chemistry over the last
decade, many studies have focused on enhancing the PV
performance of the devices. The development in device engi-
neering has led to an enlarged depletion region and efficient
charge extraction of photogenerated charges, achieving a certi-
fied PCE of over 16%. CQDs exhibit several advantageous
features compared to competitive emerging PV materials:
(1) control of E, by tuning the CQD size, (2) energy level alignment
via surface treatment, (3) low MEG threshold, (4) utilization of
infrared light, and (5) possible use of air-stable inorganic
materials for all device layers. Moreover, CQDs exhibit high
feasibility for film deposition via solution processes. Industrial
film deposition methods, such as inkjet printing, doctor
blading and slot-die coating, can be used in CQD film deposition.
Furthermore, post-treatment (high-temperature annealing) would
not be required for CQD film deposition. The most competitive
emerging PVs, perovskites, require a very fine film quality to
achieve a high PCE. The anti-solvent dripping process (which is
essential for the fine film quality) during the spin coating of a
perovskite solution is a large bottleneck in the upscaling process.
Another possible candidate for competitive emerging PVs is
organic photovoltaics (OPVs). The reported high-efficiency OPVs
have very high costs associated with the synthesis of the polymers.
Thus, CQD-SCs are one of the most promising candidates for
next-generation PVs. CQD-SC are expected to enter the flexible,
portable PV market in the near future. Moreover, stacks of
conventional (c-Si or thin-film) SCs and low E, CQD-SCs can
overcome the efficiency limit of a single cell. However, some
issues should be addressed for the successful commercializa-
tion of CQD-SCs.

The most urgent issues to be handled are the device stability
and environmental toxicity of the materials. The operational
lifetime of the devices under illumination is only 1100 h at the
Tgo point. If proper device encapsulation excludes other environ-
mental degradation sources, such as oxygen and humidity,
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then the remaining unsolved issue will be improving the stability
of the light-unstable parts in the CQD devices. The hydroxide
components on the CQD surfaces should be effectively passi-
vated via ligand exchange or surface treatments. Replacement or
passivation (doping) with light-stable materials of the most
widely used light-unstable ETL, ZnO, is required. To date, metal
doping of ZnO has exhibited the most effective defect passiva-
tion characteristics, but not enough to satisfy commercial stan-
dards. Additionally, the interfacial junctions between each PV
constituent layer should be carefully investigated. The defect
states at these junctions could act as non-radiative recombina-
tion centres during operation under illumination.

The highest-performing CQD-SCs consist of Pb-included
elements, which are strictly regulated for commercial usage.
Although the total amount of Pb for a single device is almost
negligible, the amount would be considerable when the single
devices are integrated into PV modules. Less toxic candidate
materials, such as In, As, or Sb, have been investigated to
achieve eco-friendly and efficient CQD-SCs. However, the diffi-
culties associated with CQD size control or in the synthesis
processes need to be overcome for these materials. Although
non-Pb-based CQD-SCs have shown a maximum PCE of only
~ 6%, they have been reported to exhibit promising character-
istics, such as high mobility and absorption coefficients. Thus,
further investigation of these materials to realize eco-friendly
and efficient CQD-SCs would be very promising.

Once the outstanding advantages of CQDs can be effectively
utilized in device physics and materials science, commercializa-
tion of CQD-SCs will no longer be uncertain, and CQD-SCs will
make up a portion of the future PV market.
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