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The development of halide perovskite (HP) based thin film solar cells has been unprecedentedly in the past few years, and
there is siginificant ongoing effort aiming to make perovskite solar cells (PSCs) more efficient and stable. Parallel to the PSC
research, there is growing interest in exploring the synthesis and physiochemical behaviors of HP nanocrystals (NCs). While
these HP NCs inherently possess many unique properties that are suitable for the use in PSCs, the reported effort of
incorporating the HP NCs into PSCs is still highly limited. As a result, there is a gap between HP NC and PSC research. In this
context, we provide here a brief review on the established HP NC synthesis and a discussion on the several recent studies
pertaining to the use of HP NCs in PSCs. Based on these, we provide perspectives on promising directions for bridging the
gap between the HP NC and PSC research

in the future.

1. Introduction @ A:Cs',MA" FA"...

Halide perovskites (HPs) have been introduced recently as a
new generation of semiconductor materials in the field of
optoelectronics. In general, HPs exhibit a three-dimensional
(3D) (pseudo-)cubic crystal structure with chemical formula
ABX;, where A is methylammonium (CH;NHs;" or MAY),
formamidinium (HC(NH,)," or FA*) or Cs*, B is Pb**, Sn** or Ge™",
and X is I, Br or CI' (Fig. 1).1'6 The HP family has also been later
extended to embrace lower-dimensional (2D, 1D and 0D)
perovskites and their variants with accordingly varied chemical
formulas (A,BX,, ABX4, A3ByXg, AyBXg, etc.).7'14 Within 10 years
of rapid development, HPs have shown great potential in a
wide range of optoelectronic applications such as solar cells,

@ B: Pb™, Sn”, Ge™...

@ X:CI,Br,I..

Figure 1. Schematic illustration of crystal structure and typical compositions of
halide perovskites.

intrinsic properties of HP materials that include high
absorption coefficients,”® suitable bandgaps,U’28 long and
balanced charge-carrier diffusion-lengths,sl’32 but also due to

light-emitting devices (LEDs), lasing, photodetectors, and X-ray
imaging.l'r"24 Most notably, HP-based thin-film solar cells have
emerged as revolutionary photovoltaic (PV) technologies that
combine the merits of low materials/processing cost and high
power conversion efficiency (PCE). Within a very short period
of time, the PCE of perovskite solar cells (PSCs) has ramped up
to 23.3% since its initial invention by Kojima et al. in 2009.27%7
The swift increase in PCE is not only attributed to the unique
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the unprecedented effort in optimizing HP bulk thin film
formation®™*" and device architectures.®*™* In parallel with
these significant PSC developments, there is rapid growth of
interest in exploring the synthesis and properties of HP
nanocrystals (NCs). Compared with conventional inorganic
semiconductor NCs, HP NCs exhibit many advantageous
features, such as high photoluminescence quantum vyields
(PLQYS),41'42 narrow emission profiles, facile bandgap
tunability,“’44 as well as extreme ease in both their direct
synthesis and post-synthetic treatments.**™ While these HP
NCs have been widely studied for display and light-emitting
applications,m'51 there is much less effort being devoted to
applying HP NCs in PSCs. In fact, merits of HP NCs including
superior particle dispersity in non-polar soIvents,52 ultralow
defect density,53’54 and uniformities in crystal size and
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morphology,ss'56
integration in PSCs. . However, to date, these merits have
not been sufficiently explored for PV applications. In this
context, the current gap between HP NC and PSC research
needs to be filled.

In this article, a brief review of direct synthetic routes and
post-synthetic tuning strategies for HP NCs that can enable
composition/structure controls is first presented. Then, recent
studies on applying HP NCs to PSC device modification and
fabrication are summarized. Finally, we provide our
perspectives on the future research directions that may
further bridge the gap between HP NC synthesis and post-
treatment and their PSC applications. The objective of this
perspective article is not only to highlight many promising
possibilities that HP NCs are capable to offer for making
efficient, stable and versatile PSCs, but also stimulate
interdisciplinary researchers to further explore this young but
fascinating research area.

render them inherently suitable for the
57,58

2. Synthesis and Properties of HP NCs

Synthesis of HP NCs

High-quality semiconductor NCs (also known as quantum dots,
QDs) are the building blocks and vital basis in not only
fundamental research, but also a spectrum of technological
applications.s‘q_64 The first demonstration of a solution
synthesis of HP NCs was reported in 2014 by Schmidt et al.,
where they synthesized methylammonium lead bromide
(MAPbBr3) hybrid organic-inorganic HP NCs using a non-
templating  antisolvent  precipitation method.®>  Soon
afterwards, this synthetic method was optimized by Zhang et
al. who pioneered using a miscible solvent/antisolvent
combination (e.g., dimethylformamide (DMF) and toluene) for
making high-quality MA-based hybrid HP NCs with much
improved optical properties.66 This so-called ligand-assisted
reprecipitation (LARP) synthetic method relies on a dramatic
change in solvent polarity by adding a miscible antisolvent to
initiate rapid HP nucleation in solution (Fig 2a,b). The
subsequent NC growth and ripening processes can be
controlled by long-chain organic ligands added to the reaction
solution. Applying this LARP method, a wide range of high-
quality HP NCs can be synthesized.67_69 Arguably, the most
beneficial aspect of the LARP synthesis is the use of ambient
reaction conditions (i.e., room temperature, commercially
available chemicals), which enables the use of low-boiling-
point solvents and chemicals, thus offering the promise of
large-scale industrial-level production.70 In addition, the
general ease of dissolving non-lead metal precursors (e.g.,
bismuth halide, silver nitrate) in coordinating solvents makes
the LARP procedure attractive for synthesizing Pb-free HP
NCs.”*7? Although the LARP method tends to result in small
NCs with an average diameter < 5 nm, larger NCs can be
achieved through changing the reaction temperature and
solvents.*”? However, the low solubility of common inorganic
‘A’ cation precursors (e.g., Cs salts) in organic solvents (e.g.,
DMF, dimethyl sulfoxide (DMSO)) limits the generalization of
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the LARP procedure for fabrication of all-inorganic Cs-based HP
NCs.

The hot-injection method, which is a state-of-the-art strategy
for conventional NC synthesis, has been quickly adapted for
the synthesis of all-inorganic HP NCs. The first example was
reported by Protesescu et al. using 1-octadecene (ODE) as a
solvent, PbBr, and Cs-oleate as precursors, and oleic acid and
oleylamine as capping Iigands.74 Uniform CsPbX; nanocubes
with a tunable edge lengths from 3.8 to 11.8 nm were
synthesized using the hot-injection technique at temperatures
ranging from 140 to 200 °C (Fig. 2c-e). Mixed halide NCs with
precise halide ratios can be easily synthesized using a mixture
of PbX, precursors. While the general format of synthesis
remains nearly unchanged, recent improvements have been
made to ensure better NC monodispersity using active
precursors and optimized reaction conditions.>>”*”®  Low-
dimensional HP NCs are defined as HP NCs with the same
crystal structure, but containing at least one dimension that is
small in size. The hot-injection method is particularly suitable
for the synthesis of low-dimensional HP NCs, such as
nanowires and nanoplatelets (Fig. 3a, b).77_81 These low-
dimensional NCs are typically sensitive to polar solvents, which
makes the use of the LARP synthesis very challenging.
Monodispersed thickness control of nanoplatelets and
nanowires are readily achieved by controlling the nucleation
and growth kinetics by manipulating ligands, temperature, and
precursor ratio.®? The uniformity of as-synthesized NCs can be
illustrated by their tendency to form ordered superlattices (Fig.
3¢, d).83_85 Beyond inorganic HP NCs, the hot-injection
technique can be adopted for the synthesis of hybrid organic-
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Figure 2. (a) Schematic image for the procedure of ligand-assisted reprecipitation
(LARP). (b) Transmission electron microscopy (TEM) images for MAPbBr; NCs
synthesized by LARP. (c) Optical images of CsPbX; nanocubes synthesized by the
hot injection method under UV light. (d,e) TEM images of CsPbX3 nanocubes. (a,b)
are reproduced from ref. 66 with permission of American Chemistry Society. (c-e)

are reproduced from ref. 74 with permission of American Chemistry Society
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inorganic HPs NCs, such as FAPbX3.‘r’6'86 The low boiling point of

certain organic precursors however, limits the use of hot-
injection for some hybrid HP NCs syntheses (e.g., MAPbX;3).
Another drawback of the hot-injection technique is the use of
high-boiling-point solvents with long organic hydrocarbon
chains, such as ODE. These high-boiling-point solvents,
together with organic ligands, may affect the uniformity and
conductivity of the resultant HP NC thin film, thus limiting the
final device performance. In this context, multiple rounds of
purifications required to insulating
components. This is challenging for HP NCs because of their

are remove these
instability upon interaction with polar solvents that are
commonly used in purification procedures. The study of
optimized purification procedure without causing aggregation
or phase transition is crucial for the incorporation of HP NCs in
optoelectronic devices.

Alternative synthetic supplementary
improvements in certain aspects as compared with the
aforementioned two methods. For example, a solvothermal

routes offer

method initiates the reaction at a mild temperature and a high
pressure. The controlled nucleation and growth results in
particle morphologies, including nanorods or
87,88 Top-down techniques,
mechanochemical exfoliation methods, generally reduce the

novel

nanosheets. such as

use of hazardous reagents or high-boiling-point species,

rendering them as greener substitutes for large-scale
productions.gg_‘c’2
Phase stability
HPs materials are notorious for having a variety of

polymorphs. The cubic phases, which are only stable at
elevated temperatures, have the highest absorption efficiency
and optimal optical properties. Other phases with lower
symmetries are more stable at room temperature, at the stake
of larger bandgaps optoelectronic
properties.‘%’94 Therefore, special synthetic techniques and
post-synthetic treatments are often needed to obtain and

and undesired

preserve the cubic phase at room temperature. As we have
discussed in the previous section, HP NCs in cubic phase can be
readily synthesized due to the rapid kinetic during injection as
well as the surface effects. However, being meta-stable at
room temperature, cubic HPs tend to transform into the
phases with symmetries in ambient conditions,
especially for I-containing perovskites. The transformation can

lower

be enhanced by light, oxygen, moisture and polar organic
solvents. ¢

While encapsulating the HP NCs with polymer, silica or glass
can significantly stabilize the cubic phase, the resultant
decrease in conductivity renders NCs produced in this manner
unfit for photovoltaic application.‘cﬁ_99 Alternatively, stabilizing
a desirable phase via compositional optimization has been
heavily investigated. The relative abundance of halide anions is
especially important for the stability of HP NCs.'%%0 The
stabilizing effect was attribute to the surface abundance of
lead-halide layer, which isolate the perovskite ‘core’ from the
environment. By alloying HP NCs with ions of varying sizes, it is
possible to adjust the Goldschmidt tolerance factor of

This journal is © The Royal Society of Chemistry 20xx

perovskite102 and therefore achieve higher stability for the

cubic phase. For example, in I-based HPs, Cs is too small to
support cubic phases while FA is too large. Protesescu et al.
synthesized Cs-FA mixed HP NCs via a hot-injection method
with both high phase stability and high PL QY even after 6-
month storage in ambient condition.®® However, their mixing
range was limited to the Cs-rich end, which resulted in an
unfavourable bandgap. In addition to the tolerance factor
adjustment, mixing ions offers a higher entropy for the cubic
phase and therefore an increased phase stability. 103

Bandgap tunability

Bandgap is the determining parameter for semiconductor
materials. Semiconductors with different bandgaps can have
different functions in PSCs (absorbers, interface modifiers,
etc.). The wide bandgap tunability that HP NCs offer is of vital
importance for their flexible functions in PSCs.

The density of states DFT calculations have shown that the
valance band (VB) of HP materials mainly comprises of halide p
orbitals, while the conduction band (CB) is dominated by ‘B’
cation frontier s and p orbitals.’® As a result, the bandgaps of
HP materials are significantly influenced by B cations and
halide anions. HP NCs with emission covering the full visible
range of 400-730 nm can be achieved by only altering their
halide composition (CI> Br=>1) (Fig. 4a).*® Specifically, as
predicted by the Shockley-Queisser Iimit,105 the relatively
lower bandgaps of I-based HPs make them more ideal
absorbers for PSCs than Cl- and Br-based analogues. The full
spectrum coverage, ease of exchange, and ability of forming
uniform halide alloys make halide composition control the
most facile strategy to reach a certain targeted bandgap.
Alternatively, adjusting the ‘B’ cation (e.g., replacing Pb) in HP
NCs offers another effective way to alter the electronic

Figure 3. (a,b) TEM images of CsPbBr3 nanoplatelets and nanowires. Scale bar =
50 nm and 200 nm, respectively (c,d) TEM images showing self-assembled
superstructures for CsPbX3 nanocubes and nanoplatelets. Scale bar = 50 nm and
100 nm, respectively. (a) is reproduced from ref. 77 with permission of American
Chemistry Society. (b) is reproduced from ref. 79 with permission of American
Chemistry Society. (c) is reproduced from ref. 83 with permission of Swiss
Chemical Society. (d) is reproduced from ref. 80 with permission of Wiley-VCH.
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Figure 4. (a) Optical images and PL spectra of MAPbX; nanoparticles with different halide composition varying from MAPbCl; (left) to MAPbBr; (middle) to MAPblI; (right).
(b,c) Optical images and PL spectra for Mn-doped CsPbCl; nanocubes with different doping concentrations. (d) PL spectra of MAPbBr; (bottom) to FAPbBr; (top) nanocubes

during a cation exchange process. (e) Absorption (solid line) and PL spectra (dashed line) for CsPbBr; nanoplatelets of atomic thickness precision and nanocubes. (a) is
reproduced from ref. 66 with permission of American Chemistry Society. (b,c) are reproduced from ref. 113 with permission of American Chemistry Society. (d) is reproduced

from ref. 111 with permission of Royal Society of Chemistry. (e) is reproduced from ref. 77 with permission of American Chemistry Society.

properties, especially within the goal of further narrowing the
material bandgap to achieve a better match with the solar
spectrum. In this regard, Sn(ll) and Ge(ll) are the two potential
Pb replacements that can reduce the conduction band
minimum (CBM) and thus reduce band gaps.lo‘i‘107 However,
the syntheses of Sn- and Ge-based HP NCs are still challenging
due to cation instability caused by further oxidation of Sn(ll) to
Sn(lV), or Ge(ll) to Ge(IV)).w&110 This oxidation problem
hinders the related material development. At last, although
not direct, the ‘A’ cation may also affect the bandgap tunability
largely by adjusting the lattice parameter, in turn altering the
orbital overlap in the VB and CB (Fig 4.d).111 When all other
components are fixed, the bandgaps of bulk HPs show a
decreasing trend when the ‘A’ cation radii increases from Cs
(e.g., 1.73 eV for CsPbl;) to MA (e.g., 1.57 eV for MAPbI;), to
FA (e.g., 1.48 eV for FAPbl;).**2

One additional unique advantage of nanoscale HPs for
bandgap fine tuning is afforded through the quantum
confinement effect. When the size of NCs is scaled down
below the material’'s Bohr radius, the energy levels near the
band edge become discrete, resulting in the emergence of
multiple absorption features with blue-shifted profiles.
Examples of this quantum confinement effect can be found for
all types of HP NCs. In particular, I-containing HP NCs show the
most dramatic influence due to the large Bohr radii as
compared with their Cl and Br counterparts (e.g., 2.5 nm for
CsPbCl;, 3.5 nm for CsPbBr;, 6 nm for Cst|3).74 As the edge
length of CsPbl; nanocubes dropped from 12.5 nm to 3.4 nm,
the NC PL peak exhibited a large range blue-shift from 670 nm
to 585 nm.”” The quantum confinement effect is especially
more profound in low-dimensional HP NCs because they have
at least one dimension significantly smaller than the Bohr radii,
such as in ultra-thin nanowires and nanoplatelets. As the
smallest dimension of these materials approaches a few

4| J. Name., 2012, 00, 1-3

atomic layers, adding or subtracting single monolayers results
in a drastic change in the photophysical properties.ﬁg'79 For
example, Bekenstein et al. found that when the thickness of
CsPbBr; nanoplatelets was changed from one to five
monolayers (while maintaining the lateral size) the PL peak
could be adjusted from 400 nm to 480 nm (Fig. 4.e).77 This
size/shape induced quantum confinement effect of HP NCs
offers a composition-independent approach toward tuning
bandgap structure, providing benefits for PSC designs. This
includes the possibility of their use in graded bandgap PSCs
and in perovskite-perovskite tandem solar cells which cannot
be easily accessed through a compositional control due to
possible inter-layer ion exchange processes.

Doping in HP NCs

The range of metal cations that can form HPs is limited by their
valency and ionic sizes. However, it is possible to introduce
small amounts of heteroatoms into the HP lattice (also known
as doping). The most striking feature of doping is the
introduction of extrinsic optoelectronic properties.106 For
example, Mn-doped CsPbCl; NCs exhibiting a strong emission
centred at around 600 nm were successfully synthesized
without significantly altering the crystal structure or the
morphology of host NCs (Fig 4b, ¢).13 7 |n addition to Mn,
rare earth ion dopants such as Yb, Eu, Dy and Ce exhibit bright
emission with high QYs in CsPbCl; HP NCs. 872 The large
Stokes shifts of dopant emission are beneficial for down-
shifting high energy photons (e.g., ultraviolet light) and for
reducing the photon reabsorption. Additionally, doping is able
to alter bandgaps. For example, by doping Sn, Cd, Zn and Bi
cations can cause an increased bandgap in CsPbBr; NCs and
change the PL dynamics.‘m'121 Mn-doped CsPbCl; has shown
enhanced PL stability compared with their undoped

t:ounterparts.122 While the detailed mechanisms are still under

This journal is © The Royal Society of Chemistry 20xx
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investigation, doping in HP NCs has shown potentials in solar
. L 123,124
energy and display related applications.

3. Post-Synthetic Treatments of HP NCs

The ‘soft’ nature (i.e., prone to change under external stimulus)
of HP NCs enable a number of post-synthetic routes to modify
their compositions, crystal structures, surface passivation and
electronic properties much beyond what the direct synthetic
methods can offer. The development of such modification
reactions or techniques has been an active research topic
fuelled by exciting discoveries. It allows for optimization of the
HP NC-based materials in composition and structure for the
sequential use in PSCs. In this section, we discuss three major
post-synthetic treatments for HP NCs, which are directly
related to the PSC applications. Other post-synthetic
treatments such as encapsulation of HP NCs in polymer or
silica matrices, and ligand or ion induced crystal phase
transformations will not be discussed here. We refer readers
to other excellent literature for these related topics. 47,125-131

lon exchange reaction

The post-synthetic ion exchange method is a powerful tool
commonly utilized in nanoscale research to form meta-stable
phases and/or heterostructures. As discussed in the previous
section, changing the halide anion can dramatically tune the
bandgap of HP NCs. Unlike traditional cadmium-chalcogenide-
based QDs (e.g., CdSe and CdS QDs), in which anion exchange
reactions are limited by their large ionic radii and strong
bonding, halide ions in HP NCs can be rapidly exchanged in
either colloidal or solid phases even at
temperature.lsz’133 Various halide precursors have shown high
reactivities during the exchange reactions, including inorganic
halide salts, alkyl ammonium halides, and even HP NCs with
different halide anions.”***** This exchange can be achieved
by simply mixing the halide precursors with NCs dispersed in
their colloid dispersion. HP NCs containing varying halide
compositions (except the CsPbCl,l;,, which is restricted by
large ionic radii difference“) can be achieved (Fig 5:3).43'44’135
The final particle stoichiometry is solely determined by the
precursor ratio introduced into the reaction because no
thermodynamic preference for halide anions has been
shown.” The high anion compatibility prevented any loss in
shape or size during the process of exchange.le'7 Although
convenient, the fast kinetics of the halide exchange reaction
can also be a challenge for NC processing. For example, the
uncontrollable halide exchange process hinders the formation
of more complex nanostructures, or the coexistence of HP NCs
of different halide compositions in colloidal solution.”® Novel
methods have been developed to achieve a controllable
exchange process, including photoexcited anion exchange,138
solid state exchange,139 or surface-controlled exchange.“o’141

room

While the halide exchange is the most common and facile ion
exchange reaction, cation exchange is also achievable and
important in tuning the HP NC properties.“’142 Recently, Hills-
Kimball et al. showed that FAPbX; NCs, which had been

This journal is © The Royal Society of Chemistry 20xx
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difficult to obtain via direct synthesis routes, can be obtained
by cation exchange from MAPbX; HP NCs through a novel
‘solid-liquid-solid’ exchange process.111 While the reaction
speed is much slower than the halide exchange reactions,
complete transformation can be still reached. One advantage
of this new ‘solid-liquid-solid’ reaction setup with slow kinetics
is the possibility of intermediate reaction termination at
designed mixtures of ‘A’ cation compositions for desired
optical properties.111 For the ‘B’ cations, the exchange from Pb
to Sn, Cd, Zn has been demonstrated to produce CsPb;.
XMXBrg."G'lN’143 As is discussed above, the ‘B’ cation exchange
has a profound influence on the optical properties. In the
above system, as large as a 60 nm blueshift in both absorption
and PL profiles was observed. This large shift was explained by
a lattice contraction effect, which is evidenced by no
significant alternations in particle size or shape.

Surface ligand engineering

Organic capping ligands play a crucial role in stabilizing NCs in
solution. Such ligands are highly dynamic and can be easily lost
during the purification process. This loss of ligands can lead to
a destabilization of the NCs, thus initiating an undesired
Ostwald ripening process.144 The same ligand loss may also
diminish the optical properties of the HP NCs. Therefore,
optimized ligand binding and enhanced surface coverage can
improve not only the colloidal stability, but also the optical
properties of HP NCs. Alkyl amines and alkyl acids are the most
common ligands for HP NCs. They can efficiently passivate the
NCs, especially when both types of ligands are present.”s’146 In
addition, co-passivating the NC surface with short inorganic
ligands, e.g., thiocyanate, can further promote the PL QY of HP

CsPbCl, (10 nm) *Ci CsPbBr, (10 nm)
<% % 5 BT n s

2 0.8+
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13
E o064
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o
®
N 0.44
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Number of Days
Figure 5. (a) TEM and optical images under UV light during a halide exchange
reaction of CsPbX3; nanocubes. (b) Stability of CsPbl; nanocubes with or without
bidentate ligand treatment. (a) is reproduced from ref. 43 with permission of
American Chemistry society. (b) is reproduced from ref. 150 with permission of
American Chemistry society.
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NCs (CsPbl; NCs) to approach unity while maintaining a high
particle colloidal stability.147 It was proposed that thiocyanate
can penetrate through the bulky organic ligand layer and
attach to unsaturated sites on the NC surface, thus offering a
high surface passivation efficiency. Moreover, the use of bulky
branched ligands or peptides showed a better NC compatibility
with protic solvents.**®'*°

Another strategy to stabilize HP NCs involves adjusting the
binding form between NCs and ligands. Zwitterionic ligands
such as amino acids or amino-sulfonate are able to bind tightly
to both cations and anions on the surface of NCs. When
capped with zwitterionic ligands, superior properties of HP NCs
including a high colloidal solubility (50-100 mg/mL), close-to-
unity PL QY, and a high colloidal stability were exhibited.’? In
another example, a bidentate ligand with short carbon chain,
2,2’-iminodibenzoic acid, was installed on the surface of CsPbl;
NCs. NCs coated with this ligand were not only stable and
highly luminescent, but also showed an enhanced conductivity
and electroluminescence performance when used in LED(Fig.
5b).150 The ionic nature and rich crystal phases of the HP NCs
result in the capping ligands playing additional roles as
opposed to solely serving as a protective layer. For example,
excess organo-amine ligands in NC solution can extract Pb
cations from HP NCs, resulting in a Pb-deficient trigonal
Cs,PbXg crystal phase with a much wider bandgap and
complicated photophysical properties.‘w’151 Further increasing
the amount of amine ligands may result in a total dissolution
of the HP NCs to their ionic forms.

Although HP NCs are initially part of a colloidal solution, they
need to be extracted out of solution for PSC device fabrication.
While long organic ligands are crucially important in the
synthesis and stabilization of HP NCs in solution, these
insulating organic molecules are undesirable in optoelectronic
devices. >3 Hence, these long organic ligands need to be
replaced or removed for device fabrication. The replacement
of long organic ligands can happen either during the formation
of NCs or via a post-synthesis ligand exchange process. For
example, short 1-butylamine can serve as the ligand to
produce colloidal CsPbBr; NCs used for high-voltage solar
cells.”® The produced particles can be directly used to fabricate
NC-based conducting films without a lengthy post-synthetic
ligand treatment. In another example, a relatively short ligand
of didodecyldimethylammonium bromide was used to replace
oleic acid and oleylamine on CsPbBr; NCs after synthesis. LED
devices made using these treated NCs exhibited an order of
magnitude higher external quantum efficiency (EQE) than that
of untreated NCs (3% vs 0.1%).154 For PSC device fabrication, a
total removal of organic ligands by antisolvent washing or salt-
induced coarsening is commonly applied to improve film
conductivity, which will be further discussed in later
sections.””** ligand effects in NC thin film
formation and associated device performances are still limited,
leaving room for future research toward the development of a
wide range of ligand selection for HP NC-based PSC
applications.

Studies on

6 | J. Name., 2012, 00, 1-3

Pressure-treatment of HP NCs

Being an important thermodynamic variable, pressure casts a
significant influence on the crystal structures of various
materials.”** 7 The dynamic structures of the HP materials
promise a structure-property tunability at elevated pressure.
Compared with bulk counterparts, the pressure effect on HP
NCs has been much less studied. The Chen group reported the
first detailed study of pressure processing on self-assembled
CsPbBr; NC superlattices. 163 Through synchrotron-based in
situ small/wide angle X-ray scattering (SAXS/WAXS) and optical
spectroscopy measurements, the crystal phase transition,
superlattice transformation and the optical property evolution
were simultaneously monitored. A concurrent crystal phase
purification and PL enhancement were reported. Ex situ
electron microscopy characterizations showed an interesting
2D nanoplatelet formation through a pressure-induced
orientated attachment process (Fig. 6a,b). Similar changes in
both particle morphology and optical property for MAPbBr;
NCs under pressure were also demonstrated.*®* Later, a study
on the same CsPbBr; system was reported from G. Xiao et al.,
in which a more detailed investigation of the bandgap
evolution as a function of pressure was conducted.*® This
pressure processing technique has further been expanded to I-
based HP NCs, such as CsPbl; and FAPbl;, with a bandgap
energy range more relevant for PSC applications (Fig 6c).166_168
Combining with high-pressure studies on perovskite bulk
materials,lsg_178 it can be concluded that external high-
pressure-processing is capable of serving as an efficient and
chemically-orthogonal mean to fine tune the crystal structure,
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controllably engineer the bandgap and even generate new
perovskite materials overcoming conventional synthetic
limitations. Regardless of the promise, how to imitate the
required high-pressure environment inside PSC devices remain
challenging.

4. HP NCs-Modified Thin-Film PSCs

Great progress in the synthesis post-synthetic
improvement of HP NCs aimed to make them ready for the
further incorporation in PSC devices to either modify the HP
bulk thin film or to replace it completely. In this section, we
will focus our discussion on how the HP NCs improve bulk thin
film-based PSC performances through one of the following two
ways: (1) smoothing the PV device interfacial band alignment;
(2) managing photon propagation using the excitonic
properties of HP NCs.

and

Interfacial band alignment modification

The first major utilization of HP NCs for PSCs was to serve as an
interface modifier for the HP bulk thin films in order to
enhance band energy alignment and device integration.
Compared with other modifiers such as ponmers,179 and
molecular species,lgo_183 HP NCs are unique due to their
congeneric nature to the HP bulk thin film absorbers in both
the chemical composition and crystal structure. One of the
earliest studies regarding the integration of HP NCs as
modifiers in PSCs was reported by Cha et al., where an
interfacial layer of MAPbBr;_I, HP NCs was introduced
between the MAPbIl; HP bulk thin film and the hole-
transporting material (HTM).184 Here, the MAPDbBr;_,l, HP NCs
were dispersed in chlorobenzene and then spin-coated on the
as-crystallized MAPbI; HP bulk thin film. It was found that by
adjusting the halide ratio in MAPbBrs_l, NCs, their VB
maximum (VBM) could be tuned to be located between the
VBM of MAPbI; bulk thin film absorber and the highest
occupied molecular orbital (HOMO) of the HTM. In this
context, the hole injection efficiency at the HP/HTM interface
was greatly facilitated, resulting in significant improvements in
all PV parameters including short-circuit photocurrent (Jsc),
open-circuit voltage (Voc) and fill factor (FF). The PSCs made
using the HP bulk thin films modified with MAPbBrgol, ; HP NCs
showed 23% increase in the overall PCE compared with the
HP-NC-free case. A following work in a similar topic was later
conducted by Zai et al., where CsPbBr; NCs were selected as a
model material to be incorporated into  the
FAog5sMAg 15Pb(lggsBross)s HP  bulk thin  film during the
antisolvent-dripping process (Fig 7a).185, In this work, the
CsPbBr; NCs induced surface modification occurred along with
the formation of the FAggsMAg 15sPb(lggsBro1s)s HP bulk thin
film, which was different from the study by Cha et al. Without
a significant influence on the microstructures of the final
FAg.85MAg 15Pb(lggsBrg15)s bulk thin film, the incorporation of
NCs boosted the PSC performance to an impressive PCE of
19.45%.'%° They attributed the PCE increase to the enhanced
charge collection at the NC-modified absorber/HTM interface
owing to the formation of a more favourable energy alignment

This journal is © The Royal Society of Chemistry 20xx
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(Fig 7b, c), which was in line with the conclusion drawn by Cha
etal’®
In a recent study, Zhang et al. demonstrated a more
complicated NC interfacial modification strategy through
incorporation of a HP nanosheet/nanocube bilayer on top of a
HP bulk thin film absorber.®® This proof-of-concept
demonstration is solely based on CsPbBrl, composition but
with different morphologies (i.e., thin film, nanosheet, and
nanocube). Their bandgap differences resulting from tuned
quantum confinement effect offered a preferred energy
alignment in the HP bulk thin film/HTM interface. A high V¢ of
1.19 V was reached in the PSCs using this complex structure.
Additionally, a record PCE of 12.39% was reported for the
CsPbBrl, composition which has a relatively large bandgap of
1.9 eV. This study clearly demonstrated the merits of using HP
NCs as modifiers for the PSCs.

Photon management

In addition to the interfacial modification using HP NCs on bulk
thin films, superior optical properties, especially the PL of HP
NCs can also be utilized for improving the PSCs. For example,
Wang et al. introduced Mn-doped CsPbCl; NCs , which served
as a light down conversion layer, onto the illuminated side of
MAPDbI; bulk thin film PSCs (Fig. 7d).**” The Mn-doped CsPbCl,
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Figure 7. (a) Schematic representation of the incorporation of CsPbBr; HP NCs
into the FAggsMAg 1sPb(logsBro1s)s HP thin film during the antisolvent-dripping
step of the HP bulk thin film synthesis. (b) Energy-level diagram of the
FAo.8sMAg15Pb(lo gsBro1s)s HP bulk thin film after CsPbBr; NC modification. (c)
Schematic  diagram of energy levels in the PSCs made using
FAo.85sMAg 15Pb(lg gsBro1s)s HP bulk thin films with the CsPbBr; NCs modification,
showing a graded heterojunction structure. (d) Schematic structure of solar cells
coated with a thin layer of Mn-doped CsPbCl; NCs. (e) Stability comparison of the
PSCs with and without a Mn-doped CsPbCl; NC layer under continuous UV
irradiation in a N, atmosphere. (a-c) are reproduced from ref. 185 with
permission of American Chemistry society. (d,e) are reproduced from ref. 187
with permission of American Chemistry society.
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NCs were able to enhance absorption in the UV range of
sunlight while remaining transparent in the visible range. As
we discussed earlier, Mn-doped CsPbCl; NCs can efficiently
convert absorbed UV light into the visible range by emitting at
~600 nm with high EQE. This energy down conversion process
from the NC layer can significantly reduce the parasitic
absorption by substrates (e.g., glass, TiO,), and thus boost the
overall PCE of such devices. In addition, UV light is considered
the major factor leading to destabilization of PSCs due to the
photocatalytic decomposition of HP bulk thin films caused by
TiOz.96 In this work, the reduction of UV light significantly
enhanced the stability of PSCs as illustrated in Fig. 7e. In
another approach, Chen et al. incorporated a layer of self-
assembled CsPbBr; nanowires on top of a MAPbI; HP bulk thin
film, which could recycle unabsorbed photons through a
fluorescence resonance energy transfer process back to the
bulk thin film absorber Iayer.188 They claimed that CsPbBr;
NWs here served as the localized “gratings” for the photon
management, which were responsible for the enhancement of
PCE by 13% compared with the NC-free case.

Luminescent solar concentrators (LSCs) are optoelectronic
devices that concentrate sunlight to a small area, therefore
reducing the area of solar cell devices while maintaining high
power output.lggf191 The Mn-doped CsPbCl; NCs have been
used to fabricate large area LSCs.*” The large Stokes shift for
Mn dopant PL, as discussed above, almost eliminates
reabsorption in the LSC. Together with recent advance on
high-irradiance tolerant PSC, Such HP NCs LSCs have great
potential as low-cost solution in large scale PV applications.192

5. HP NC-Assembled Thin-Film PSCs

The other way of incorporating HP NCs in PSCs is to assemble
them into NC thin film structures to serve as light absorber
layers. Compared with their HP bulk counterparts, the HP NC-
assembled thin films offer unique merits. They often exhibit a
high Voc compared with bulk thin-film PSC made with the same
t:omposition.57 Other important merits include the stabilization
of metastable HP phases by microstrain and the feasibility of
making bilayer HP thin film structures, which will be discussed
below.

The first demonstration of HP NC-assembled thin film PSCs was
reported by Swarnkar et al. in 2016, where they achieved
highly stable and efficient PSCs using CsPbl; HP NC-assembled
thin films.”” From the material aspect, there has been a high
interest in CsPbl; HP for PSC applications due to its superior
thermal stability compared with the hybrid organic-inorganic
counterparts and its bandgap around 1.7 eV that is ideal for
tandem PV applications. However, CsPbl; HP can easily
transform to a non-perovskite orthorhombic phase in ambient
conditions, which has been a major hurdle that holds back the
development of CsPbl; PSCs. In this regard, significant efforts
have been devoted in developing ways to stabilize CsPbl;
HPs.?>%¢ |n the study by Swarnkar et al., a new fabrication
method of CsPbl; HP thin films was reported based on a layer-
by-layer assembly of CsPbl; HP NCs together with an effective

8| J. Name., 2012, 00, 1-3

ligand removal process using methyl acetate (Fig. 8a,b).57 The
CsPbl; HP NCs were found to remain in the NC form after the
thin film fabrication. They claimed that the lattice strain of the
NCs was an important factor that stabilized the cubic phase of
CsPbl; HP NCs, preventing them from transforming into the
non-perovskite orthorhombic phase.57 The resultant PSC
device showed a high PCE of 10.77 % with a very impressive
Voc of 1.23V for CsPbl; PSCs. However, this PSC showed
relatively low Js, suggesting that the electronic coupling
between NCs is the PSC performance bottleneck for this
structure. Potential reasons that were responsible for the poor
electronic coupling could be due to the presence of capping
ligands causing high electric resistance. In order to overcome
this issue, in a following study reported by the same group,
thin layers of halide salts (e.g., FAI, MAI, Csl) were solution-
coated on individual NCs in the CsPbl; NC-assembled HP NC
thin films."®” This technique greatly enhanced the electronic
coupling between NCs, as shown by a significantly increased Js¢
from 9.22 to 14.37 mA/cm2 (Fig. 8c).197 In a very recent work,
the ligand-removal mechanism using esters was studied by the
same group.198 The in situ hydrolysis of methyl acetate was
shown to be of great importance. By controlling the humidity
and treatment time, oleic acid and oleylamine were effectively
replaced by formamidine and acetate. The film-based ligand
exchange from bulky ligands (i.e., oleic acid, oleylamine) to
short ligands resulted in a surprisingly high Jo- (15.4 mA/cmz)
for HP NC PSCs. The weak NCs electronic coupling in HP NC-
assembled thin films can be also mitigated by using highly
conductive materials, such as carbon nanomaterials as 3D
scaffolds to support the NC-assembled HP thin films. Wang et
al. employed p-graphene to crosslink CsPbl; NCs and formed a
thin  film with much improved transport
characteristics.'®® After the u-graphene integration, the overall
PCE of the PSCs using CsPbl; NC-assembled thin films was
increased from 10.41% to 11.40%. Meanwhile, the p-graphene
integration offered additional merits by enhancing the film
stability under moisture and thermal stresses, providing a high
device stability.

Compared with the I-based counterpart, CsPbBr; HPs exhibit
enhanced moisture tolerance and phase stability due to their
more ideal tolerance factor of the perovskite structure and
stronger Pb-X bonds.?® In spite of their relatively low PCE due
to the intrinsically high bandgap (2.3 eV), CsPbBr; PSCs can
potentially deliver a higher Vy.. Akkerman et al. reported a
fast, room-temperature synthesis of a high-concentration ink
containing CsPbBr; HP NCs capped by short, low-boiling-point
Iigands.70 This ink was used directly for making the NC-
assembled HP thin films with no requirement of lengthy post-
synthetic treatments. PSCs constructed using this ink, showed
a Voc as high as 1.5 V and Joc of 5.7 mA/cmZ. In another study
by Palazon et al., CsPbBr; HP NC-assembled thin films were
first fabricated, followed by a post treatment using
thiocyanate dissolved in an ethyl acetate (EA) solution. The EA
solution can efficiently remove ligands, and convert the NC
thin film into a compact CsPbBr; bulk thin film."! This method
addressed challenges in preparing high-quality CsPbBr; HP bulk
thin films by using HP NCs as ‘precursors’, at moderate
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temperatures. It was found that by using this method, a small
amount of CsPb,Brs; phase well-dispersed within the final
CsPbBr; HP thin film, leading to an interesting reduction in trap
density. As a result, the CsPbBr; PSC showed a PCE of 6.81%,
which is higher than that of CsPbBr; PSCs made by
conventional methods.

Tandem solar cell design is an important method to push
device PCE beyond the Shockley-Queisser limit."*® To this end,
HP NC-assembled thin films can serve as one absorbing layer
combined with another layer of either HP bulk thin films or HP
NCs with a complementary bandgap gradient. This is primarily
attributed to the capability of depositing NC-assembled thin
films using solvents which do not interact with the existing HP
bulk thin films. Very recently, Bian et al. reported a proof-of-
concept demonstration in this regard.201 In their study, they
first fabricated a CsPbl,Br HP bulk thin film with a 1.91 eV
bandgap as the main absorber. Afterwards, a CsPbl; NC-
assembled HP thin film with a bandgap of 1.77eV was

This journal is © The Royal Society of Chemistry 20xx

deposited. By applying multiple strategies, including Mn cation
substitution, thiocyanate capping, and FA treatment, the
chemical stability and carrier mobility in the thin film could be
greatly improved.201 Finally, a component-graded
heterojunction was formed at the CsPbBrl,-CsPbl; NC
interface, leading to a favourable energy alignment for carrier
collection as discussed earlier (Fig. 8c,d). This bilayer HP thin
film with a gradient bandgap showed effective overall light
harvesting and a PCE of 14.45% in the final device, setting a
record for purely inorganic PSCs at the time.

6. Perspectives

Development of colloidal HP NCs and their application in PSC
devices have both seen rapidly growing interest. Only four
years following the first synthesis of HP NCs, numerous
additional discoveries have been witnessed in the community.
However, these exciting discoveries have overshadowed some
fundamental challenges and difficulties that need a significant
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amount of research efforts to overcome. Therefore, in this
section, we would like to provide our perspectives from both
the material production and the device fabrication points of
view and delineate some challenges with the potential for
future directions in this fascinating research field.

Perspectives in HP NC materials

Pb-containment is one obvious problem for state-of-the-art HP
NCs. Pb, as a poisonous heavy-metal element, has been under
health and environmental regulations in many countries and
regions. As a result, the development of Pb-free HP NCs is in
pressing need. Although currently ongoing, the progress of Pb-
free perovskite development has still been incomparable to
the development of their Pb-based counterparts. Very
recently, exemplified by the Cs,AgBiXs; double perovskite, and
the Cs3Sb,Xgand MA;Bi, Xy 2D perovskites, Bi and Sb-based HP
NCs have shown a number of promising properties including
optical properties72, high NC stability202 and controllable
bandgaps.203 Success in the introduction of Bi and Sb into HP
NCs show an exciting future. However, other possible
elements, such as Ge, Sn, Ti and In, that could also totally
replace  Pb while maintaining suitable optoelectronic
properties, should not be neglected and additionally need to
draw more research attention.

While the ion exchange reactions offer facile routes toward
generation of the HP NCs with mixed anion compositions, the
HP NCs with mixed cations have been studied to a much less
content. In order to maximize the entropic stabilization effect,
synthetic methods to achieve uniform cation alloy via either
direct synthesis or cation exchange need to be further
developed with a greater detail. Additionally, compared with
their film counterparts, the physical and chemical properties of
alloy HP NCs are less studied and understood. Photoinduced
dealloying has been identified as a crucial source of
degradation in alloy PSC film.>**  Whether
confinement and surface ligands of HP NCs can provide
sufficient energy barriers that are able to supress dealloying
processes is an interesting topic to explore.

nano-sized

Overcoating shell materials with different band energy
alignments relative to the core QD NC is a major and fruitful
research area in the conventional QD NC field. Inorganic
shelling has been proven to be one of the most efficient ways
to manipulate, modify, and improve the chemical, physical,
and optical properties of QD NCs.50205:206 Unfortunately,
overcoating the HP NCs has proven to be a great challenge and
has yet to be systematically studied and reliably developed.
The material instability and ionic chemical nature of the HP
NCs are responsible for the remaining hurdle that diminishes
their applicability in conventional epitaxial core-shell growth
conditions. Novel shell growth strategies under suitable
conditions, such as room temperature solution-based atomic
layer deposition, or non-epitaxial shell deposition, need to be
specifically designed for this special category of NCs.

10 | J. Name., 2012, 00, 1-3

Capping ligands play a critically important role in both
stabilizing the HP NCs in solution or solids, and in their
performances following device fabrications. The low current
density and large hysteresis in NC solar cells are largely
attributed to the presence of insulating long, organic ligands. A
rationally designed ligand system could be the key to solve
these problems. Current studies on fabricating NC-based PSCs
mostly rely on complete removal of the long organic ligands
using an antisolvent purification procedure. Such a process,
however, can cause damage to the integrity of the HP NCs.
Therefore, novel methods for ligand removal during the PSC
fabrication need to be developed. In another approach, before
solidified into films, HP NCs can be equipped with novel-
designed ligands through solution phase ligand exchanges. The
HP NCs with device-compatible ligands could then be directly
applied in subsequent thin film fabrication without any
additional tedious ligand removal processes. In traditional QD-
based solar cells, inorganic ligands, such as thiocyanate or
metal chalcogenide complexes started to be used in recent
years to reduce the inter-particle distances with minimal
impacts on NC film morphology.207 These inorganic molecules,
with small size and ionic form, are integratable in PV devices,
and should also be considered as a potential ligand set for HP
NCs. In addition, the NC printing technique requires highly
concentrated NC inks with superior particle stability and
dispersity. Recent studies have demonstrated that the
solubility of NCs relies on not only the chain length of ligands,
but also their molecular structure.”® Therefore, modulating
the interparticle interactions through ligands may be the key
to achieve ideal NC inks with high concentrations and suitable
chemical and physical properties.

Thinking in advance, when aiming towards production and
commercialization of the HP NC-based PSCs, HP NC synthesis
at a large-scale is unavoidable. Both LARP and hot-injection
procedures rely on rapid precursor injection and fast mass
transport to reach an instantaneous nucleation followed by NC
growth. Although possible, both methods are not ideal for
scaling up to an industrial level at low cost. Therefore, more
inert and low-cost precursors that can be applied to easy-to-
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Figure 2. Schematic diagram for the fabrication techniques from perovskite NC to
PSC.
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scale-up methods, such as a non-injection heating up
procedure,zog’210 together with novel reactor designs could
serve as a research direction that needs more development
along the way.

Taking advantage of their intrinsic material nature along with
more than three decades of NC synthetic method
development, HP NCs have been synthesized almost instantly
with high sample uniformity. This high morphological
uniformity allows for easy fabrications of HP NC
superstructures from individual building blocks through self-
assembly strategies. In particular, large-area HP NC
superlattice thin films with a well-ordered particle close-
packing possess a higher packing density and smoother film
morphology than randomly packed ones. The superlattice thin
film may show enhanced optoelectronic properties for PSC
applications. In addition, the atomic alignments through
orientated attachment,zn'212 and NC substitutional doping in
superlattices,213 have recently proven to be important to
dramatically enhance charge transfer and thus improve the
electronic properties of QD NC superlattice thin films. These
tricks should be easily transferred to the HP NC superlattice
systems. Furthermore, given the flexibility in the selection of
NC building blocks, HP NCs with different size, shape and
compositions, or even mixed with other NC types, in principle
can be used for construction of the HP NC superstructures
with unprecedented complexities. Multi-layer tandem PSCs
with highly customized and designed band energy alignments,
otherwise inaccessible through HP bulk materials, become
feasible. All of these studies are currently lacking in the field.
Exciting discoveries should be anticipated.

Perspectives in integration of HP NCs in PSCs

Rich interactions of HP NCs with light offer them great
potential to be applied in optoelectronic devices. Despite their
superior intrinsic properties as we discussed, HP NCs need to
be efficiently integrated into PSC devices with well-customized
designs. As shown in Fig. 9, HP NCs can be applied into PSCs as
one of the following three components: (i) the
modifiers/additives for HP bulk thin films, (ii) the sole building
blocks of NC thin film light-absorbers, or (iii) the added
building blocks for making graded bandgap PSCs. While some
research has been done in these directions as summarized
above, there is still large room to explore with the potential to
build PSCs with performances beyond that of the state-of-the-
art devices.

For the use of HP NCs as modifiers, the following research
directions may emerge. First, the current research has been
limited to enhancing the surfaces/interfaces of the bulk HP
thin films in PSCs. In fact, grain boundaries in HP bulk thin films
are one of the most prominent microstructures that play a
vital role on the PV performance and device stability. The
congeneric nature of HP NCs allows for the modification of
bulk thin film grain boundaries at minimal cost. The defects at
grain boundaries can be passivated and the band diagram may
be tuned in our favour. Additionally, the HP NC-modified grain

This journal is © The Royal Society of Chemistry 20xx

boundary could even be possibly endowed with new
optical/electronic functions. Second, as discussed, the wide
tunability in morphology and composition makes HP NCs ideal
‘seed’” materials for solution crystallization of HP bulk thin
films. Nanocubes, nanosheets, nanowires and their ordered
self-assemblies can be synthesized. They can then be
introduced in the HP thin film crystallization process as
heterogenous nucleation sites. These pre-engineered NC
“seeds” may help guide the HP crystallization in a controllable
manner resulting in precise control over the final thin film
microstructures. Nevertheless, this is still challenging
considering the sensitivity of HP NCs in the perovskite
precursor solutions. Such difficulty may be lifted through
ligand-engineering of the HP NCs using ionic ligands or through
the synthesis of polar-solvent-tolerant NCs. Third, HP NCs can
also serve as dopants in the HP bulk thin films. Through
innovative deposition strategies, HP NCs may be deliberately
incorporated at certain locations in the bulk thin films,
enabling site-specific doping. This position-controlled HP NC
doping may improve the electronic properties of the HP bulk
thin films, and thus the performance of the resultant PSCs.

For the use of HP NCs as the sole building blocks of the light
absorber layer in PSCs, immense opportunities remain for
further investigation in this direction. First, the state-of-the-art
fabrication methods of HP NC-assembled thin films are
generally very tedious and are not suitable for the commercial
PSC production. The bottleneck for the processing of NC-
assembled thin films is the necessity of repeated deposition
and ligand-washing steps, which is mainly due to the relatively
low concentration of the NCs inks and the unfavourable long
organic ligands. By using high-concentration NC inks with short
inorganic ligands as discussed earlier, the fabrication
procedure can be dramatically simplified. Very recently, highly
efficient LEDs were fabricated using FAPbBr; NC film that was
synthesized by an in situ LARP process during spin-coating.214
This study may inspire new strategies for HP NC thin film
fabrication in PSCs. In addition to the spin-coating method,
many scalable deposition protocols, such as spray-coating,
doctor-blading, and slot-die coating, may be applied for
making HP NC-assembled thin films. This represents a
completely new research paradigm. Second, the as-studied HP
NCs-assembled thin films and PSCs have previously only
focused on using the all-inorganic HP compositions, such as
CsPbl; and CsPbBr;. These compositions exhibit bandgaps that
are too large for the operation of single-junction solar cells.
Therefore, lower-band-gap HP-NC-assembled thin films need
to be prepared for improving the PCE of PSCs. For example,
FAPbl; HPs show a much smaller bandgap than CsPbl; HPs and
exhibit a similar perovskite-to-non-perovskite phase transition
behaviour as CsPbl; HP in ambient conditions. It would be
interesting to see whether the NC-induced phase stabilization
also applies and whether improved PCE and stability can be
simultaneously achieved in the FAPbl; NC-assembled thin film
PSCs. In addition, HP NCs may also enable the fabrication of
other thin films with compositions unstable in their bulk
phases (e.g., Cs,AgBilg), which can be particularly important for
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developing novel Pb-free PSCs. Third, as discussed already, the
electronic coupling between HP NCs is of vital importance for
good charge transport dynamics in HP NCs-assembled
superlattice thin films. While it has been demonstrated that
overcoating NCs with suitable shell materials is a viable
method for enhancing the electronic coupling of HP-NC-
films,197 it may be feasible to use core-shell structured HP NCs
for a direct assembly of HP NC superstructured thin films with
a high charge mobility.

Ability to serve as the building blocks for making graded-
bandgap PSCs is one of the most unique features of HP NCs.
This is mainly owing to the orthogonal solvents for the
deposition of HP NCs and HP bulk thin films. While the proof-
of-concept study of a graded-bandgap CsPbl,,,Br,_, PSC has
been demonstrated 186, the optical bandgaps and film
structures in this reported PSC device are far from being
optimized. Continued research in this direction offers vast
opportunities for generating PSCs with PCEs approaching the
Shockley-Queisser limit.

Concluding Remarks

The rapid development of HP materials brings exciting ideas
and encouraging applications in the field of optoelectronics.
The recently developed synthetic approaches for
monodispersed HP NCs enabled in-depth studies of these
materials for potential PSC applications. The use of HP NCs in
PSC applications takes advantage of their tunable electronic
properties, their well-defined crystal domains, and their crystal
structural and compositional similarities to bulk HP materials.
HP NCs have shown promising results both as thin film
modifiers, and as light absorbers in PSC devices. We believe
that this perspective article can not only provide insights into
the as-made discoveries, but more importantly delineate some
future directions toward bridging HP NCs tightly with PSCs. To
further advance this fascinating research direction,
improvements on NC stability and surface ligand states is
highly desirable. With a library of HP NC building blocks and
newly developed synthetic tools, novel PSC structures and PV
fabrication techniques with the integration of HP NCs are likely
to emerge.
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Halide Perovskite Nanocrystals Perovskite Solar Cell Device

Perspectives on how halide perovskite nanocrystals are better integrated in perovskite solar cells are
provided.



