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Abstract: Over the past decade, lead halide perovskites have emerged as one of the leading
photovoltaic materials due to their long carrier lifetimes, high absorption coefficients, high tolerance
to defects, and facile processing methods. With a bandgap of ~1.6 eV, lead halide perovskite solar cells
have achieved power conversion efficiencies in excess of 25%. Despite this, poor material stability along
with lead contamination remains a significant barrier to commercialization. Recently, low-dimensional
perovskites, where at least one of the structural dimensions is measured on the nanoscale, have
demonstrated significantly higher stabilities, and although their power conversion efficiencies are
slightly lower, these materials also open up the possibility of quantum-confinement effects such as
carrier multiplication. Furthermore, both bulk perovskites and low-dimensional perovskites have
been demonstrated to form hybrids with silicon nanocrystals, where numerous device architectures
can be exploited to improve efficiency. In this review, we provide an overview of perovskite solar
cells, and report the current progress in nanoscale perovskites, such as low-dimensional perovskites,
perovskite quantum dots, and perovskite-nanocrystal hybrid solar cells.
Keywords: solar cells; perovskites; perovskite nanocrystals; perovskite quantum dots;
low-dimensional perovskites; nanocrystal solar cells; organic–inorganic hybrid solar cells; lead
halide solar cells; hybrid solar cells

1. Introduction
In the search of high-efficiency, low-cost solar cells, a multitude of new materials and architectures
are currently being explored. Over the past decade, organometal halide perovskites (OHPs) have
emerged as a highly promising photovoltaic material and have been demonstrated as the active layer in
perovskite solar cells (PSCs) with efficiencies over 25% for laboratory-based devices (~0.1 cm2 ) [1] and
around 10–15% in modules [2] and are recently being employed in high-efficiency tandem devices [3].
The performance of PSCs has seen a meteoric rise over the past decade and they are already comparable
with or superior to well-established photovoltaic technologies [1]. OHPs are attractive particularly
due to their ease of processing [4], large absorption coefficients [5], long carrier diffusion lengths [6],
low exciton binding energies [7], and low non-radiative recombination rates [8]. These properties
also make OHPs an attractive material for various other optoelectronic devices, such as light emitting
diodes [9], lasers [10,11], and photodetectors [12].
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structure with the general stoichiometry ABX3 as shown
Figure 1. The A-site is occupied by a monovalent cation e.g., methylammonium (MA, CH3 NH3 + ),
formamidinium (FA, CH3(NH2)2+),+Cs+ etc.
The B-site is usually occupied by a Pb2+ divalent metal
formamidinium (FA, CH3 (NH2 )2 ), Cs+ etc. The B-site is usually occupied by a Pb2+ divalent metal
cation and can be substituted by a similarly-sized divalent cation such as Sn2+2+
. The X-site is usually
cation and can be substituted by a similarly-sized divalent cation such as Sn . The X-site is usually
occupied by a halide anion e.g., I−,−Cl−, −Br−. −OHPs with mixed cations and/or anions are now the
occupied by a halide anion e.g., I , Cl , Br . OHPs with mixed cations and/or anions are now the
standard for high efficiency cells, particularly due to improved structural stability [13–15]. Their high
standard for high efficiency cells, particularly due to improved structural stability [13–15]. Their high
compositional tunability, whereby the bandgap can be easily modified through ion substitution [16]
compositional tunability, whereby the bandgap can be easily modified through ion substitution [16]
and low-cost facile deposition procedures [17] makes OHPs excellent candidates for tandem solar
and low-cost facile deposition procedures [17] makes OHPs excellent candidates for tandem solar
cells, where two materials of different bandgaps are employed in conjunction to absorb different parts
cells, where two materials of different bandgaps are employed in conjunction to absorb different
of the solar spectrum. OHPs can be employed either as the top cell in a tandem device (with e.g.,
parts of the solar spectrum. OHPs can be employed either as the top cell in a tandem device (with
silicon, cadmium telluride, copper indium gallium diselenide etc. bottom cell) or in a stacked
e.g., silicon, cadmium telluride, copper indium gallium diselenide etc. bottom cell) or in a stacked
perovskite–perovskite tandem device. The successful fabrication of tandem cells with OHPs has the
perovskite–perovskite tandem device. The successful fabrication of tandem cells with OHPs has the
potential to achieve efficiencies in excess of 40% [3].
potential to achieve efficiencies in excess of 40% [3].

Figure 1. Cubic perovskite unit cell.
Figure 1. Cubic perovskite unit cell.
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current status of PSCs and the potential opportunities of stable, low-dimensional perovskites.

Nanomaterials 2019, 9, 1481

3 of 28

with OHPs and nanocrystals (NCs) will be discussed, along with high-stability metal oxide perovskite
Nanomaterials 2019, 9, x FOR PEER REVIEW
3 of 28
nanocrystals.
We hope this will provide the reader with a basis for understanding the current status
of
PSCs and the potential opportunities of stable, low-dimensional perovskites.
2. Overview of Bulk Perovskite Solar Cells
2. Overview
of Bulk
Perovskite
Cells
PSCs were
initially
inspiredSolar
by the
dye-sensitized solar cell (DSSC), where simply replacing the
dye PSCs
in a DSSC
an OHP
immediately
yielded efficiencies
of ~3%
[25].where
The OHPs
used
were either
were with
initially
inspired
by the dye-sensitized
solar cell
(DSSC),
simply
replacing
the
+). Since the
MAPbI
3
or
MAPbBr
3
,
where
MA
is
the
small
organic
cation
methylammonium
(CH
3
NH
3
dye in a DSSC with an OHP immediately yielded efficiencies of ~3% [25]. The OHPs used were either
liquid 3electrolyte,
is used in DSSCs as a redox mediator, dissolved the OHP, these+ devices had
MAPbI
or MAPbBrwhich
3 , where MA is the small organic cation methylammonium (CH3 NH3 ). Since the
very short
lifetimes
on is
the
order
of seconds.
The rapid
dissolution
of the
the OHP,
OHP these
was overcome
by
liquid
electrolyte,
which
used
in DSSCs
as a redox
mediator,
dissolved
devices had
replacing
the
liquid
electrolyte
with
a
polymer
which
did
not
dissolve
the
OHP.
Subsequently,
very short lifetimes on the order of seconds. The rapid dissolution of the OHP was overcome by
devices were
reported
usingwith
the apolymer
for hole
quickly achieving
replacing
the liquid
electrolyte
polymer spiro-MeOTAD
which did not dissolve
thetransport,
OHP. Subsequently,
devices
efficiencies
of
~10%
with
improved
device
lifetime
[26,27].
It
was
demonstrated
that
electron
and
were reported using the polymer spiro-MeOTAD for hole transport, quickly achieving efficiencieshole
of
transport
occurs in the
OHP,
indicating
free-carriers
are generated
in the
with long
~10%
with improved
device
lifetime
[26,27].that
It was
demonstrated
that electron
andOHP
hole transport
diffusion
lengths
lifetimes,
to suspicion
that photocarriers
would
excitonic
as for
occurs
in the
OHP, and
indicating
thatcontrary
free-carriers
are generated
in the OHP with
longbe
diffusion
lengths
organic
solar
cells,
and
therefore
the
sensitized
architecture
was
in
fact
not
necessary
[26].
and lifetimes, contrary to suspicion that photocarriers would be excitonic as for organic solar cells, and
Thethe
main
PSC device
architectures
arefact
shown
in Figure 2.
The OHP is sandwiched between two
therefore
sensitized
architecture
was in
not necessary
[26].
selective
contacts,
an electron
transportare
layer
(ETL)
such as2. TiO
and aishole
transport
layer (HTL)
The main
PSC device
architectures
shown
in Figure
The2,OHP
sandwiched
between
two
such
as
spiro-OMeTAD.
Metallic
contacts
are
formed
on
either
side
of
the
transport
layers:
a window
selective contacts, an electron transport layer (ETL) such as TiO2 , and a hole transport layer
(HTL)
contact
is formed using Metallic
a transparent
conducting
oxide
(TCO)side
suchofasthe
indium-doped
tin oxide
(ITO),
such
as spiro-OMeTAD.
contacts
are formed
on either
transport layers:
a window
and
a
back
contact
is
formed
using
either
gold,
silver,
aluminum
etc.
The
first
architecture
employed
contact is formed using a transparent conducting oxide (TCO) such as indium-doped tin oxide (ITO),
in the
research
timeline
wasusing
the sensitized
architecture
using a thick
mesoporous
layer ofemployed
TiO2 (Figure
and
a back
contact
is formed
either gold,
silver, aluminum
etc. The
first architecture
in
2a).research
This was
quickly
with bi-layer
devices,
mesoporous-TiO
was
reduced
in
the
timeline
wasreplaced
the sensitized
architecture
usingwhere
a thickthe
mesoporous
layer of2TiO
(Figure
2a).
2
thickness
and
a
thicker
OHP
layer
was
deposited
to
allow
for
greater
absorption
of
light
and
longer
This was quickly replaced with bi-layer devices, where the mesoporous-TiO2 was reduced in thickness
crystalline
grain sizes
2b).
A planar
device of
architecture
can also
be used,
and
a thickerorder
OHPwith
layerlarger
was deposited
to (Figure
allow for
greater
absorption
light and longer
crystalline
with with
either
n-i-p
configuration
(Figure
2c) or device
p-i-n configuration
(Figure
The
planar
order
larger
grain
sizes (Figure
2b). A planar
architecture can
also be2d).
used,
with
eitherdevice
n-i-p
eliminates
the
necessity
for
the
mesoporous
TiO
2
layer,
further
reducing
fabrication
and
configuration (Figure 2c) or p-i-n configuration (Figure 2d). The planar device eliminates the costs
necessity
complexity.
PlanarTiO
devices
show greater potential for low-cost roll-to-roll printing of PSCs at low
for
the mesoporous
2 layer, further reducing fabrication costs and complexity. Planar devices show
temperatures
due
to
the
elimination
mesoporous-TiO
which
must typically
bethe
annealed
at high
greater potential for low-cost roll-to-rollofprinting
of PSCs at2low
temperatures
due to
elimination
of
temperatures
during
device
fabrication
(~500
°C)
for
high-efficiency
PCSs,
and
is
therefore
mesoporous-TiO2 which must typically be annealed at high temperatures during device fabrication
◦ C) for for
unattractive
large-scale production
also eliminating
the possibility
of fabricating
devices
on
(~500
high-efficiency
PCSs, andwhile
is therefore
unattractive
for large-scale
production
while
flexible
plastic
substrates.
Furthermore,
the
high-temperature
annealing
of
TiO
2 is not suitable for the
also eliminating the possibility of fabricating devices on flexible plastic substrates. Furthermore, the
fabrication of tandem
devices
with
silicon or perovskite bottom cells since such high-temperature
high-temperature
annealing
of TiO
2 is not suitable for the fabrication of tandem devices with silicon or
annealingbottom
processcells
willsince
damage
silicon bottomannealing
cell [3]. Planar
usingthe
ansilicon
SnO2 bottom
electron
perovskite
such the
high-temperature
processdevices
will damage
transport
layer
can
be
fabricated
via
low-temperature
methods
and
demonstrate
superior
stability
cell [3]. Planar devices using an SnO2 electron transport layer can be fabricated via low-temperatureto
mesoporous-TiO
2 devices, however the best efficiency of 21.6% is somewhat lower than mesoporousmethods
and demonstrate
superior stability to mesoporous-TiO2 devices, however the best efficiency
TiO
2 devices (25.2%) [1,28]. Since PSCs employing mesoporous-TiO2 transport layers have shown
of 21.6% is somewhat lower than mesoporous-TiO2 devices (25.2%) [1,28]. Since PSCs employing
greater efficiencies
than planar devices thus far [29], ideally low-temperature fabrication techniques
mesoporous-TiO
2 transport layers have shown greater efficiencies than planar devices thus far [29],
shouldlow-temperature
be developed forfabrication
mesoporous-TiO
2 transport layers to enable their incorporation into tandem
ideally
techniques
should be developed for mesoporous-TiO2 transport
devices.
layers to enable their incorporation into tandem devices.

Figure
Figure2.2.Various
Variousdevice
devicearchitectures
architecturesfor
fororganometal
organometaltrihalide
trihalideperovskite
perovskitesolar
solarcells.
cells.(a)
(a)Mesoporous
Mesoporous
sensitized,
(b)
bi-layer,
(c)
n-i-p
planar
and
(d)
p-i-n
planar.
ETL,
HTL,
and
TCO
stand
for
sensitized, (b) bi-layer, (c) n-i-p planar and (d) p-i-n planar. ETL, HTL, and TCO stand forelectron
electron
transport
oxide,
respectively.
transportlayer,
layer,hole
holetransport
transportlayer,
layer,and
andtransparent
transparentconducting
conducting
oxide,
respectively.

2.1. Stability of Perovskite Solar Cells
While exceptional efficiencies have been demonstrated with Pb-based perovskites [13–15],
significant challenges exist such as poor stability, toxicity, and rate-dependent current-voltage

MAPbI3 layer degraded to PbI2 within 13 days [30]. Although the exact mechanism of degradation
remains unclear; it is generally understood that an intermediate phase is first formed via hydration
of the OHP [31,32]. Considering the decomposition of MAPbI3, the hydration of MAPbI3 leads to its
conversion to MA4PbI6·2H2O and PbI2, followed by phase separation and the subsequent loss of MA,
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occur at the grain boundaries and is assisted by the presence of trapped charges which usually exist
at defect sites, surfaces, and grain boundaries [33]. Ions can easily migrate within OHPs, causing
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Due to the high susceptibility of OHPs to degrade when exposed to moisture, it is therefore
necessary to carefully control the atmosphere during fabrication. Entire device encapsulation is
necessary to prevent exposure to moisture and mechanical fractures. For encapsulated devices, the
formation of bubbles has been observed in the encapsulant layer due to the release of gaseous species.
Encapsulation prevents gaseous products from escaping, creating a thermodynamically enclosed
system which is expected to reduce the rate of degradation [42]. Encapsulation is therefore essential
for several reasons: to prevent the ingress of moisture; to prevent the release of gases; and to prevent
the release of toxic materials to the environment. However, due to the thermal expansion coefficient
mismatch between the various layers, including the encapsulant, temperature cycling of the PSC
(i.e., day and night temperature variations) can lead to significant delamination and device failure.
Careful selection of the encapsulant and various device layers is therefore necessary to minimize
delamination caused by temperature cycling. This eliminates the possibility of flexible, low-weight
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modules, and the low stability and Pb-contamination necessitates careful recycling of PSCs. In spite of
these measures, the question of whether the lifetime of OHPs can match silicon PV remains dubious.
2.2. Toxicity of Perovskite Solar Cells
Pb-containing OHPs’ decomposition results in the formation of Pb-halide compounds, metallic
Pb, and various carbonated molecules [43]. Although PSCs contain small amounts of Pb (~0.4 g/m2
for a 400 µm-thick OHP layer) [44], the harmful Pb-halides generated via degradation are highly
water-soluble and therefore pose a significant risk to the environment [45]. The contamination of Pb
can be addressed either by replacing Pb with other non-toxic elements or by stabilizing the structure
of the perovskite so as to avoid the formation of PbI2 . Unfortunately, computational studies have
suggested that there is no viable alternative to Pb in PSCs to achieve the similarly high efficiencies
which are in excess of 20% [46]. The high efficiencies of OHPs is attributed to the favorable Pb2+ orbital
hybridization with I- and Br- halide ions which results in high absorption coefficients and long carrier
diffusion lengths [47]. Sn is a potential alternative to Pb, and whilst still toxic to animals and humans,
it is less harmful than Pb. [43] Sn-OHPs have been produced by the direct replacement of Pb with Sn,
but the best efficiency achieved to date is 7.14% [23]. In addition, the stability of Sn-based devices is
usually worse than Pb-OHPs due to the tendency of tin to easily oxidize from Sn2+ to Sn4+ . This can
be mitigated to some extent by the addition of SnF2 and ethylenediammonium during fabrication to
inhibit the formation of Sn4+ [23,48]. While pure Sn-OHPs are unstable, the oxidation of Sn2+ becomes
less energetically favorable when less than 50% of the B-site in the perovskite structure is occupied by
Sn2+ (i.e., MAPb≥0.5 Sn≤0.5 I3 ) and the stability is significantly improved [49]. Notably, Zn, which is a 2+
ion with a slightly smaller ionic radius than Pb, has also been investigated for the partial replacement of
Pb and has demonstrated an improvement in the power conversion efficiency (PCE) for small amounts
of Zn (~1% to 5%). The introduction of Zn into MAPbI3 leads to the formation of larger grains which
are more homogeneous, and layers which are more compact and with fewer pinholes. This is achieved
through a lattice contraction induced by the smaller Zn ion, along with stronger coordination with the
organic cation, leading to a reduction in the amount of point defects [50–53]. However, this work only
serves to reduce Pb contamination without eliminating it entirely, and the contamination of toxic Pb
and Sn remains and degradation is still observed [49].
2.3. Hysteresis in PSCs
A common issue exhibited by nearly all PSCs is a hysteresis present during solar cell
characterization. Hysteresis, defined as the dependence of the state of a system on its history,
is frequently observed during current density-voltage (J-V) measurements, where a change in the
voltage scan direction between forward and backward results in a differing J-V response, as shown in
Figure 4a. A device without J-V hysteresis is shown in Figure 4b. The observed hysteresis is largely
attributed to ion mobility within the OHP [54–56], whilst other mechanisms have also been proposed,
see reference [57]. Hysteresis is problematic as it primarily introduces difficulties in accurately
measuring device performance, but can also be indicative of stability issues [41,58]. Recent work [13,15]
has shown that high-efficiency mesoscopic devices possess low hysteresis in the forward and backward
J-V scans with the same scan rates from 10 mV/s to 50 mV/s; however, hysteresis is still well observed
particularly for fast scans [56,59,60]. Selecting appropriate contacts and forming high-quality OHP
layers appears to negate most of the hysteresis observed during standard performance measurements
with slow scan speeds; however, the J-V character for fast scans is often unreported and ionic motion
and charge accumulation are still likely to be present in the perovskite layer. Furthermore, hysteresis
is often intensified as devices are scaled to active areas over 1 cm2 , particularly due to issues with
controlling morphology when depositing OHPs over larger areas [61]. The hysteresis observed in
OHPs depends on various measurement conditions during the J-V characterization, in particular:
the voltage scan rate and scan range [56,62]; the delay time between applying the bias voltage and
measuring the current [63]; and the poling voltage prior to measurement [57]. Hysteresis has also
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direction for a device with hysteresis (a) and without (b). Reproduced from ref. [66], with permission
direction for a device with hysteresis (a) and without (b). Reproduced from ref. [66], with permission
from The Royal Society of Chemistry, 2017. (c,d) Time-dependent photocurrent response under reverse
from The Royal Society of Chemistry, 2017. (c,d) Time-dependent photocurrent response under
and forward stepped scans with (b) 1 s step time and (c) 0.1 s step time. Reproduced from ref. [67], with
reverse and forward stepped scans with (b) 1 s step time and (c) 0.1 s step time. Reproduced from ref.
permission from American Chemical Society, 2015. (e,f) Current decay after removing device from
[67], with permission from American Chemical Society, 2015. (e,f) Current decay after removing
illumination showing two discharging events occurring over different timescales. Reproduced from
device from illumination showing two discharging events occurring over different timescales.
ref. [68], with permission from American Chemical Society, 2015.
Reproduced from ref. [68], with permission from American Chemical Society, 2015.
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with similar properties to bulk Pb-OHPs are a high priority
3. Nanostructured
Perovskite
Absorbers
and are currently being explored, such as the replacement of Pb with Sn or Bi [23,77], lead-free halide
double
perovskites [78], and low-dimensional materials [22]. The efficiencies of these solar cells are
3.1.
Introduction
often far lower than bulk Pb-OHPs and a large amount of development is still required.
Non-toxic and/or stable materials with similar properties to bulk Pb-OHPs are a high priority
Nanostructured perovskites include perovskite quantum dots, nanoparticles, nanosheets, nanorods,
and are currently being explored, such as the replacement of Pb with Sn or Bi [23,77], lead-free
and perovskites with nanoscale internal ordering. These materials are often termed low-dimensional
halide double perovskites [78], and low-dimensional materials [22]. The efficiencies of these solar
perovskites (LDPs) and can generally be envisioned by reducing the bulk perovskite structure to the
cells are often far lower than bulk Pb-OHPs and a large amount of development is still required.
nanoscale in at least one structural dimension.
Nanostructured perovskites include perovskite quantum dots, nanoparticles, nanosheets, nanorods,
Figure 6 shows schematically how a bulk perovskite with ABX3 structure transforms from a
and perovskites with nanoscale internal ordering. These materials are often termed low-dimensional
three-dimensional perovskite (3DP) to an LDP. In 3DPs, i.e., the typical bulk perovskites used in
record-efficiency devices, each BX64− octahedra is connected along all three axes and is anisotropic. It
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In addition,
both
3DPsinternal
and LDPs
are

capable of incorporating a low concentration of inorganic nanocrystals into their lattice to form
internal energy band alignments which can be used to increase carrier collection and absorption.
These hybrid devices can potentially harvest a wide range of the solar spectrum through quantum
confinement effects without significantly altering the device architecture, and will be discussed later
[85,86].
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band alignments which can be used to increase carrier collection and absorption. These hybrid devices
can potentially harvest a wide range of the solar spectrum through quantum confinement effects
without significantly altering the device architecture, and will be discussed later [85,86].
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lower device performance. Reproduced from ref. [22], with permission from American Chemical
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to decrease dramatically due to the widening of the band gap and the higher proportion of insulating
barrier molecules which have a detrimental effect on carrier transport. Whilst the high in-plane
mobility of bulk OHPs is retained along the nanosheets and nanorods, the transport between
nanosheets/rods is restricted due to the potential barrier created by the insulating organic barriers

transfer. This is shown schematically in Figure 8a. When nanosheets are oriented horizontally, i.e.,
parallel to the contacts, the charge carrier transfer is restricted in the vertical direction, and charge
carrier extraction in inhibited because the long organic barriers separating the LDP sheets inhibit
transfer between the layers.
Higher efficiencies can be achieved by vertically orientating the inorganic sheets, as shown
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Figure 8. Solar cells based on a perovskite absorber with a two-dimensional network. (a) Sheets align
Figure 8. Solar cells based on a perovskite absorber with a two-dimensional network. (a) Sheets align
parallel with the contacts resulting in low carrier mobility between the contacts and (b) sheets align
parallel with the contacts resulting in low carrier mobility between the contacts and (b) sheets align
perpendicular to the contacts resulting in favorable out-of-plane mobility between contacts.
perpendicular to the contacts resulting in favorable out-of-plane mobility between contacts.

Higher efficiencies can be achieved by vertically orientating the inorganic sheets, as shown
A problem which must be overcome in 2DPs is a stacking misalignment of the 2DP grains which
schematically in Figure 8b, whereby charge transport is less restricted. If the nanosheets/rods are
reduces carrier mobility. It was shown that even when 2DPs are aligned with favorable out-of-plane
orientated vertically, i.e., perpendicular to the contacts (out-of-plane), charge transport is predominantly
alignment, stacking misalignments between grains restricts charge transfer between vertically
along the perovskite structure and carrier extraction is therefore far more efficient since carriers must
aligned sheets [83]. In order to improve device performance, it is important to minimize stacking
overcome fewer potential barriers. This was initially demonstrated in BA-capped 2DPs with n = 3
misalignment between grains. In addition, it was recently demonstrated that it is essential to use
and the efficiency was increased to over 12% using a hot casting deposition technique to achieve
LDPs with at least n > 2, as it has been shown that exciton dissociation occurs within the nanosheets
out-of-plane alignment of the 2D sheets [23]. However, these devices still showed rather poor stability
of 2DPs due to the presence of lower energy states at the edges of the nanosheets which exit only for
when exposed to 65% relative humidity without encapsulation, while fully encapsulated devices
demonstrated impressive stability. This has also been demonstrated in perovskite nanorods, with
an increase in efficiency from 1.74% to over 15% following out-of-plane alignment [92]. This was
achieved by using a methylammonium chloride (MACl) assisted film formation technique which
resulted in vertically aligned perovskite nanorods, demonstrating far improved stability over 3D
perovskite. Disordered (unaligned) 2DPs usually show significant hysteresis [95], which is likely due
to a bias-voltage induced charging effect caused by the insulating organic molecules and poor charge
transport when the 2DP sheets are not vertically aligned. However, the hysteresis is mostly eliminated
when the nanosheets are aligned out-of-plane with respect to the contacts since charge transport is less
restricted [23].
A problem which must be overcome in 2DPs is a stacking misalignment of the 2DP grains which
reduces carrier mobility. It was shown that even when 2DPs are aligned with favorable out-of-plane
alignment, stacking misalignments between grains restricts charge transfer between vertically aligned
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sheets [83]. In order to improve device performance, it is important to minimize stacking misalignment
between grains. In addition, it was recently demonstrated that it is essential to use LDPs with at
least n > 2, as it has been shown that exciton dissociation occurs within the nanosheets of 2DPs due
to the presence of lower energy states at the edges of the nanosheets which exit only for nanosheets
with n > 2 [96]. While these edge states are present for 2DPs with n > 2, for n ≤ 2, edge-state exciton
dissociation was not observed, and the device performance was significantly lower. These lower energy
states exist at the edge of 2DPs and provide a favorable energy pathway for excitons to dissociate
into free-carriers with longer lifetimes, which was demonstrated to significantly improve device
performance. This work demonstrated that it is imperative to synthesize 2DPs with at least n = 3 in
order to benefit from the favorable exciton dissociation mechanism, even though thinner nanosheets
(n ≤ 2) can provide higher stability.
Recent work demonstrated that mixed n value 2D perovskites can achieve both favorable carrier
transport and band alignment introduced via a unique nanostructuring of the 2D perovskite film,
achieving a PCE of 18.2% [24]. The introduction of the barrier molecule 3-bromobenzylammonium
iodide (3BBA) leads to the oriented growth of small n value 2D perovskites perpendicular to the
substrate (n ≈ 1–4), followed by the crystallization of large n value quasi-2D perovskites in the bulk of
the film, shown schematically in Figure 9a and the overall device structure in Figure 9b. This structure
also introduces a favorable band alignment as shown in Figure 9c whereby the larger bandgap of the
mixed low n value 2DPs provides a potential energy gradient driving carriers to the desirable extraction
contacts. This demonstrates the remarkable tunability that can be achieved through nanostructuring
perovskites to achieve favorable energy band alignment. The devices also showed impressive stability:
Unencapsulated devices stored in a dark oven between measurements under ≈40% relative humidity
retained 80% of the original PCE after 2400 h. The device could also be submerged underwater for 60 s
without any immediate negative effect on the efficiency. It was stipulated that the hydrophobicity due
to the presence of iodine in 3BBA results in the enhanced moisture durability of these 2DPs.In general,
2DPs have not been optimized yet via cation engineering to the same extent as 3DPs, which has led to
the high performance and improved stability of 3DPs today [13]. Recently, 5% Cs+ doping in a 2DP
demonstrated an efficiency increase from 12.3% to 13.7%, which was attributed to improved crystal
quality and low trap defects, increased grain size, and improved carrier transport [97]. Since most
2DPs with low n values show wide bandgaps, it is important to engineer 2DPs which absorb in the
visible spectrum. Material engineering and optimization as such demonstrates that there is still great
potential for work on improving the 2DPs’ material properties.
Finally, 2DPs may also find use in improving the stability of 3DPs by acting as a protective
capping layer. A 2DP was demonstrated as the capping layer in a 3DP solar cell and displayed
over 19% efficiency, along with improved stability over the 3DP alone [98]. Further work in this
area showed that the deposition of a hydrophobic 2D perovskite on top of a 3D perovskite not only
protects against moisture, but also improves carrier extraction. The formation of the 2D perovskite
on the surface of the 3D perovskite consumes detrimental and undesirable non-perovskite phases
present at the surface of the 3D perovskite and resulted in faster injection of holes into the HTL [99].
More recently, an ammonium salt post-treatment of a 3D OHP film increased the PCE from 20.5%
to 22.3% via the formation of a 1DP passivation layer [100]. Devices retained 95% of the initial PCE
after continuous illumination for 550 h. This area of work presents a route towards avoiding the
necessity for encapsulants in PSCs, therefore reducing costs and avoiding issues pertaining to thermal
expansion mismatch.
3.3. Zero-Dimensional Perovskites
Pb-based 0DPs have been previously studied but so far seem unsuitable for photovoltaics [101,102].
For example, when the typical perovskite MAPbI3 is transformed into a 0DP with the chemical formula
(CH3 NH3 )4 PbI6 , the structure is extremely unstable [101]. Alternatively, more stable inorganic Pb-based
0DPs can be produced such as Cs4 PbBr6 , however, the bandgap is very large: Pb- based 0DPs tend to
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Bi-0DPs have been studied and the best devices have achieved efficiencies of 1.64% [105]. These
materials, with bandgaps of ~2 eV, generally exhibit high exciton binding energies (~300 meV) and
high effective masses for carriers [88]. Because of the excitonic nature of these materials with quantum
confinement effects, 0DPs have been shown to exhibit carrier multiplication [82]. However, due to

dissociation.
(CH3NH3)3Bi2I9 solar cells can be processed and stored entirely in ambient conditions and have
demonstrated far superior stability to 3DPs, likely due to the formation of a native surface layer of
Bi2O3/BiOI which provides self-encapsulation of the perovskite [30]. This layer does not inhibit carrier
extraction, and is also likely responsible for the negligible hysteresis observed in these devices [86].
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(CH3 NH3 )3 Bi2 I9 solar cells can be processed and stored entirely in ambient conditions and have
Sb-based
0DPs have also been demonstrated with the formula (CH3NH3)3Sb2I9 and have so far
demonstrated far superior stability to 3DPs, likely due to the formation of a native surface layer of
achieved higher efficiencies than Bi-0DPs, with the best devices so far achieving 2.77% efficiency
Bi2 O3 /BiOI which provides self-encapsulation of the perovskite [30]. This layer does not inhibit carrier
[109].
The higher efficiencies of these devices is likely due to the intrinsically lower exciton binding
extraction, and is also likely responsible for the negligible hysteresis observed in these devices [86].
energy of Sb-0DPs [110]. Since the bandgap of Sb-0DPs is still quite large (~1.9 eV), researchers have
If 0DPs were employed as the wide-bandgap top cell in a tandem solar cell, their high stability can
attempted to lower the bandgap through Sn-doping, and successfully reduced the bandgap to 1.53
provide encapsulation for the less-stable OHP bottom cell to prevent moisture ingress. Furthermore,
eV with 40% replacement of Sb with Sn to form (CH3NH3)3Sb0.6Sn0.4I9. Doping with Sn increased the
the absorption can be modified by incorporating optically active organic molecules or forming hybrids
efficiency of the devices from 0.57% (without Sn, bandgap = 2.0 eV) to 2.7% (40% Sn, bandgap = 1.53
with nanocrystals with suitable band alignment [86], and the large bandgap of 2 eV can be reduced to
eV). Since the starting efficiency of the undoped Sb-0DP reference device was quite low (0.57%)
values as low as 1.45 eV through doping and/or changing the A-site cation [106–108].
compared to the highest reported in the literature (~2.77%), it is likely that through device
Sb-based 0DPs have also been demonstrated with the formula (CH3 NH3 )3 Sb2 I9 and have so far
optimization of the Sn-doped Sb-0DP will quickly lead to higher efficiencies
in the near future, likely
achieved higher efficiencies than Bi-0DPs, with the best devices so far achieving 2.77% efficiency [109].
exceeding 5%. These Sn-doped Sb-0DPs demonstrated impressive stability with no change in the
The higher efficiencies of these devices is likely due to the intrinsically lower exciton binding energy of
XRD spectra after 15 days of exposure to ambient conditions. Although inorganic 0DPs have also
Sb-0DPs [110]. Since the bandgap of Sb-0DPs is still quite large (~1.9 eV), researchers have attempted
been produced with the formula Cs3Sb2I9 and Cs3Bi2I9, these devices tend to show very low efficiencies
to lower the bandgap through Sn-doping, and successfully reduced the bandgap to 1.53 eV with 40%
below 0.1% [111,112], likely due to their large bandgaps and high exciton binding energy, and have
replacement of Sb with Sn to form (CH NH3 )3 Sb0.6 Sn0.4 I9 . Doping with Sn increased the efficiency of
therefore not been pursued to the same3 extent.
the devices from 0.57% (without Sn, bandgap = 2.0 eV) to 2.7% (40% Sn, bandgap = 1.53 eV). Since the
starting
efficiency
of theDot
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highest reported in the literature (~2.77%), it is likely that through device optimization of the Sn-doped
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can
Sb-0DPs demonstrated impressive stability with no change in the XRD spectra after 15 days of This
exposure
to ambient conditions. Although inorganic 0DPs have also been produced with the formula Cs3 Sb2 I9
and Cs3 Bi2 I9 , these devices tend to show very low efficiencies below 0.1% [111,112], likely due to
their large bandgaps and high exciton binding energy, and have therefore not been pursued to the
same extent.
3.4. Perovskite Quantum Dot Solar Cells
High exciton binding energies and inefficient charge transfer are significant issues associated with
LDPs which limit carrier extraction, therefore inhibiting device performance. This can potentially be
overcome in PQDs through close-packing with electronic coupling between QDs. Colloidal PQDs can
be readily synthesized from solution using organic capping molecules, such as oleic acid, oleylamine,
octadecene, etc. which prevent the perovskite from forming into a larger crystal [113]. These long chain
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molecules must be removed during device fabrication for efficient solar cell performance. However,
PQDs with organic A-site cations are often highly unstable, and it is therefore not possible to remove
these barrier molecules as they are essential for preventing rapid degradation. As discussed previously,
the issue of long chain organic barrier molecules in perovskite nanorods and nanosheets can be
overcome by aligning the sheets and rods perpendicular to the contacts, minimizing the number of
potential barriers that must be overcome by charge carriers. However, due to the spherical shape of
QDs, this type of favorable alignment is not possible, and researchers must therefore look towards
inorganic PQDs which do not require encapsulation in protective organic barriers or use a different
architecture [85,114].
All-inorganic perovskites can be formed by replacing the A-site with an inorganic cation, such as
+
Cs , e.g., CsPbI3 . Inorganic PQDs such as CsPbI3 are the most favorable perovskite material since the
bandgap of bulk CsPbI3 is the smallest of the inorganic perovskites (1.73 eV for the cubic phase) [115].
However, accessing the desired cubic phase of CsPbI3 is challenging: For bulk CsPbI3 , the orthorhombic
phase is thermodynamically preferred at room temperature, but the large bandgap of 2.82 eV renders
orthorhombic CsPbI3 unsuitable for photovoltaics [115]. The cubic phase exhibits a more favorable
bandgap of 1.73 eV; however, this phase is unstable at room temperature. Forming CsPbI3 quantum
dots enabled researchers to achieve the cubic phase at room temperature, as the contribution of the
surface energy for CsPbI3 quantum dots was shown to retain the favorable cubic perovskite phase [114].
CsPbI3 PQD solar cells were fabricated with 10.77% efficiency [114]. These devices could be
fabricated at ambient conditions and showed impressive stability when stored in a desiccator, with no
decrease in performance after 60 days. However, when stored in relative humidity of 40–60% there was
a significant decrease in the device performance after just 2 days, although QD devices demonstrated
improved stability over bulk CsPbI3 . Furthermore, CsPbI3 QD devices showed significant hysteresis,
likely due to difficulties associated with charge transfer between quantum dots, ion migration, and
charge trapping at QD surfaces.
These devices were later improved by a post treatment of the CsPbI3 QDs, and increased the
efficiency to 13.43%, as shown in Figure 11 [21]. This was achieved through efficient QD coupling
via a post-treatment of the film, allowing improved change transfer between the QDs in the film.
The post-treatment involved soaking the CsPbI3 QD thin film in a formamidinium iodide in ethyl
acetate solution for 10 s. The post-treatment creates a coating on the CsPbI3 QDs and does not alter
their nanocrystalline character. It was confirmed that the post-treatment improved the carrier mobility
from 0.23 to 0.50 cm2 V−1 s−1 . However, the poor stability of CsPbI3 at ambient conditions has not yet
been addressed, and it is likely that these materials will require encapsulation. Alternatively, a Cs- salt
post-treatment was reported achieving PCE of 14.1% [116]. The Cs-salt treatment is performed after
the removal of ligands from the CsPbI3 QDs. When the ligands are removed, Cs vacancies are left
behind on the CsPbI3 QDs. These vacancies are filled by Cs via a Cs-salt post treatment, resulting in
improved free carrier mobility, lifetime, and diffusion length, as well as greater stability over untreated
CsPbI3 QDs.
One of the advantages of CsPbI3 QDs is the possibility of carrier multiplication, which has already
been demonstrated in CsPbI3 QDs with a high carrier multiplication quantum yield of 98% [81].
While the bandgap for quantum confined materials scales as Eg ~ 1r where r is the radius, the rate
of Auger recombination scales as r16 and therefore forming smaller QDs is more favorable for carrier
multiplication. The average radius of the QDs in this work was 5.75 nm and the exciton Bohr radius
for CsPbI3 QDs is 6 nm. The QDs are therefore in the weak quantum confinement regime, yet still
exhibited highly efficient carrier multiplication indicating that strong quantum confinement is not
necessary in these materials for carrier multiplication [81].
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Figure 12. Perovskite quantum dot (PQD) solar cells with charge separating heterostructure.
Figure 12. Perovskite quantum dot (PQD) solar cells with charge separating heterostructure. (a)
(a) Schematic of the device fabrication via spin coating, (b) energy band structure of the various
Schematic of the device fabrication via spin coating, (b) energy band structure of the various PQDs
PQDs used in the study, (c) cross-sectional scanning electron microscope of a typical device, (d) the
used in the study, (c) cross-sectional scanning electron microscope of a typical device, (d) the external
external quantum efficiency (EQE) of solar cells made with various ratios of Cs0.25 Fa0.75 PbI3 to CsPbI3
quantum efficiency (EQE) of solar cells made with various ratios of Cs0.25Fa0.75PbI3 to CsPbI3 quantum
quantum dots, (e) EQE at the absorption edge of various quantum dots in the series Csx FA1-x PbI3 as
dots, (e) EQE at the absorption edge of various quantum dots in the series CsxFA1-xPbI3 as the bottom
the bottom layer. (f) current density-voltage (JV) curves for the devices shown in (d) and (g) stabilized
layer. (f) current density-voltage (JV) curves for the devices shown in (d) and (g) stabilized power
power output (SPO) of the varying compositions shown in (f). Reproduced from ref. [117], with
output (SPO) of the varying compositions shown in (f). Reproduced from ref. [117], with permission
permission from Springer Nature, 2019.
from Springer Nature, 2019.
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Table 1. A selection of notable reports on low-dimensional perovskite solar cells. QDs, PCE, RT, and RH
stand for quantum dots, power conversion efficiency, room temperature, relative humidity, respectively.
Dimensionality

Material (n Value) 1

PCE (%)

Stability

Reference
(Year)

0D

(CH3 NH3 )3 Sb2 I9

2.77

Retained 80% of initial PCE after 3 h under
constant illumination, ambient
conditions, encapsulated.

[109]
(2018)

0D

Cs3 Sb2 I9

1.21

Retained 95% of initial PCE after 60 days,
intermittent measurements, stored at RT,
50% RH, unencapsulated.

[118]
(2019)

0D

Cs3 Sb2 I9

1.49

Retained >80% of initial PCE after 30 days,
intermittent measurements, storage
conditions unspecified.

[119]
(2018)

15.42

Retained 90% of initial PCE after 100 h,
intermittent, stored in N2 in the dark,
unencapsulated.

[92]
(2018)

1D

(ThMA)2 (MA)n−1 Pbn I3n+1
(n = 3)

1D, mixed with 3D
MAPbI3

1,4-benzene
diammonium
(BDA)-PbI4
(n = 1)

14.1

Retained 95% of original PCE after >1000 h,
intermittent measurement, stored in dark at
RT, 85% RH, encapsulated.

[120]
(2019)

1D/3D
heterostructure

ethylammonium
iodide (EAI)-treated
FA0.93 Cs0.07 PbI3

22.3

Retained 95% of initial PCE after 550 h,
continuous measurement under constant
illumination in N2 atmosphere at RT,
unencapsulated.

[100]
(2019)

2D

(FPEA)2 MA4 Pb5 I16
(n = 5)

13.64

Retained 65% of initial PCE after 576 h,
ambient air at 70 ◦ C unencapsulated.

[121]
(2019)

2D

(BzDA)A9 Pb10
(I0.93 Br0.07 )31
(n = 10)

15.6

Retained 80% of initial PCE after 84 h,
intermittent measurements, kept in dark at
RT in ambient air, RH = 20–50%
unencapsulated.

[122]
(2019)

18.2

Retained 82% of initial PCE after 2400 h,
intermittent measurements, stored in dark
at RT, ~40% RH, unencapsulated.

[24]
(2018)

Quasi-2D

3-bromobenzylammonium
iodide (BBAI)(n = 2)

Quasi-2D

(BE)2 (FA)8 Pb9 I28
(n value not
reported)

17.4

Retained 80% of initial PCE after 50 h,
stored in the dark at RT, RH = 80%,
unencapsulated.

[123]
(2018)

QDs

CsPbI3

14.1

Retained 70% of initial PCE after 50 h,
intermittent measurements, stored in the
dark at RT and 40% RH, unencapsulated.

[116]
(2019)

17.4

Retained 80% of initial PCE after 10 h,
intermittent measurements under constant
illumination at 40 ◦ C and 25% RH,
encapsulated.

[117]
(2019)

QDs

CsPbI3 :Cs0.25 FA0.75 PbI3
1

n values are only applicable for 1D and 2D materials.

3.5. Perovskite-Nanocrystal Hybrid Devices
The formation of hybrid layers and devices through incorporating nanocrystals into the OHP layer
have also been explored, both in bulk 3DPs [85] and in 0DPs [86]. The introduction of quantum-confined
NCs to bulk 3D OHPs enables the possibility of carrier multiplication. Thus far, SiNCs have been
primarily studied in this context, since most nanocrystals studied for organic-inorganic hybrid
photovoltaics are toxic Pb- or Cd-based [20], and it would be counterintuitive to add a toxic material
to a lead-free perovskite. SiNCs are an environmentally-friendly material which are non-toxic and
can be synthesized through a wide variety of methods [124,125]. The properties of SiNCs can also be
easily modified by surface engineering and the absorption and emission properties can be influenced
by the surface terminations [125–127]. Surface engineering can also improve carrier transport in SiNCs
by passivating surface defects [128]. While SiNCs do present their own challenges, they represent an
important model NC material.
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In addition, incorporating nanocrystals into OHPs presents the opportunity to create various
types of favorable band alignment between the OHP and the nanocrystal. Coupling the properties
of nanocrystals with perovskites can lead to improvements in device performance and opens up an
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3.6. Perovskite Oxide Nanoparticles
3.6. Perovskite Oxide Nanoparticles
Perovskite oxides (ABO3 ) are attractive materials for photovoltaics because of the possibility of
Perovskite oxides (ABO3) are attractive materials for photovoltaics because of the possibility of
low-cost, non-toxic photovoltaics with high stability [131]. However, most semiconducting perovskite
low-cost, non-toxic photovoltaics with high stability [131]. However, most semiconducting
oxides have large bandgaps (~3–5 eV) due to oxygen-metal transitions with large differences in their
perovskite oxides have large bandgaps (~3–5 eV) due to oxygen-metal transitions with large
electronegativities [132,133], and are therefore generally unsuitable for absorbing light within the solar
differences in their electronegativities [132,133], and are therefore generally unsuitable for absorbing
spectral range. Attempts to reduce the bandgap of perovskite oxides include doping [134], intrinsic
light within the solar spectral range. Attempts to reduce the bandgap of perovskite oxides include
defects [135], forming oxynitrides [136], solid solutions [137], and cationic ordering [132].
doping [134], intrinsic defects [135], forming oxynitrides [136], solid solutions [137], and cationic
Perovskite oxides and their derivatives (layered perovskite oxides) represent a large family
ordering [132].
of materials which exhibit a multitude of properties, and have been investigated for applications
Perovskite oxides and their derivatives (layered perovskite oxides) represent a large family of
including photovoltaics [138]. Perovskite oxides possess a high-degree of flexibility given that 90% of the
materials which exhibit a multitude of properties, and have been investigated for applications
metallic natural elements in the periodic table can adopt a stable perovskite-type oxide structure [139].
including photovoltaics [138]. Perovskite oxides possess a high-degree of flexibility given that 90%
There remains a significant opportunity for exploring the use of metal oxides in photovoltaics to achieve
of the metallic natural elements in the periodic table can adopt a stable perovskite-type oxide
affordable solar cell devices with high efficiency and tunability, whilst easily meeting the often elusive
structure [139]. There remains a significant opportunity for exploring the use of metal oxides in
requirement of high stability. The use of metal oxides with highly-tunable absorption properties via the
photovoltaics to achieve affordable solar cell devices with high efficiency and tunability, whilst easily
introduction of vacancies [135] and doping [140] would allow for the facile fabrication of multi-junction
meeting the often elusive requirement of high stability. The use of metal oxides with highly-tunable
devices with high stability.
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Figure
reproduced from ref. [141], with permission from American
Figure 15.
15. (a)
(a) Structure
Structure of
of CaMnO
CaMnO2.5
2.5 reproduced from ref. [141], with permission from American
Chemical Society, 2014, (b) optical microscope images of CaMnO2.5 after laser fragmentation, the inset
Chemical Society, 2014, (b) optical microscope images of CaMnO2.5 after laser fragmentation, the inset
shows a high-magnification optical microscope image, and (c) current density-voltage characteristic of
shows a high-magnification optical microscope image, and (c) current density-voltage characteristic
a CaMnO2.5 solar cell under solar simulated light.
of a CaMnO2.5 solar cell under solar simulated light.

4. Conclusions and Outlook
This review article has provided a summary of 3D bulk OHPs and an overview of the recent
direction and progress towards LDPs. To date, 1DPs and 2DPs have shown the highest efficiencies,
yet it is unclear whether these materials will suffer the same long-term stability issues as bulk OHPs.
Nanosheets with n ≤ 2 tend to show impressive stabilities but suffer from low performance issues,
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particularly due to their very large bandgaps. It is still unclear whether 2DPs and 1DPs with n > 2 can
demonstrate the long-term stability required for commercialization. Furthermore, the issue of stacking
faults between grains, which inhibits charge transfer through the layer, must be overcome to increase
the efficiency towards 20%. Exploring conductive organic barriers could be a possible route towards
overcoming carrier transport issues.
0DPs tend to be highly stable, however their efficiencies are often very low due to issues associated
with carrier extraction, where excitons tend to be strongly localized on BX6 4− or B2 X9 3− clusters.
Methods to enhance exciton dissociation and carrier transport need to be further explored if these
materials are to demonstrate noteworthy efficiencies in photovoltaics, particularly through forming
hybrids with nanocrystals to promote exciton dissociation, and by exploring various ion substitutions
at the A-site to lower the exciton binding energy. Provided that these challenges can be overcome,
0DPs with large bandgaps can be incorporated as a top cell in a tandem solar cell. For use in single
junction cells, it is important to explore doping along with varying the A-site ion with the aim of
discovering 0DPs with smaller bandgaps, which are currently often >2 eV.
PQDs have shown impressive performance so far, yet the choice of materials is rather limited due
to the poor stability of organometal PQDs, which are unstable unless capped with long chain organic
barriers which inhibit carrier transport. Inorganic CsPbI3 QDs do not require capping molecules and
have demonstrated improved short-term stability along with impressive solar cell efficiencies over
13%. Despite this, CsPbI3 QDs are highly unstable in ambient conditions and encapsulation of the
entire solar cell device is essential. As research in this field is still in its infancy, there are limited studies
on the stability of CsPbI3 QDs and the extent to which the stability can be improved remains unclear.
It is therefore currently difficult to predict the potential for CsPbI3 QDs in photovoltaics.
Hybrid devices can be formed by adding NCs to bulk 3DPs or 0DPs. These hybrid device
architectures have been explored using SiNCs, demonstrating an improvement in the device
performance due to the possibility of a type-I band alignment which can be optically and/or electronically
coupled to improve carrier collection. Furthermore, adding SiNCs indicates a route towards extending
the device lifetime, whereby SiNCs are oxidized by the residual moisture in the layer rather than
degrading the OHP. This was shown to preserve the favorable type-I band alignment without affecting
the device performance.
Due to the significant stability issues suffered by OHPs, occurring both in bulk and lowdimensional forms, we have also briefly introduced the field of perovskite oxide nanomaterials,
studying the oxygen-deficient perovskite CaMnO2.5 . This material, which absorbs a broad range
of light in the solar spectrum from infrared to ultra-violet, has a one-dimensional internal structure
which may promote carrier transport. Although the efficiency of the solar cell device is low, there
remains significant opportunities for tuning the properties, optimizing devices, and exploring doping
to improve device performance.
Finally, while the efficiencies of LDPs are still often far lower than bulk-OHPs, it is encouraging
that higher device efficiencies are continually being reported. Provided that these devices can be
fabricated with efficiencies of >20%, it is likely that they will be attractive to the market assuming they
can be produced at very low cost and with far superior stability to 3D OHPs.
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125. Mariotti, D.; Mitra, S.; Švrček, V.; Svrček, V. Surface-engineered silicon nanocrystals. Nanoscale 2013, 5, 1385.
[CrossRef]
126. Dasog, M.; Bader, K.; Veinot, J.G.C. Influence of Halides on the Optical Properties of Silicon Quantum Dots.
Chem. Mater. 2015, 27, 1153–1156. [CrossRef]
127. Ramos, E.; Monroy, B.M.; Alonso, J.C.; Sansores, L.E.; Salcedo, R.; Mart, A. Theoretical Study of the Electronic
Properties of Silicon Nanocrystals Partially Passivated with Cl and F. J. Phys. Chem. C 2012, 36, 3988–3994.
[CrossRef]
128. Ding, Y.; Sugaya, M.; Liu, Q.; Zhou, S.; Nozaki, T. Oxygen passivation of silicon nanocrystals: Influences on
trap states, electron mobility, and hybrid solar cell performance. Nano Energy 2014, 10, 322–328. [CrossRef]
129. Liu, C.-Y.; Holman, Z.C.; Kortshagen, U.R. Hybrid solar cells from P3HT and silicon nanocrystals. Nano Lett.
2009, 9, 449–452. [CrossRef]
130. Nie, W.; Blancon, J.-C.; Neukirch, A.J.; Appavoo, K.; Tsai, H.; Chhowalla, M.; Alam, M.A.; Sfeir, M.Y.;
Katan, C.; Even, J.; et al. Light-activated photocurrent degradation and self-healing in perovskite solar cells.
Nat. Commun. 2016, 7, 11574. [CrossRef]
131. Rühle, S.; Anderson, A.Y.; Barad, H.N.; Kupfer, B.; Bouhadana, Y.; Rosh-Hodesh, E.; Zaban, A. All-oxide
photovoltaics. J. Phys. Chem. Lett. 2012, 3, 3755–3764. [CrossRef]
132. Nechache, R.; Harnagea, C.; Li, S.; Cardenas, L.; Huang, W.; Chakrabartty, J.; Rosei, F. Bandgap tuning of
multiferroic oxide solar cells. Nat. Photonics 2014, 9, 61–67. [CrossRef]
133. Fan, Z.; Sun, K.; Wang, J. Perovskites for photovoltaics: A combined review of organic–inorganic halide
perovskites and ferroelectric oxide perovskites. J. Mater. Chem. A 2015, 3, 18809–18828. [CrossRef]
134. Lv, M.; Xie, Y.; Wang, Y.; Sun, X.; Wu, F.; Chen, H.; Wang, S.; Shen, C.; Chen, Z.; Ni, S.; et al. Bismuth and
chromium co-doped strontium titanates and their photocatalytic properties under visible light irradiation.
Phys. Chem. Chem. Phys. 2015, 17, 26320–26329. [CrossRef] [PubMed]
135. Xu, X.; Randorn, C.; Efstathiou, P.; Irvine, J.T.S. A red metallic oxide photocatalyst. Nat. Mater. 2012, 11,
595–598. [CrossRef] [PubMed]
136. Yashima, M.; Fumi, U.; Nakano, H.; Omoto, K.; Hester, J.R. Crystal Structure, Optical Properties, and
Electronic Structure of Calcium Strontium Tungsten Oxynitrides Cax Sr1-x WO2 N. J. Phys. Chem. C 2013, 117,
18529–18539. [CrossRef]
137. Shi, J.; Ye, J.; Zhou, Z.; Li, M.; Guo, L. Hydrothermal Synthesis of Na0.5 La0.5 TiO3 -LaCrO3 Solid-Solution
Single-Crystal Nanocubes for Visible-Light-Driven Photocatalytic H2 Evolution. Chem. A Eur. J. 2011, 17,
7858–7867. [CrossRef]
138. Grinberg, I.; West, D.V.; Torres, M.; Gou, G.; Stein, D.M.; Wu, L.; Chen, G.; Gallo, E.M.; Akbashev, A.R.;
Davies, P.K.; et al. Perovskite Oxides for Visible-Light-Absorbing Ferroelectric and Photovoltaic Materials.
Nature 2013, 503, 509–512. [CrossRef]
139. Peña, M.A.; Fierro, J.L.G. Chemical Structures and Performance of Perovskite Oxides. Chem. Rev. 2001, 101,
1981–2018.
140. Sun, C.; Searles, D.J. Electronics, Vacancies, Optical Properties, and Band Engineering of Red Photocatalyst
SrNbO3 : A Computational Investigation. J. Phys. Chem. C 2014, 118, 11267–11270. [CrossRef]
141. Kim, J.; Yin, X.; Tsao, K.C.; Fang, S.; Yang, H. Ca2Mn2O5 as Oxygen-Deficient Perovskite Electrocatalyst for
Oxygen Evolution Reaction. J. Am. Chem. Soc. 2014, 136, 14646–14649. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

