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Surface engineering in CsPbXs; quantum dots:
from materials to solar cells

Yinyan Xu,?® Mei Lyu® and Jun Zhu @ *?

Lead halide perovskite quantum dots (PQDs) are considered to be one of the most promising classes of
photoactive materials for solar cells due to their prominent optoelectronic properties and simple
preparation techniques. Even though the high resistivity of these PQDs toward defect formation results
in compelling optical properties and their manifestation in device applications, they are not free from
defects, and their photoluminescence quantum yield is often not unity. Defects and ligands at the
surface of PQDs play a critical role in charge transport and non-radiative recombination, which lowers
the solar cell efficiency and stability. Therefore, understanding the defects and developing effective
passivation routes are critical for achieving advances in device performance. In this review, we focus on
the surface engineering of CsPbXs PQDs, including the formation of surface vacancy defects and the
surface ligand modification of PQDs, and then summarize the corresponding surface defect passivation
strategy for systematically improving the performance of PQD solar cells. At the end, a brief summary

rsc.li/frontiers-materials

1. Introduction

Colloidal quantum dots (QDs) are chemically synthesized semi-
conductor nanocrystals whose sizes are in the quantum con-
finement regime, typically less than 10-20 nm.'” Their optical
and electrical properties can be easily tuned by modifying their
shape and size due to the quantum confinement effect, which
is difficult to achieve in bulk materials.”® As a result, QDs are
attracting attention as a highly flexible platform for realizing
next-generation optoelectronic devices, including solar cells,®”
photodetectors,® lasers,” and light-emitting diodes (LEDs).">""
Colloidal QDs have been among the most accomplished build-
ing blocks of modern nanoscience since the last century.'?
The unique advantages of QDs, such as wide tunability of
band gaps and easy solution processability make them promis-
ing candidates for next-generation solar cells.>” In addition,
their theoretical efficiency has the potential to break the
Shockley-Queisser limit of ~33% through multiple exciton
generation.” In the past decades, most high-performance QD
solar cells were reported from QD materials in two main
categories: lead chalcogenides (PbX, X = S, Se)*'° and lead
halide perovskites.'”'® Before 2016, high-efficiency QD solar
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and perspective are presented looking forward to the future development of PQD solar cells.

cells consisted primarily of PbX (X =S, Se), and recent sustained
efforts culminated in a significant PCE of 13.8%."®

Recently, colloidal metal halide perovskite quantum dots
(PQDs) (here PQD generally refers to perovskite nanocrystals
with a size less than 20 nm) have emerged as another, perhaps
most defect-tolerant material candidate for cost-effective and
solution-processed solar cells,’”” LEDs,' and displays.*® In
particular, inorganic PQDs, the primary example of which is
cesium lead halides (CsPbX;, X = I, Br, Cl), exhibit a high
photoluminescence quantum yield (PLQY), spectrally tunable
bandgap, flexible compositional control, and crystalline strain
benefits which opens a route for next-generation devices.”" In
2016, Luther et al.’” used CsPbl; PQDs for the first time to
fabricate solar cells by a layer-by-layer deposition approach. The
solar cell exhibited a high open circuit voltage (Voc) of 1.23 V
and a high-power conversion efficiency (PCE) of 10.77%. To
date, the highest PCE achieved by PQD solar cells has reached
17.39% (certified 16.6%),"® indicating great potential for
solution-processed high performance PQD solar cells. Though
PCEs of PQD solar cells have shown rapid, significant improve-
ment, they are still limited compared to solar cells fabricated
using bulk perovskite materials.*”

The large surface-to-volume ratio of QDs plays a critical role
in determining their properties and the solar cell
performance.”*** Long-chain organic ligands, such as oleic
acid (OA) or oleylamine (OAm), are used to cap the QD surface
to disperse it uniformly in the colloidal system. However, long,
insulating ligands trap charges within the PQDs and increase
the interparticle distance, leading to poor electronic

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 2029-2055 | 2029


https://orcid.org/0000-0003-1938-4705
http://crossmark.crossref.org/dialog/?doi=10.1039/d3qm00911d&domain=pdf&date_stamp=2023-10-19
https://rsc.li/frontiers-materials
https://doi.org/10.1039/d3qm00911d
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM008009

Published on 27 2566. Downloaded on 16/5/2569 11:52:29.

Review
coupling.>®° Besides, the surface of PQDs always presents a
large number of halogen vacancies which can act as non-
radiative recombination centers of photoinduced -carriers,
significantly affecting the charge extraction of solar cells.>’°
Therefore, studies of PQD surface chemistry will be essential in
order to improve the performance of PQD solar cells. Although
there have been some reviews on PQD solar cells in recent
years,** > the overviews focusing on the research of PQD sur-
face chemistry to improve the photovoltaic performance of PQD
solar cells are still scarce, which would provide insight into
viable approaches to achieving high performance PQD solar
cells. In this review, firstly, we analyze the reasons for the
formation of defects on the surface of PQDs. Secondly, we
summarize the corresponding surface defect passivation strat-
egy for improving the performance of PQD solar cells. Thirdly,
the advantages and disadvantages of various defect passivation
strategies are analyzed in order to select a suitable passivation
strategy. Finally, we emphasize the challenges and prospects of
PQD solar cells in the future.

2. Crystal and electronic structure of
PQDs

2.1 Crystal structure of PQDs

Perovskites, named after Russian mineralogist Lev Perovski,
refer to a large class of materials whose crystal structure
resembles that of calcium titanate (CaTiO;).*° The general
chemical formula for pure perovskite compounds is ABX; and
the typical perovskite crystal structure is usually a lattice
skeleton joined by a [BXg]'~ octahedron through a common
corner, wherein the A cation is in the void, as shown in Fig. 1a.
Usually, A is a cation (typically CH;NH;" (MA"), HC(NH,),"
(FA"), Cs"),””*° B is a metal divalent cation (Pb*>", Sn*',
etc.),***> while X denotes halide anions (I, Br~, CI").*™*
The perovskite crystal structure can accommodate a variety of
cations and anions, forming a unique chemical structure with
unique electronic properties and a controlled optical band gap,
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which make it ideal for many optoelectronic applications. The
size of the A-site cation is crucial for determining the structure,
optical behavior, and stability of the perovskite. The filling of
the [BXq]*~ octahedral cavity with A-site cations needs to satisfy
the Goldschmidt tolerance factor.*®

ra +1rp

B \/2(1']3 +rx) )

where ra, g, and rx are the ionic radii of the A, B and X
positions, respectively. When ¢ is in the range of 0.813 to
1.107, the structure of the perovskite is in a stable state and
is considered to be the most favorable crystal structure for
forming a cuboid between 0.9 and 1.0.*” The perovskite struc-
ture will be distorted as the tolerance factor decreases below 0.9
because of the [BX¢]*~ octahedra tilting. The A-site cation is too
large to form a perovskite configuration when ¢ > 1, whereas
when t < 0.8, the A-site cation is too small to form the
perovskite. Perovskite structures are further constrained by
the octahedral factor pu.
p=it @)

The p describes the stability of the BXs octahedra, which
depends on the radii of the B and X ions. The stability range
for u is between 0.442 and 0.895.*% The tolerance and octahe-
dral factors are currently used to predict the stability of novel
possible perovskite combinations.

For CsPbl;, the undesirable phase transition is because the
size of the Cs' cation is too small (Cs*, with an ionic radius of
1.81 A, is considerably smaller than the organic ones MA"
(2.70 A) or FA" (2.79 A)).** Therefore, since the octahedron is
relatively prone to tilting or rotation, a phase change occurs and
various phase structures are generated as shown in Fig. 1b.
Single-cation CsPbl; systems form a thermodynamically stable
yellow room temperature &-phase (non-perovskite) before
undergoing reversible, high-temperature phase transitions to
their optically active black perovskite phases: o (cubic), B
(tetragonal), and y (orthorhombic).”***
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Fig. 1 (a) A cubic perovskite crystal structure (a-phase) showing flexibility in the choice of cation (A), metal (B), and anion (X), whose ionic radii are
shown. (b) Schematic presentation of the structural phase transition of various polymorphs of CsPbls as a function of temperature.
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2.2 Electronic structure of PQDs

The electronic specificity of PQDs is highly resistant to material
defects and surfaces. This defect-tolerant nature is typically
intrinsic, mainly attributed to the PQDs’ electronic band struc-
ture, including the nature of the valence band maximum (VBM)
and conduction band minimum (CBM). The VBM has anti-
bonding properties, and the CBM is stabilized by strong spin-
orbit coupling.”®** Fig. 2 shows a comparison between the
defect tolerance mechanisms in PQD and traditional metal
chalcogenide nanocrystals. The electronic structure of the
CsPbX; perovskite is special. The VBM is determined by the
halide 3/4/5p and Pb 6s atomic orbitals and the CBM is mainly
dominated by the Pb 6p atomic orbital, resulting in a low
degree of hybridization.>® For this unique electronic structure,
the interstitial and antisite defects in the PQDs hardly exist due
to the high formation energy.>*>*

2.3 Quantum confinement effect

Quantum confinement effects are also called quantum size
effects. In general, when reducing the material crystallite
size from bulk (with nearly infinite repetitive periodicity) to a
size comparable to the radius of Bohr exciton, its electrons and
holes are subjected to different confinement effects, leading to
an increase in the width of the forbidden bands, which exhibits
size-dependent optical and electrical properties, which is
known as the quantum confinement effect.”®

The Bohr radius of a particle is defined as ap = &(m/m*)a,,
where ¢ is the dielectric constant of the material, m* is the mass
of the particle, m is the rest mass of the electron, and a, is the
Bohr radius of the hydrogen atom.”””® An illustration of the
quantum confinement effect has been given in Fig. 3. It shows a
decreasing confinement width with decreasing size of the
particle and a corresponding blue shift in emission wavelength
due to the increased band gap.
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Fig. 2 Schematic representation of the electronic band structure of
typical defect-intolerant semiconductors (CdSe, GaAs) and in lead halide
perovskite (CsPbXs).
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Fig. 3 Illustration of the quantum confinement effect. Reproduced with
permission.>® Copyright 1992, American Physical Society.

3. Surface engineering of PQDs

Understanding the surface chemistry of PQDs is important for
gaining insight into surface passivation mechanisms that can
significantly affect their optical properties and improve the
performance of PQD solar cells.>® The defect tolerance of PQDs
is a major enabling factor in their bright photoluminescence.
However, the PLQYs of these QDs do not yet regularly
approach unity. On one hand, the termination of an extended
inorganic solid crystal inherently produces under-coordinated
atoms, making surface traps a ubiquitous challenge for
nanocrystals.>>°*"®* Bodnarchuk et al®' firstly used density
functional theory to calculate different possible surface termi-
nations of CsPbBr; QDs and predicted the effects of different
surface terminations on the electronic structures and resulting
optoelectronic properties. By providing upper and lower
bounds to their anion/lead (X/Pb) stoichiometry, three possible
surface termination models of as-synthesized PQDs are
proposed as shown in Fig. 4. By cutting a idealized cubic
CsPbX; bulk lattice to achieved the upper bound for the X/P
ratio. In such a way that Cs and X atoms form the outermost
layer of the PQDs, denoted as [CsPbX;](PbX,){CsX}. This is a
relatively common situation. Alternatively, the lower X/Pb
bound is given by cutting the QD such that it is terminated
with a PbX, layer, which corresponds to a structure of
[CsPbX;](CsX){PbX,} However, in reality, PQDs are always ter-
minated with long, insulating ligands, (OAm and OA) to render
them colloidally stable by means of steric repulsion. Thus,
experimentally derived PQDs are supposed to have a generic
surface structure of [CsPbX;](PbX,){CsX'}, which corresponds
to a CsPbX; core terminated by a PbX, inner shell and an outer
shell composed of monovalent cations Cs and anions (X' = X~
and carboxylic acid ligands). This termination completes the
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Fig. 4 Idealized surface termination models for the as-synthesized CsPbXs QDs.

octahedral coordination around the metal and helps reduce the
density of midgap states. This result was further proved by
Chen et al. through high-resolution solid-state NMR spectro-
scopy characterization.*® The CsPbBr; QDs are CsBr terminated
(not PbBr, terminated) with alkylammonium ligands substitut-
ing into some surface Cs sites. Therefore, a halogen vacancy is
the most abundant defect in PQDs due to the special type of
termination.

On the other hand, the surface chemistry of PQD is more
complex due to the presence of surface capping ligands.>® Most
often, combinations of long-chain amines with long-chain
acids have been used as ligands in the synthesis of colloidal
PQDs. One of the most used amine-acid pairs is OA and
OAm."7*1%37%¢ They can not only form the PQD dispersion in
nonpolar solvent forming a uniform colloidal system, but also
efficiently passivate the surface defects of PQDs.'”*!

However, the ligands of OA and OAm binding to the PQD
surface are highly dynamic, and therefore ligands are easily lost
during the isolation and purification procedure and thus create
enormous amounts of undercoordinated atoms>**"®® (Fig. 5).

Desorption
N A
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enr- OA @i~ OAm O halide vacancies

Fig. 5 Schematic representation of the dynamic surface stabilization in
CsPbXs QDs.

The undercoordinated Pb atoms on the PQD surface usually act
as charge-trapping centers, thereby inhibiting charge extraction
in photovoltaic devices. Therefore, the fine controlling surface
chemistry of PQDs is critical for the development of highly
efficient and stable PQD solar cells. In this section, we provide a
comprehensive discussion of the surface properties of PQDs
from the perspective of surface passivation and surface treat-
ment using ligands.

Fig. 6 illustrates the types of passivation ligands used in PQD
systems. Ligand detachment from the PQD surface result in the
formation of A- and X-site vacancies for charge neutralization.
There are mainly two types of approaches for the surface
passivation of PQDs: (1) organic ligand modification, and (2)
inorganic chemical treatment.

3.1 Organic ligand modification

The highly dynamic binding between PQDs and surface ligands
provides the possibility of ligand exchange in the PQDs. Ligand

onedyipow puediy .)guv.ﬂ.xo/
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u

O Cs ©Pb o X:LBr,Cl © Vacancies /

Fig. 6 Schematic illustration of the ligand-capped PQDs and an enlarged
view of the nanocrystal surface with defects and different types of surface
ligands used for the stabilization of PQDs.
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detachment from the surface of PQDs leads to the formation of
A-site and X-site vacancies.®”®*”7* The ligand molecules are
expected to fill the A-site and X-site vacancies to recover the
photoluminescence (PL) of the PQDs.”>”* The interaction of
PQDs with surface ligands can be described according to
classification of the covalent bond between surface ligands
and PQDs, which is called L-, X-, and Z-type ligands. They are
classified by the number of electrons (2, 1, and 0, respectively)
provided to the metal by the neutral ligand when it forms a
bond with the surface’®”* (Fig. 7). L-Type ligands usually share
a lone electron pair with Pb®" cations acting as Lewis bases
such as alkylamine and alkyl phosphine oxide; X-type ligands
mainly include alkylammonium salts, alkyl phosphonic/
alkyl carboxylic/alkyl sulfonic acids and thiol/thiolate acids
oleates; while Z-type ligands accept a lone electron pair from
the halide anions acting as the Lewis acids such as CdX, or
Cd(CH3C00),.”>’®”” Due to the ionic properties, the most
common ligands used to cover PQD surfaces fall into the
X- and L-type categories.

Though OA/OAm ligands are widely used as native ligands
for the synthesis of PQDs, the weak binding between PQD
surfaces and ligands usually leads to ligand desorption, result-
ing in a dramatic decrease in the PLQY and stability of PQDs,
and even phase transition. X-Type ligands (cations and anions)
have been proven to passivate the A and X sites on the PQD
surface well.?>®"78781 One of the early studies on the surface
passivation of PQDs was reported by Pan et al.”® They demon-
strate an air- and photo-stable CsPbBr; QDs by passivating
with didodecyl dimethylammonium sulphide. Because of
the robustness of the passivated PQDs, they are used for
the development of a perovskite-based device that exhibits
ultra-stable amplified spontaneous emission. However, the
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passivation mechanism at the molecular level is unclear. Later,
Pan et al.”® developed a two-step ligand exchange process for
passivating CsPbX; (X = Cl, and Br) with didodecyl dimethy-
lammonium bromide (DDAB) (Fig. 8a). Through the ligand
exchange process, DDAB easily attaches to the PQD surface
and provides better passivation of the trap states. Thus, the
PLQY is increased from 49% to 71%. Compared to those of OA/
OAm capped PQDs, the relatively short-chain ligand can pro-
mote carrier transport in the fabricated LEDs, which demon-
strated much a higher EQE and luminescence intensity.
Subsequently, DDAB and its derivatives have been widely used
in CsPbBr; QDs.®%¢ Park et al®* studied the effect of the
bulkiness of quaternary ammonium bromide (QAB) ligands on
the properties and stability of CsPbBr; QDs. The less bulky QAB
ligands surrounded the surface of QDs effectively, and brought
better surface passivation and less aggregation compared to
bulky QAB ligands, and finally the optical property and stability
of CsPbBr; QDs were enhanced. Following these studies, var-
ious ligands have been reported for the electronic passivation
of PQDs to improve their optical properties,?%:6¢73:8%,87-89

For cubic phase CsPbls, it is very sensitive and can be easily
converted to an orthorhombic phase (“yellow” phase) under
ambient conditions."”*"*° In Wang’s work,”" an alkyl phos-
phonic acid, bis-(2,2,4-trimethylpentyl) phosphinic acid
(TMPPA), is used as a replacement of OA in the synthesis of
CsPblI; QDs while its mechanistic binding is concealed. Unlike
OA, TMPPA and its ion pairs do not bind to the surface of PQD
while OAm species dominate. A better understanding of the
deeper mechanisms is needed for the future. Considering the
unstable nature of CsPbl; QDs, the ligand 2,2’-iminodibenzoic
acid (IDA) was introduced using a post-synthetic method®®
(Fig. 8b). Due to the much stronger binding between CsPbl;

L-type Z-type
Z
Na*
0 x
[+) [+) [+] ]

) Cs © Pb o X: I, Br, Cl

Fig. 7 PQD ligand-binding motifs according to the covalent bond classification method.
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Fig. 8 (a) The ligand—exchange mechanism on CsPbBrz QD surfaces. Reproduced with permission from ref. 79. Copyright 2016, Wiley-VCH. (b) DFT
calculations of charge redistributions for OA and IDA passivated PQD surfaces. Reproduced with permission from ref. 66. Copyright 2018, American
Chemical Society. (c) Several zwitterionic capping ligands for improving the chemical durability of PQDs. Reproduced with permission from ref. 92.
Copyright 2018, American Chemical Society. (d) Photos of TOP-prepared CsPbls; QDs with high PLQYs. Reproduced with permission from ref. 96.

Copyright 2017, American Chemical Society.

QDs and IDA compared to OA, the PQDs with IDA treatment
display a PLQY of more than 95% and a slightly improved
lifetime, indicating a reduction in the surface trap state by
passivation.

Another family of X-type ligands that has received much
attention is zwitterionic (or bidentate) ligands, in which the two
functional groups with negative and positive charges simulta-
neously bind to the X-site and A-site, respectively.®’**?>* The
long-chain zwitterionic ligands include sulfabetaine, phospho-
choline, and y-amino acid92 (Fig. 8c). In each molecule, both
the deprotonated acid group and the quaternary ammonium
are tightly bound to the PQDs by the chelating effect. More
importantly, the cationic and anionic groups in the zwitterionic
molecules prevent external neutralization, so that the PQDs are
not surrounded by the insulating molecules and the charge
transportation is improved. Furthermore, due to the chelating
effect, these ligands bind much more strongly to the PQD surface
and the resulting PQDs exhibit long-term stability and a high
PLQY even after different solvent washes. A similar passivation
effect was achieved by post-treating PQDs with short-chain zwit-
terionic 2-aminoethanethiol (AET)* with both amine and thiolate
groups, further verifying the synergistic functions of zwitterionic
ligands. This novel class of ligands may be promising candidates
for the synthesis of these PQDs in future applications.

As aforementioned, X-type ligands have mostly been used
for passivation of the A and X sites of the PQD surface. The
relatively soft L-type Lewis bases are also considered attractive

alternative ligands with excellent passivation effects because
they have a much stronger affinity for lead cations on PQD
surfaces than carboxylate ligands.’®'°* Liu et al.”® used TOP to
synthesize the CsPbI; QDs. Highly luminescent and stable
CsPbl; QDs were obtained by forming stable and reactive
TOP-PbL, precursors. The PLQY of all samples of different sizes
prepared by the TOP-PbI, precursor system reached 100%, indi-
cating the complete elimination of surface defects (Fig. 8d). In
addition, the TOP-based PQDs retain more than 85% PLQY after
storage for one month. Alpert et al.”® reported another promising
molecule, tributyl phosphine (TBPh), for passivation of CsPbX;3
QDs. The posttreatment with TBPh improves the PLQY of
CsPbBr; up to 100% and leads to superior surface passivation
towards CsPbX; films. Trioctylphosphine oxide (TOPO) was also
reported to passivate and stabilize CsPbX; QDs even in the
presence of the polar solvent ethanol.”®

Other L-type ligands with sulfur functional groups such as
sulfonic acids, thiolates or thioethers are also used to improve
stability and enhance luminescent properties due to their strong
interaction with Pb*>" ions.'® The CsPbBr; QDs prepared using
dodecyl benzene sulfonic acid (DBSA) exhibited a PLQY up to
90%, which was retained for more than five months of storage,
thereby showing a remarkable enhancement of stability.

3.2 Inorganic chemical treatment

Surface passivation can be achieved not only by covering the
surface with protective organic ligands, but also by changing
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the surface state using post-treatment with inorganic
chemicals. Unlike PQDs with chain ligands bound to lead or
halide ions on the surface, chemical-specific post-treatments
can remove excess ions, adjust the composition, and repair
shallow traps on the surface, thereby improving their optical
properties.

Many reports have shown that halide-rich surfaces favor
desirable optical properties.??****1%* To build up a halide-rich
surface, different metal halide salts have been used to control
the defects and optical properties of these PQD surfaces. PbBr,
and ZnBr, are the most effective among several metal bromide
salts (PbBr,, ZnBr,, InBr;, CuBr,, AgBr) as an excellent bromide
donor in enhancing the PLQY of CsPbBr; PQDs.*"#91957111 The
Konstantatos group®® obtained a near-unity PLQY for CsPbBr;
QD films post-treated with PbBr,. The addition of PbBr, which
dissolved in both an amine and a carboxylic acid to the as-
prepared PQDs induced strong ligand binding at the surface
and introduced an excess of Br . These two effects essentially
promote surface defect passivation and, consequently, result in
a substantial enhancement of the PLQY. Bohn et al.'*®
gated the mechanism of PbBr, passivation through post treat-
ment. The high PLQYs were achieved through post-synthetic

investi-
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treatment of the CsPbBr; nanoplate dispersions with PbBr,-
ligand addition (Fig. 9a). Time-resolved photoluminescence
(TRPL) spectroscopy and differential transmission spectroscopy
(DTS) revealed that the addition of PbBr, repairs Br and Pb
vacancies on the surface rather than internal traps. The much
stronger radiative recombination also further demonstrates the
removal of surface defects.

In addition, metal halide treatment was found to be very
effective in improving the PLQY of weakly emitting CsPbCl;
QDs. Due to the mid-gap traps of Cl-deficient surfaces, the CI-
based PQDs generally suffer from extremely low PLQYs. To
overcome such issues, a trivalent metal chloride salt (YCl;)"*°
was introduced to passivate the surface defects of CsPbCl; QDs
and increase the PLQY up to 60% (Fig. 9b). The authors
proposed that YCI; robustly fill the Pb-Cl ion pair defects and
passivate the uncoordinated Pb atoms on the QD surface. An in-
depth investigation of how the Y*' ions are doped in the
CsPbCl; PQDs is further needed. Similarly, Mondal et al1'°
reported that post-treatment of CsPbCl; QDs with CdCl, at
room temperature leads to an increase in PLQY from 3% to
98%. This enhancement is due to the substitution of Pb>* by
Cd*" ions during the cation exchange process.
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Fig. 9 (a) PL spectra of the initial samples (dashed lines) and samples treated with PbBr, (solid lines) (left) and the enhancement factor as a function of

layer number (right), and an illustration of the defects fixed with PbBr, on the surfaces of nanoplates. Reproduced with permission from ref. 108.
Copyright 2018, American Chemical Society. (b) Steady-state optical absorption and PL spectra for the as-synthesized CsPbCls QDs dispersed in hexanes
before and after YCls surface passivation; the insets are photographs of the untreated and YClz-treated QDs under 365 nm UV illumination. Reproduced
with permission from ref. 109. Copyright 2018, American Chemical Society. (c) Schematic illustrations of thiocyanate post-treatment for essentially trap-
free PQDs. Reproduced with permission from ref. 112. Copyright 2017, American Chemical Society. (d) Schematic illustrations of tetrafluoroborate post-
treatment for essentially trap-free PQDs. Reproduced with permission from ref. 113. Copyright 2018, American Chemical Society.
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Not limited to the Pb or halide reagents mentioned above, a
post-synthetic thiocyanate (SCN™) surface treatment strategy
was introduced by Koscher et al.'** to remediate the lead-rich
surface.

Thiocyanate treatment deactivated the surface traps of both
fresh (~92% PLQY) and aged (~63% PLQY) CsPbBr; PQDs,
and the treated samples showed a near-uniform PLQY and high
stability. The stoichiometric ratio of Pb to Br atoms attained
1:3 after removing supernumerary Pb atoms from the PQD
surface (Fig. 9c). However, a drawback of this method is that it
is not applicable to CsPbX; with other halide components.
Another method was reported by Ahmed et al.'™® They used
tetrafluoroborate salts to treat the PQDs and the PLQYs of the
green emissive CsPbBr; and blue emissive CsPbBr,Cl; , are near
unity (Fig. 9d). It should be noted that the size and shape of the
parent PQDs are preserved in all these post-treatments.

As mentioned above, the undercoordinated lead atoms (in
other words, halogen vacancies) are the most abundant active
defects in these PQDs and new synthetic strategies employing
halide-rich reaction conditions have been developed.®®*412
A three-precursor synthesis approach was explored. Three
separate reagents are used as independent sources of cesium,
lead, and halogen, where the desired lead and halogen ratio can
be easily controlled. Liu et al.**® utilized NH,X (X = Cl, Br, or 1)
and PbO to substitute for traditional PbX, as the separate
sources of halides and Pb so that the Pb:X ratio could be
adjusted at will for the sake of investigation. In addition, PQDs
are synthesized in this halide-rich environment with higher
quality and greater durability against environmental changes,
like purification treatment for further device fabrication
(Fig. 10a). Yassitepe et al'*' further developed the three-
precursor approach in order to synthesize OA-capped CsPbX;
QDs by eliminating alkylamines from the synthesis. In a typical
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reaction, Pb-acetate and Cs-acetate are reacted with quaternary
alkylammonium halides, such as tetraoctylammonium halides
(TOA-X) for the preparation of OA-capped CsPbX; PQDs without
the need for post-anion exchange methods. It is observed that
the absence of OAm significantly accelerated the growth
kinetics, thus enabling the synthesis of CsPbX; QDs at lower
temperatures (i.e.; 75 °C). The CsPbBr; QDs obtained by this
approach exhibited PLQYs up to 70%, as well as enhanced
colloidal stability. This method, however, failed to produce
CsPbI; QDs of similar quality and stability.

For CsPbl; QDs, the iodine precursor and lead source
cannot be easily made independently. Metallic lead particles
would be generated due to the reducibility of OA, which worsen
the stability and optical properties of CsPbl; QDs. Therefore, a
more effective iodine-rich synthetic route should be developed.
Recently, trimethylsilyl iodide (TMSI) has been explored in the
synthesis of CsPbl; QDs."*® In a typical reaction, a certain
amount of TMSI is injected into the mixed solution containing
Pb-oleate, Cs-oleate, OA, and OAm. With a TMSI/Pb-oleate
molar ratio of ~4.2, the obtained CsPbl; QDs have excellent
storage stability (over 85% of PLQY after 105 days storage) and
thermal stability (Fig. 10b). Although the three-precursor
approach allows one to use the desired ionic stoichiometry
because the halide and metal cation sources are no longer
linked, its potential versatility is limited by a number of draw-
backs. First, the universality of this approach is not very good.
The fact that the synthesis of CsPbCl; QDs has not yet been
reported using this strategy suggests that the halide precursors
react poorly under the reaction conditions of this approach.
Moreover, the PQDs synthesized using this method are rarely
used in the preparation of solar cells.

In the development of all-inorganic perovskites, inert oxide
materials have also been regarded as promising protective
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Fig. 10 (a) Schematics for halide-poor and halide-rich circumstances for the synthesis of QDs, TEM images of CsPbBrz QDs and PL and UV spectra of
QDs synthesized in different precursors in different halide circumstances. Reproduced with permission from ref. 115. Copyright 2017, American Chemical
Society. (b) PLQYs of TMSI-CPI and Tra-CPIl QDs as a function of storage time and reaction mechanism for the TMSI-mediated synthesis of CPI QDs.
Reproduced with permission from ref. 120. Copyright 2019, American Chemical Society.
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shells for the passivation of CsPbX; QDs. Due to their high
stability and inert properties, oxides mainly including silica
(SiO,) and alumina (AlO,) have been introduced to stabilize
CsPbX; against polar solvents, heat, light and oxygen.'**"*?¢ For
the first time, Loiudice and co-workers'** assembled CsPbBr;
QDs into an amorphous AlO, matrix through an atomic layer
deposition (ALD) method. The interaction between the AlO,
precursor and CsPbBr; surface favored the uniform coating and
preservation of the excellent optoelectronic properties of per-
ovskite QDs. The Liu group'® proposed a simple but efficient
method to prepare CsPbX; QDs/SiO, nanocomposites in 2016.
By directly mixing CsPbX; nanocubes with mesoporous SiO,
with pore sizes of 12-15 nm, the nano cubes could be incorpo-
rated into the pores of SiO, (Fig. 11a). Besides the template-
assisted method, in situ formation of SiO, shells on the surfaces
of CsPbX; QDs has also been studied, (3-aminopropyl) triethox-
ysilane (APTES) was chosen by Sun et al.'** as both the capping
agent for inorganic PQDs and the precursor for a silica matrix
as shown in Fig. 11b. As a result, SiO, wrapped CsPbX; crystals
were formed, exhibiting significant enhancement of stability in
comparison with pure CsPbX; QDs. Li et al.'*® designed meso-
porous aminated SiO, spheres as the hard templates, which
could act as the reaction platforms and adsorption sites for
CsPbBr; QDs as shown in Fig. 11c. The QDs/aminated-SiO,
composites exhibited a 7-fold increase in PL intensity com-
pared with neat CsPbBr; QDs. Subsequently, various methods
were developed to grow SiO, shell layers to enhance the photo-
voltaic properties and stability of CsPbX; QDs. Recently,
Rossi et al."*® used the anhydride-mediated transformation of
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Cs,PbBrg into CsPbBr; QDs for the preparation of CsPbBr;@
SiO, core-shell (Fig. 11d). The CsPbBr;@SiO, nanocrystals
exhibited increased stability in ethanol by retaining 95% of
their initial PL intensity after 9 days of immersion in ethanol.
Although this core-shell structure plays a large role in the
stabilization of CsPbX; QDs, the outer shell is generally inert
and hinders charge transfer between QDs. Therefore, the
application of this core-shell structure in quantum dot solar
cells will be limited.

In summary, various types of ligands have been used in
the synthesis of PQDs. In most studies, it is shown that the
passivating ligands help to improve the PLQY as well as the
stability of PQDs. However, the most frequently used ligands
for PQDs used in solar cells have been limited to long-chain OA/
OAm. The use of other ligands should be investigated to
enhance the optoelectronic properties and stability of PQDs
toward efficient and stable photovoltaic devices.

4. Surface engineering of PQD solar
cells

When applying PQDs in solar cells, surface chemistry plays a
critical role in determining the device performance. Specifi-
cally, organic long-chain ligands (OA and OAm) are widely
adopted to impart PQDs with the desired mono-dispersity and
stability.'”?"?® However, these insulating organic ligands hin-
der the transfer of charge carriers from dot-to-dot. Abundant
studies have shown that replacing long-chain ligands with
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Fig. 11 (a) The synthesis process of mesoporous silica green PQD nanocomposites. Reprinted with permission from ref. 123. Copyright 2016 Wiley-
VCH. (b) Schematic illustration of the formation of QD/silica composites. Reprinted with permission from ref. 124. Copyright 2016 Wiley-VCH. (c)
Schematic illustration of the synthetic strategy and fabrication of perovskite/A-SiO,. Reprinted with permission from ref. 125. Copyright 2017 Wiley-VCH.
(d) The process starts from Cs4PbBrg QDs that are converted into CsPbBrz@SiO, QDs. Reprinted with permission from ref. 126. American Chemical

Society.
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shorter ones can significantly improve the performance of PQD
solar cells."”””®**” 1t should be noted that the removal of the
long insulating ligands on the surface of PQDs may result in
surface defects, phase transition, and degradation of the PQDs,
so that re-passivation of the PQD surface is needed. Therefore,
it is important to study the PQD surface engineering as well as
their impact on the photovoltaic performance of PQD solar
cells. We present this part from two aspects, one is the surface
ligand engineering and the other is the passivation of defects
resulting from ligand removal.

4.1 Surface ligand engineering

Ligand bonding to the surface of PQDs is a double-edged
sword. On one hand, ligands not only make the PQDs in a
nonpolar solvent forming a colloidal system, but also efficiently
passivate the surface defects of PQDs.'”*"°%28 On the other
hand, long, insulating ligands trap charges inside the PQDs
and increase the interparticle distance, resulting in poor elec-
tronic coupling.'””"?” Therefore, to improve the conductivity of
PQD solid films, the original long-chain ligands are always
replaced by shorter ones through solid-state or liquid-state
ligand exchange as shown in Fig. 12.

4.1.1 Solid-state ligand exchange. The film fabrication
procedure of current PQD solar cells is mostly based on a
layer-by-layer method that has been widely employed in QD
solar cells."””**° In order to prepare PQDs for utilization in solar
cells, the PQDs must be washed to remove excess unreacted
precursors. Methyl acetate (MeOAc) has been demonstrated as
a suitable antisolvent that can precipitate the PQDs without
inducing agglomeration or phase transition during the purifi-
cation process.’”” Furthermore, MeOAc is used again in PQD
film preparation. The PQD film is swiftly dipped in Pb(OAc), or
Pb(NO3), saturated MeOAc and then rinsed with neat MeOAc to
partially remove the long-chain ligands. The film is used to
fabricate solar cells with the device architecture of FTO/TiO,/
CsPbl; QDs/spiro-OMeTAD/MoO;/Al. A large open-circuit vol-
tage of 1.23 V and an efficiency of 10.77% were achieved
(Fig. 13a). While acetate replaces oleate ligands as described
above, cationic ligands (OAm") are found to remain in the PQD
films after the MeOAc treatment™*° (Fig. 13c).

In order to further improve the carrier mobility of CsPbI; QD
arrays, Sanehira et al.'®” applied AX salt to treat the prepared
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Fig. 12 Schematic illustrations of ligand exchange in two ways, liquid-
state ligand exchange or solid-state exchange.
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CsPbI; QDs films (Fig. 13b). When formamidinium iodide (FAI)
is used, the smaller FA" replaces long-chain OAm" on the PQD
surface. They achieved an impressive carrier mobility boosting
from 0.23 to 0.50 cm® V' s7! and the corresponding current
density (Jsc) increases from 9.22 to 14.37 mA cm™ > with a target
PCE of 14.3%. However, during ligand exchange, MeOAc hydro-
lysis results in the formation of intermediate substances acetic
acid and methanol. Lead halide perovskites decompose signifi-
cantly under acidic conditions including protons and polar
media. Therefore, proton and solvent polarity should be mini-
mized during the ligand exchange process.'*®"*'™'% Kim
et al."® replaced the Pb-based ionic salts with NaOAc to
generate OAc™ directly (Fig. 13d), avoiding the formation of
surface trap states and achieving a Jsc value of 15.21 mA cm >
in CsPbl; QD solar cells. Although FAI post-treatment has
proven to be an effective method for improving charge trans-
port, the removal of hydrophobic OAm leads to easy penetra-
tion of water, which accelerates the transformation of the cubic
phase to the yellow orthorhombic phase. In addition, FAI post-
treatment is sensitive to reaction time and hybridizes the fully
inorganic CsPbl; QDs with organic FA cations on the surface
and inside of the PQDs."”” Therefore, phenethyl-ammonium
(PEA) cations were introduced to post-treatment CsPbl; QDs
films by Kim et al.’®” The PEA group is an aromatic organic
cation with a larger size than the Cs' cation, which can
effectively prevent the phase decomposition of perovskite
materials caused by water molecules. The PEA groups success-
fully replace the OAm ligand on the PQD surface, thus greatly
improving the electronic coupling between the dots (Fig. 13e).
Finally, PEA-incorporated CsPbl; QD solar cells show a high
PCE of 14.1% and high moisture stability, maintaining more
than 90% of the initial performance after 15 days under
ambient conditions. Recently, Jia et al'*® demonstrated an
efficient solvent-mediated ligand exchange of PQDs. Consider-
ing the dielectric constant and acidity, 2-pentanol was screened
as an ideal solvent of short ligands for the post-treatment of
PQD solid films to sufficiently remove pristine insulating OAm
ligands from the PQD surface without introducing halogen
vacancy defects, thereby improving the charge carrier transport
within the PQD solid films (Fig. 13f). As a result, by using 2-
pentanol as the solvent and Cl as the short ligand for the post-
treatment of PQD solid films, the PQD solar cell yielded a PCE
of 16.53% (Fig. 13g), which is the highest value obtained among
inorganic PQD solar cells.

The ligand exchange process mentioned above is generally a
two-step ligand exchange. In the first step of ligand exchange,
the OA ligand is replaced by acetic acid produced by MeOAc
hydrolysis, forming PQD surface-bound acetate and free OA."”
The second-step ligand exchange was performed using FAI to
replace the OAm ligand on the PQD surface.’?””"*° FAI post-
treatment is sensitive to reaction time due to the small cation
miscibility activation energy (0.65 eV) between FA" and Cs" in
PQDs, the cation exchange will occur in the primitive CsPbl;
PQDs, forming orthorhombic-phased Cs,FA;_,PblI; bulk film,
significantly lowering the photovoltaic performance of PQD
solar cells."*”'*® Therefore, a single-step ligand exchange
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Fig. 13 (a) Schematic (with the TEM image of QDs) and SEM cross-section of the CsPblz PQD solar cell and current density—voltage curves of a device
measured in air over the course of 15 days. Reproduced with permission from ref. 17. Copyright 2016, American Association for the Advancement of
Science. (b) Schematic of the film deposition process and AX salt post-treatment. Reproduced with permission from ref. 127. Copyright 2017, American
Association for the Advancement of Science. (c) Ligand exchange process and element analysis of CsPbls PQD solid films. Reproduced with permission
from ref. 130. Copyright 2018, American Chemical Society. (d) Conventional ligand exchange mechanism based on the hydrolysis of MeOAc and NaOAc-
assisted ligand exchange for the direct generation of OAc ions without forming protons and hydroxyl groups. Reproduced with permission from ref. 136.
Copyright 2019, Elsevier. (e) Schematic illustrations showing the solid-state ligand exchange process of CsPbls-QDs to replace OA and OAm ligands with
Ac anions and A cations (A = FA, PA, BA and PEA), respectively. Reproduced with permission from ref. 137. Copyright 2020, Elsevier. (f) Post-treatment of
PQD solid films, including conventional ligand exchange within EtOAc and solvent-mediated ligand exchange. (g) J-V curves of EtOAc/Cl- and 2-PeOH/
Cl-based PQD solar cells from ref. 138. Copyright 2022, Cell Press.

strategy was reported by Jia et al.'*' The amino acids (glycine), PQDs (Fig. 14a). For the photovoltaic applications of the PQDs
which are used as a dual-passivation ligand, could simulta- with improved defect passivation, a high PCE of 13.66% is
neously passivate the A-site (cesium) and iodine vacancies on obtained for the glycine-based PQD solar cells. Moreover, this
the PQD surface, thus improving the defective passivation of ligand exchange strategy also avoided using time-sensitive FAI
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Fig. 14 (a) Schematic illustration of the changes on the PQD surface with
conventional MeOAc rinsing and dual-passivation ligands before and after
ligand exchange. Reproduced with permission from ref. 141. Copyright
2020, Wiley-VCH. (b) Schematic representation of the PQD dynamic
surface stabilization and the ligand removal process assisted by DPA.
Reproduced with permission from ref. 142. Copyright 2020, Wiley-VCH.

post-treatment. In addition, a broad variety of amines have
already been evaluated using ligand exchange, in which most of
the secondary amines (specially di-n-propylamine, DPA)
improved the performance compared with the control device.
The DPA additive can efficiently remove long insulating surface
ligands of OA and OAm, even for under-purified PQDs with a
high ligand density'*? (Fig. 14b). As a result, the electronic
coupling between PQDs is enhanced, leading to improved
charge transport, reduced carrier recombination, and a high
PCE approaching 15% for CsPbl; PQD solar cells.

Purification of the synthesized PQD and the deposition of
antisolvent-assisted PQD solid films also create a large number
of surface vacancies, leading to non-radiative recombination in
the PQDs and significantly hindering the performance of the
solar cell.”>®” Ling et al.*** reported a facile surface passivation
method for CsPbI; QD film by adopting a variety of cesium salts
(cesium acetate (CsAc), cesium idodide (CsI), cesium carbonate
(Cs,CO3), and cesium nitrate (CsNO3)). Post-treatment with the
Cs-salts not only fill atomic vacancies on the CsPbl; QD surface
but also improve electronic coupling between CsPbl; QDs
(Fig. 15a). The CsAc treated PQD films exhibit improved carrier
mobility and reduced trap-assisted non-radiative recombina-
tion. Thanks to the improved defect passivation and electronic
coupling between dots, the final PCE is 14.10% with an
improved Jsc of about 15 mA cm™ > and V¢ of about 1.25 V.
Compared with bulk inorganic perovskite solar cells, PQD solar
cells show a lower photocurrent density, likely due to the poor
carrier transport in the PQD solid films.****° Therefore,
further increasing charge extraction is a crucial point to
enhance the efficiency of PQD solar cells. Lin et al.'*' intro-
duced guanidinium thiocyanate (GASCN) to treat the CsPbl;
QD film, followed with a mild thermal annealing process
(called the “LE-TA” strategy). The GA" cations adsorb on the
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PQD surface to replace original amine ligands and fill surface
defects during the post-treatment of PQDs (Fig. 15b). Conse-
quently, the GA-matrix-confined CsPblI; QDs exhibit remarkably
enhanced charge mobility and carrier diffusion length, leading
to a champion PCE of 15.21% when assembled in photovoltaic
devices. Meanwhile, the “LE-TA” method also functioned well
in other PQD solar cells like CsPbBr; and FAPbI; QDs.

Using a Lewis base has been demonstrated as an effective
method to passivate undercoordinated Pb*" in previous
reports.>>'*® Lewis bases can provide a pair of non-bonded
electrons to coordinate and passivate with the coordinated Pb>*
or Pb clusters to form Lewis adducts. Recently, a Lewis base
(para-mercaptopyridine, 4-MP) was introduced into CsPbI; QDs
via post-treatment by Khan et al."®” Both a nitrogen (N) atom
and thiol group (-SH) were confirmed to form bonding with the
CsPbI; PQD surface (Fig. 15c). The 4-MP passivated CsPbl;
PQDs exhibit enhanced electronic coupling and fewer trap
states, leading to an efficiency of 14.25% for CsPbl; PQD solar
cells. Multidentate molecules, ethylene diamine tetra acetic
(EDTA), were introduced to CsPbl; QD by Chen et al.">® EDTA
not only peel the suspended Pb>* ions from the PQD surface
but also passivate the surface defects of PQDs by occupying the
I" vacancies (Fig. 15d). By regulating the surface properties, the
EDTA-based device yielded a PCE of up to 15.25%.

The application of wide-bandgap CsPbBr; perovskite in high
open circuit voltage solar cells has received great attention in
recent years, and it has been applied as the top cell in tandem
solar cells.">*"*°> CsPbBr; nanocrystals of 20 nm size synthe-
sized by room temperature reprecipitation have been used in
solar cells, delivering a PCE of 5.42% and a Voc of 1.54 V'
However, the CsPbBr; inks exhibited poor dispersibility in
industrially friendly solvents like hexane, which is detrimental
to film uniformity and device reproducibility. The QDs pre-
pared by the hot injection method are well dispersed and are
more often used as a photoactive layer. Cho et al.*®* investi-
gated the effect of carboxylic acid esters with different alkyl
chain lengths, such as methyl acetate, ethyl acetate, propyl
acetate, and butyl acetate (BuOAc), on the ligand exchange in
CsPbBr; QD films (Fig. 16a). The results show that the mixed
EtOAc/BuOAc solvent with a volume ratio of 8/2 enabled
efficient ligand exchange of CsPbBr; QDs and improved the
photovoltaic performance in CsPbBr; QD solar cells up to a PCE
of 4.23% and a V¢ of 1.59 V. In addition, a simple and efficient
post-treatment method was reported by Zhang et al'® to
remove the long-chain insulating ligand and passivate the QD
surface using GASCN salt during the fabrication of CsPbBr; QD
solar cells (Fig. 16b). The device showed a champion PCE of
5.01%. Although high values of Voc have been achieved for
CsPbBr; QD devices, their Jsc is still unsatisfactory. In order to
further improve the carrier transport of CsPbBr; QDs, Wang
et al."®® applied benzoic acid (BA) to treat CsPbBr; QD film as
shown in Fig. 16c. BA post-treatment was demonstrated to
effectively exchange the long-chain ligands and improve the
carrier transport of CsPbBr; QDs, leading to a champion PCE of
5.46% and an improved Jsc of 4.84 mA cm . Recently, an anion
modification strategy was developed to inhibit methanol
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Fig. 15 (a) Schematic illustrations of CsPbls QD film deposition and CsX post-treatment process and internal exciton generation, charge trapping, and
transport process after ligand removal and Cs-salt post-treatment. Reproduced with permission from ref. 143. Copyright 2019, Wiley-VCH. (b) Schematic
diagrams of the formation process of GA-matrix-capped CsPbls QD solids via the ligand exchange process followed by thermal annealing (“LE-TA"
method) induced by GASCN. And its effect on charge transport. Reproduced with permission from ref. 151. Copyright 2020, Wiley-VCH. (c) Stability of the
CsPbls QD film based on MeOAc treatment (control) and 2-MP and 4-MP post-treatment. Reproduced with permission from ref. 157. Copyright 2020,
American Chemical Society. (d) Schematic diagram of the surface surgery treatment of PQDs using EDTA molecules. Reproduced with permission from

ref. 158. Copyright 2022, Elsevier.

(MeOH) adsorption on the surface of CsPbBr; QDs,"** which
was implemented through incorporating a series of guanidi-
nium salts containing different anions (GuaBr, GuaSCN,
GuaAc) into each layer of CsPbBr; QD films. All anions play a
positive role in inhibiting the adsorption of MeOH on the QD
surface, facilitating charge transfer between perovskite QDs
and passivating the defects (Fig. 16d). The GuaAc-based devices
deliver a PCE of 7.04%, which is the highest value among
inorganic CsPbBr; QD solar cells.

In short, the solid-state ligand exchange of PQD films
through post-treatment provides more possibilities for device
optimization. Unlike the complex environment in which colloi-
dal PQDs are found, it is easier to control the surface regulation
of the PQD solids without destroying the crystal structure by
causing aggregation. However, its potential versatility is limited
by a series of disadvantages. The amount of these molecules

added and the post-treatment time is limited to a small range,
which makes the reproducibility of this treatment
relatively poor.

4.1.2 Liquid-state ligand exchange. Besides the solid-state
ligand exchange, ligand control during synthesis can also
improve the device perf