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Due to the rapid increase in population, total electricity demands have been quickly increasing. Under
this circumstance, renewable energy technologies such as photovoltaic (PV) materials need to be
urgently developed. Among these diverse PV devices, solution-processable materials like organic
semiconductors and inorganic quantum dots (QDs) are desirable for designing lightweight, low-cost,
semi-transparent, and portable solar cells. All-inorganic CsPbls perovskite QDs have quickly emerged as
a rising star for QD PV materials and have achieved a remarkable efficiency of over 16% via advanced
surface chemistry and device engineering. In this review, we first summarize the latest breakthroughs in
perovskite technology via various strategies such as the optimization of synthesis procedures, surface
modifications, and solid QD inks. In addition, we briefly discuss device architecture engineering for

Received 15th November 2021,
Accepted 29th December 2021

DOI: 10.1039/d1ma01075a
achieving higher PV efficiency and improved long-term stability. Finally, we present the next steps in QD

Open Access Article. Published on 31 December 2021. Downloaded on 7/24/2025 2:22:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-advances

1. Introduction

One of the most challenging hurdles towards developing a
power and energy sector using traditional energy generation
sources is the globally increasing energy demands, cost, and
negative environmental impact due to the immense amount of
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preparation, processing, and architecture to further improve the device performance.

fossil fuel emissions.™ To overcome these issues, renewable
and clean energies are one of the most promising and suitable
approaches. Photovoltaic systems, which are devices that con-
vert sunlight into electrical power, are one of the most suitable
options among all renewable energy resources because of their
immense potential. Photovoltaic devices based on silicon
technology are ruling over the solar cell industry due to their
long-term stability and high power conversion efficiency (PCE).
However, obtaining a high quality silicon-based active layer
with a melting point greater than 1400 °C requires an expensive
fabrication process due to extremely high processing tempera-
tures, which limits the commercialization on a large scale.>® To
overcome these obstacles, third generation solar cells have the
capability to overcome the day-by-day energy crises and also
provide a straightforward low-temperature fabrication process.”
In such types of solar cells, perovskites are one the most
promising candidates used as a sensitizer for the first time in
a liquid electrolyte in 2009 with a PCE of 3.8%.% Three years
later, in 2012, Kim et al. first reported a solid-state perovskite
solar cell by replacing the liquid electrolyte and achieved a
breakthrough PCE of 9.7% and stability up to 500 h in an open
air environment.® Now, the certified PCE of such solar cells is
above 25%, making them the most leading and innovative
technology in the field of solar energy.'®

The word “perovskite” is named after Russian mineralogist
L. A. Perovski, who first calculated the structure of calcium
titanium oxide (CaTiO;3). He later discovered that any such
crystal composition can be recognized as a perovskite.'" The
structural formula of a lead halide perovskite (LHP) is written
as ABX;, where A is a monovalent cation with a large radius, B is
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a divalent cation with a small radius, and X is an anion. In an
organic-inorganic hybrid perovskite these are A= MA" and FA",
B = Pb®>" and X = Cl", Br, I or mixed, respectively.'**?
Moreover, LHPs possess the combined nature of organic and
inorganic semiconductors. This allows for the simple chemical
tuning of their optical and electronic properties, a low tempera-
ture and solution-based deposition, enhanced diffusion lengths,
strong carrier mobility, and a longer exciton lifetime."* However,
hybrid perovskites are limited by thermal instability under
operating conditions due to their structural decomposition
caused by the volatile nature of the organic component, leading
to poor device performance."'® All-inorganic perovskites have
emerged as a feasible approach for improving the thermal
stability of the device by replacing the organic A-site cation with
an inorganic (Cs*) cation.'”"'® The all-inorganic device exhibits
excellent stability under environmental conditions (90-95%
RH, 25 °C) and at a high temperature (100 °C) without
encapsulation.”” These results validate that an organic compo-
nent is not essential to achieve a high performance perovskite
solar cell. Among different types of all-inorganic perovskites,
a-CsPbl; has been mainly studied for photovoltaic applications
due to its ideal bandgap of 1.73 eV, which matches well with the
solar spectrum. However, devices based on this crystalline
composition still exhibit a low PCE.**"*! This limit in PCE is
caused by the low temperature phase transition (3-CsPbI3),
which has a larger bandgap (2.82 eV) and poor optical
properties.”’>* However, the phase stability of o-CsPbl; can
be improved by reducing its size down to the nanoscale by
taking advantage of high surface tension which can cause high
tensile strain under room temperature conditions.>>>®

A quantum dot (QD) is a nanometer-sized semiconducting
crystal confined in all three dimensions.>® The distinguishing
features of QDs include multi exciton generation (MEG) and the
tuning of optical and electronic states via size reduction and
quantum confinement effects.*°* MEG makes QDs exceptional
among all the other PV materials, enabling the device to surpass
the single-junction Shockley-Queisser (S-Q) limit of 33% PCE.>*
Traditional QDs (CdTe, CdS/Se, and PbS/Se) have been explored
for the last thirty years and are well established in the light
display market, while the emergence of halide perovskite QDs
has paved a new avenue for solar-harvesting technology.**>°
The synthesis of perovskite QDs (PQD) is similar to that of
traditional QDs, in which organic capping ligands are used for
growth control (steric hindrance) and surface passivation, but
the difference in bonding chemistry leads to the discrepancy in
their structure chemistry, surface chemistry, and material
stability.*>** Among all QDs, PQDs have admirable characteristics
such as narrow photoluminescence (PL), high carrier mobility, and
tunable absorbance over the visible region.>***> Moreover, the key
feature of inorganic PQDs (CsPbl;) is excellent defect tolerance.
This property enables low non-radiative recombination despite
huge defect density.** More importantly, colloidal QDs, unlike
their organic and perovskite bulk counterparts, are ideal candi-
dates for fabricating large-area devices through printing techni-
ques because they do not simultaneously require fine crystallinity
and morphological control during the film deposition process.*®
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Currently, CsPbl; QD solar cells achieved a PCE of over 16%, which
is much higher than that of conventional PbS QDs, demonstrating
their great potential for next-generation QD photovoltaics.*®

In this review paper, we summarize the advances of CsPbl;
PQDs and their potential application in photovoltaic technology:
in the first section, we discuss the intrinsic properties of CsPbl;
PQDs; in the second section, a brief protocol of PQD synthesis via
hot injection with a post-treatment mechanism to achieve QD ink
is presented; in the third section, we further discuss the working
principle and device architecture engineering, novel strategies
such as absorber layers, interfaces, composition engineering,
tandem architectures, and flexible devices. Finally, we provide
critical clues for challenges encountered with CsPbl; QDs in the
future development of third-generation solar cells.

2. Intrinsic properties of CsPbX3s PQDs

2.1. Crystal structure and surface chemistry

The fundamental crystal structure of all-inorganic perovskites
(CsPbX;) is identical to that of methylammonium lead iodide
(CH;3;NH;PbI;), which is often used as an archetypical reference
compound. These compounds are based on the ABX; formula.
The B cation can be found at the center of octahedra space
surrounded by six halide ions (BX¢). The A cation occupies a void
created by eight corner-sharing octahedra (BX), which is shown
in Fig. 1a. This structure takes advantage of the ionic bonding
between ions, allowing for low-temperature preparation.’® The
formation of 3D perovskites with different crystalline structures
relies on the temperature, doping, size geometry of cations/
anions, and the synthesis methods.*” The perovskite structures
formed and their stability is determined by the Goldschmidt
tolerance factor (GTF) (7):

o ra+x

V2(rp +rx)

Here r,, s, and rx represent the ionic radii of the cation and
anion of the perovskite lattice. It examines how efficiently the
space of lattice is filled in the perovskite structure. For halide
perovskites, the value of 7 lies within the range of 0.81 to 1.1."% If ©
is computed outside this range, the perovskite is not capable of
retaining its 3D structure and appears as low dimension halide
compounds such as 2D layers, 1D chains or 0D BX, octahedral
clusters. Apart from the tolerance factor, the octahedral factor ()
is also a valuable criterion for the assessment of perovskite
stability. The formula of p is given as:

" Rx

u

For a halide perovskite, the value of u lying in the range of 0.44 <
@ < 0.90 tends to stabilize [BXq]*™ octahedra.*® So, these two
factors are critical for the formation of stable 3D perovskites.
From available lists of A-cations, MA-based perovskites have
an effective t value (0.91) which indicates the formation of a
stable cubic phase at room temperature, while exhibiting a
leading efficiency of 25.2%.*° However, organic (MA) components
of relevant structure have the thermal instability bottleneck.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic representation of the crystal structure of the PQD.®? (b-d) Schematic diagram of three different phases (o, p, and y) of CsPbls
perovskite NCs.28 (e) XRD standard powder pattern of o, B, and y phases plotted with vertical lines corresponding to the diffraction peaks.?® (f) Schematic
illustration of the surface chemistry of PQDs and CsX facets terminating a cesium- and halide-deficient surface.>® (g) PL stability of PQDs with appropriate
ligands of C8 and C8/C18 and images of the as-synthesized QDs and after 180 days of aging.>® (h) Schematic of conventional semiconductor defect
intolerance and defect tolerance in PQDs (o and o* represent the bonding and antibonding orbitals, respectively).®® (i) Mechanism of MEG in QDs.**

All-inorganic CsPbl; perovskites exhibit a smaller tolerance factor
(r = 0.85) which stems from the smaller ionic radius of cesium
(Cs" = 167 pm).**>° Consequently, Cs-based perovskites exist in
their orthorhombic phase at room temperature, therefore posses-
sing a wide bandgap of 2.82 eV and act as an inactive layer for
photon absorption. This unfavorable phase can transform into a
cubic phase at a high temperature (>320 °C), but such a high-
temperature condition is unacceptable for the fabrication and
scalability.”" To overcome this severe issue, one effective way is
modifying the synthesis of CsPbI; QDs, which can sustain a cubic
phase at room temperature. The underlying reason for colloidal
phase stability remains unclear, but here we speculate on two
explanations. First, colloidal QDs capped by long-chain organic
amine/acid ligands, where the amine occupies 50% of the sur-
face, are found to increase the overall tolerance factor. Second,
the high surface to volume ratio of PQDs can cause a high tensile
strain on the crystal, helping them to maintain their black/cubic
phase at room temperature.”®*® In this context, we observed the
phase changes in CsPbl; NCs due to lattice softness which are
recognized as a, B, v, and § phases, respectively. The a-phase has

© 2022 The Author(s). Published by the Royal Society of Chemistry

a cubic shape with an undistorted corner-sharing (PbXg)"'~
octahedron. In the B-phase, the corner-sharing octahedra rotate
which destroys the cubic symmetry. The y-phase represents the
second distortion in the orthorhombic structure of the d-phase
which leads to a further breaking of symmetry. This is presented
in Fig. 1b-d.*® The occurrence of these different phases in
CsPbX; NCs could be verified through structural defects and
particle size factors. Ma and coworkers studied two different
samples of CsPbCl; NCs with/without Cl vacancies for defect
induced phase transitions. In the defective crystal study under
Car-Parrinello molecular dynamics (CPMD) calculations, Pb-Cl-
Pb bonds experience a large fluctuation at 290 K because the Cl
vacancy produced a strong lattice distortion. Such local structural
deformation can release the lattice strain, resulting in less Pb-Cl-
Pb tilting away from the CI vacancy center. This result ensures the
phase transition of CsPbCl; NCs via structural defects which
definitely influences the optoelectronic properties of perovskite
NCs.”* Apart from structural defects, CsPbI; NCs undergo phase
transition based on the particle size. As the size of CsPbl; NCs
increases, additional peaks appeared in between 20 and 28°
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which indicates a lower symmetry, which is shown in Fig. 1e. In
addition, the CsPbl; NCs of small size (15.3-5.2 nm) have high
surface energy (3-5.1 eV) which may stabilize the high symmetric
phase at low temperatures because the high energy surface can
release lattice strain, resulting in less octahedral tilting.”®
Furthermore, these native ligands have made the surface chem-
istry of colloidal QDs more complex. Therefore, it is compulsory
to study the surface chemistry of PQDs in depth, which is still not
fully understood.

Like conventional QDs, the surface chemistry of PQDs is very
important, as it holds a strong influence on the optoelectronic
properties and stability.”>** As mentioned above, PQDs are
commonly synthesized with organic ligands. The most proto-
typical ligands used today are oleic acid (OA) and oleyl amine
(OLA). OA ligands also act as proton sources for the formation
of ammonium cations (R-NH;"), which occupy the A-site posi-
tion in the perovskite QD structure.”> However, the ligand
interaction with the PQD surface is not fully understood due
to the highly ionic and dynamic interaction. Therefore, differ-
ent ambiguous views were established on the modes of ligands
with the PQD surface. First, Wheeler et al. demonstrated that
OA is not bound to the surface of QDs and provides colloidal
stability to NCs by forming an equilibrium with the surface
bound OLA* ions.”® In contrast, Fourier transform infrared
(FTIR) and NMR spectroscopies revealed that both the OA
and OLA bind onto the surface of PQDs.”” Furthermore, CsPbX;
QD surfaces are terminated by AX facets, leading to the for-
mation of trap states at the surface, as shown in Fig. 1f. As part
of the surface morphology, these defects strongly influence the
optical and electronic properties of QDs and their ambient
stability. It is also well-established that the stability and photo-
luminescence quantum yield (PLQY) of PQDs are strongly
dependent on the ligand binding affinity.”® Therefore, it is
important to introduce such ligands which can act as an
alternative of OA-OLA pairs in the PQD synthesis. For example,
Chen et al. demonstrated the combination of OA/OLA (C18) and
octanoic acid (OctAc)/octylamine (OctAm) (C8) ligands in the
synthesis process of o-CsPbI3 QDs. The strong adsorption
energy between C8 ligands and the QD surface provided a high
phase stability (>180 days) while achieving a stronger PLQY
relative to intrinsic ligands, which is depicted in Fig. 1g.”>° Due
to the surface’s fragile nature, a further loss of iodide ions and
new defects can occur during the purification and film fabrication
processes. Therefore, it is required to reconstruct this surface by a
post-solid-state exchange method.**®*

2.2. Defect tolerance

Defect tolerance is the most striking feature of halide perovskites,
enabling them to possess low non-radiative recombination in the
presence of high defect density. Defect tolerance of perovskites
(MAPDI; and CsPbX;) originates from the interaction of bonding-
antibonding orbitals of the conduction band (CB) and valence
band (VB), respectively. In contrast, this character is very different
in conventional semiconducting materials, where a bandgap is
formed between bonding and anti-bonding orbitals of the VB and
CB.®>*® Fig, 1h. represents the bandgap structure of conventional
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semiconductors with trap state allocation and ideal defect toler-
ance of the halide perovskite structure. In (MA/Cs)Pbl; perovs-
kites, the antibonding nature of the VBM originates from Pb(6s)-
I(5p) coupling, which demonstrates the ideal characteristics of
defect tolerance, while the bonding nature of the CBM arises
from the sole contribution of Pb(6p), which does not seem to
fulfil the optimal criteria of defect tolerance.*® However, strong
spin-orbit coupling causes the split of energy levels that further
widens the band. This widening moves the lower end of the
conduction band below the Pb(6p) atomic orbital and enhances
the probability that the halide vacancies will form intra-conduction
band states. Therefore, defects produced upon the vacancy or
interstitial atoms will probably appear as resonance inside the
band. According to these inducements, surface states do not
appear within a gap state. Owing to this intrinsic defect tolerance,
PQDs exhibit an excellent PL performance without any passivation.
This passivation step is required for conventional chalcogenide
QDs as the PL properties deteriorate upon surface defects.®®

Besides the electronic structure, the crystal lattice also
influences defect tolerance. For example, as mentioned above,
CsPbI; emerges in three different phases (a-phase, 3 phase and
v phase) with different Pb-I-Pb bond angles, i.e. 180° for the
a-phase, 155° for the y phase and 95° for the § phase. We found
that the bond angle of the §-phase is almost two times smaller
than that of the a-phase, which reduced the overlapping of the
Pb and I orbitals. Consequently, the VBM displays a weak anti-
bonding character, which leads to worse defect tolerance.®”
Therefore, CsPbl; QD synthesis has advantages of size
reduction to obtain the most favorable form (a-phase) with an
ideal defect tolerance value.

2.3. Multi exciton generation

In general, when a semiconductor material absorbs a high
energy photon, the absorbed photon generates an electron-hole
pair, where the excess energy is dissipated as heat (phonons).®®
To surpass this limit, the research community investigated
multiple exciton generation (MEG) or carrier multiplication
(CM) in semiconductor materials in an attempt to take advan-
tage of the extra energy, rather than letting it dissipate as heat.
The phenomenon which generates multiple excitons by the
absorption of a single high energy photon is called multiple
exciton generation (MEG). In nanomaterials, high energy incident
photons can excite the generated multiple electron-hole pairs due
to quantum confinement effects.”®°>’° The schematic representa-
tion of the MEG phenomena is visualized in Fig. 1i. In a bulk
semiconductor, the MEG effect has been studied for the last three
decades. Still, poor performance has been recorded due to intrinsic
factors of high energy photons (kv > 5E,), fast phonon emission,
and energy-momentum conservation.”! Subsequently, NCs of
strong quantum confinement can exhibit high MEG due to strong
Coulombic interaction, relaxing momentum conditions, and
prolonging the hot carrier cooling effect.”” As a result, Semonin
and coworkers took advantage of the MEG effect in PbSe QD solar
cells, manifested by a peak EQE value of 114 £+ 1%. Such behavior
in QDs provides a route to surpass the S-Q limits and enhance the
PCE of QD solar cells.**** However, conventional QDs failed to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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materialize the phonon bottleneck effect at a small size which has
led to the challenge of the slowdown of the hot-carrier cooling
process. A high MEG yield can be achieved by harvesting hot
carriers via prolonging the cooling rate, such as that observed in
PQDs having two times higher magnitude than their bulk
counterpart.” Li et al. demonstrated enhanced MEG in confined
states of FAPbI; QDs with a reduced threshold energy of 2.25 times
its bandgap (E,), much lower than that in bulk and conventional
QDs. The highest MEG yield of 132% is achieved for the
smallest size (7.5 nm) of FAPbI; PQDs with high energy photons
(2.7 times E,).”* In the CsPbI; QD context, the established MEG
is not very encouraging and the reported value is less than
100% due to its high bandgap (1.73 eV).*° Let us consider that
the threshold is equivalent to three times that of PQDs, then it
corresponds to more than 5 eV (about 230 nm excitation
wavelength). This wavelength is far away from the solar spec-
trum for PV applications.”> However, the property can be
further refined by chemical doping of cations such as FA,
which has the fastest hot cooling relaxation.”®

3. CsPbls; PQD synthesis,
post-treatment mechanism and QD ink

3.1. QD synthesis

Currently, two approaches (bottom-up and top-down) are
widely used for the reliable and simple synthesis of QDs. The
preference is given to the bottom-up approach, which is the
liquid phase synthesis.””””? This approach can be classified
into two subcategories: high temperature hot injection (HI) and
low temperature (LT).5“®' In this section, we discuss their
synthesis protocols and their respective challenges, and make
suggestions for future optimization.

Hot injection. The hot injection (HI) approach is considered
as the most efficient approach for fabrication of small size NCs/
QDs with a narrow size distribution. This technique was first
implemented to synthesize cadmium chalcogenide NCs/QDs in
1993.%% The key parameters that monitor the QD size, shape,
and size distribution are (a) the ratio of ligands to precursors,
(b) concentration of precursors, (c) injection temperatures of
both the cations and anions, and (d) reaction time.*' In 2015,
Protesescu et al. developed the HI method to synthesize CsPbX;
QDs with a size range of 4-15 nm. Briefly, CsPbI; QD synthesis
contains two steps. First, Cs-oleate is obtained by dissolving
Cs,Co; in octadecene (ODE), which is a high boiling point
solvent, with the OA ligand. Then, Cs-oleate is heated and
quickly injected into the dissolved precursor of PbI, in ODE,
OA, and OLA ligands at a temperature of 140-200 °C. Here OA
and OLA are commonly used to control growth and improve
colloidal stability via steric and charge hindrance. The reaction
is then quenched by placing the solution in an ice bath after
3-5 s of reaction time.?” The synthesis setup of the HI approach
is presented in Fig. 2a. The purification process of QDs was
accomplished with tert-butanol (BuOH) treatment, but the
weak acid-base interaction of I and oleylammonium can cause
fast agglomeration and undesired phase transformation.®*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Later, Swarnkar et al. revealed the optimized synthetic route
and purification process through methyl acetate treatment. As a
result, the reaction yield scaled up to 10 times, making the
device fabrication easy. Additionally, the acetate ion of acetic
acid was exchanged with the QD oleate ligands, resulting in
excellent surface passivation. Colloidal QDs synthesized using
this procedure have been found to maintain their cubic phase
for several months in an ambient environment.*® To improve
the stability of QDs, Liu et al developed a new synthetic
approach of PbI,-TOP for CsPbI; QD synthesis to achieve P-Pb
bond formation for complete surface passivation.®**> pbl, is
dissolved in the trioctylphosphine (TOP) solvent and quickly
injected into the ODE solution containing Cs oleate, OA, OLA at
a temperature of 100-170 °C. As a result, the PbL,-TOP strategy
achieved the same size QDs at 130 °C, highlighting the high
reactivity of the PbI,-TOP precursor. The weakness of this
synthetic route is the time taken for PbL,-TOP preparation.®
In addition, Protesescu also used a combined cation and anion
source, limiting the possibility of stoichiometry ratio of ions.
These elemental ratios of the precursor have a significant
impact on the properties of CsPbX; QDs and have shown
remarkable stability against the purification process.***” To
solve this bottleneck issue, Qian et al. offered a ternary pre-
cursor approach for CsPbI; QD synthesis to obtain an iodide
rich environment, which further ensures the phase purity of
QDs and folding of the reaction yield.*® Lead acetate
(Pb(CH3C0O0),) and ammonium iodide (NH,4I) were utilized in
the ternary approach of CsPbl; QDs and a high phase purity was
achieved through the optimized ratio of iodide (Cs:Pb:I =
1:1:6). The reaction yield of CsPbl; QDs was scaled up to seven
times with a cost reduction of $42 per g from $303 per g.
Similarly, Imran et al. reported the employment of benzyl halide
in the ternary approach of all CsPbX; QD synthesis.*® In short,
these strategies validate the necessity and importance of an
iodide-rich environment for highly stable CsPbI; QD synthesis.

Besides these improvements, the HI strategy is carried out
under an inert gas atmosphere and at high temperatures,
which directly influence the cost and output limit of the
synthesis procedure. Second, the Cs oleate/iodide precursor
synthesized in advance with a pre-heating temperature of
100 °C is indispensable to be injected into main reaction flask.
So, it is difficult to control the large quantity of injecting agents
at high temperatures during synthesis and acts as a bottleneck
to produce QDs on a large scale. To tackle these issues, research
teams developed alternative and straightforward routes of LT
that can be employed in an open environment with affordable
apparatus.*'*°

Low temperature. This method is based on the supersatu-
rated recrystallization (SR) process, which is over 5000 years
old.”” First, precursors dissolve in the solvent and subsequently
achieve an equilibrium in concentration. Then, the supersatu-
rated state can be availed by either increasing or decreasing
temperatures or adding a low solubility co-solvent. As a result,
spontaneous precipitation and crystallization occur in the
solution until it again attains an equilibrium condition.’>%’
Moreover, if ligands amid the SR process are added for the
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(a and b) Schematic representation of perovskite QDs by hot-injection and ligand-assisted reprecipitation methods (OA, OLA, and ODE represent

oleic acid, oleylamine, and octadecene respectively and PbX, [X = Cl, Br]), the as-synthesized CsPbls QDs with corresponding transmission electron
microscopy (TEM) and high-resolution TEM images.!®! (c) Schematic diagram of CsPbls QD synthesis using the ligand-mediated strategy (LMS). (d)
Schematic representation of CsPbls QD precipitation after purification. (e) Photograph of the crude solution in the scaled-up synthesis of CsPbl3 NCs.

(c—e) Ref. 100. (f) Schematic of RT synthesis of CsPbXs QDs.*°

purpose of controlling the crystallization and stabilizing the
colloidal solution, then it is denoted as “‘Ligand-assisted repre-
cipitation (LARP)” and is shown in Fig. 2b. The LARP method is
widely used to synthesize perovskite QDs by dissociating pre-
cursors into ions in polar solvents like dimethylformamide
(DMF) and dimethylsulfoxide (DMSO) with the addition of
long-chain organic ligands. Then, the solution is transferred
to a large volume of non-polar solvent (toluene/hexane) and
stirred. The combination of these two solvents can produce
supersaturation instantaneously, leading to rapid crystal-
lization and growth of perovskite QDs. It is worth noting that
it is operated at room temperature (RT) without an inert gas
and injection conditions as depicted in Fig. 2f. Therefore, it can
easily be integrated for large scale production.’*°° In 2016, the
Li’s group, for the first time, employed this route for the

1936 | Mater. Adv,, 2022, 3,1931-1952

synthesis of inorganic perovskite CsPbX; QDs with superior
PL, owing to the halide-rich environment on the QD surface
which could significantly reduce nonradiative recombination.®®
Later in 2019, Seth et al. successfully manipulated different
shapes and sizes of CsPbX; QDs via solvent engineering,
consisting of a medium, ligand concentration, and reaction
time parameters. Quasi-cubic QDs were produced in ethyl
acetate while nanocubes of different sizes were produced in
toluene medium. Such a twist in shapes and dimensions
resulted from the interaction between the ligands and solvents
of varying chemistries.””

Besides potential advantages, some shortcomings were asso-
ciated with the LARP method: polar solvents quickly degrade
PQDs, especially CsPbl; QDs. The reason behind this fast degrada-
tion was the “solvent effect”, which produced a defective structure

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with a residual solvent and iodide vacancy on its surface layer.”>*
Additionally, these polar solvents (DMF and DMSO) have high
boiling points and toxicity, which limit their applications in large
scale production. Therefore, it is required to develop an alternative
and facile strategy using nonpolar solvents to synthesize high
luminance CsPbX; QDs.*! In 2016, Pan et al. synthesized CsPbX;
QDs using a nonpolar solvent which exhibited a high PLQY of 50-
85%. When these QDs are synthesized in toluene and xylene, a
higher PLQY can be obtained relative to those of QDs in hexane
and dichloromethane, which elaborates the significance of solvent
engineering.”> The same strategy was extended to the synthesis of
MAPDbX; QDs, where their high luminescence properties endow
them with great potential for optoelectronic applications. Recently,
Wang et al synthesized CsPbl; QDs at room temperature in
nonpolar solvents by introducing the 4-dodecylben-zenesulfonic
acid (DBSA) ligand, as shown in Fig. 2a-c. After adding the DBSA
ligand and further increasing its ratio to octanoic acid (OTAc), the
yellow color of the CsPbl; QDs gradually changed into a brown-
black color which indicates the desired form of QDs for optoe-
lectronic applications. The reason behind these obvious
changes is the synergistic effect of the DBSA ligand which
suppresses the [PbX,]'~ distortion and provides phase stability
at room temperature. This facile synthetic route of CsPbl; QDs
is highly appropriate for their large scale production due to their
high reaction yield of 1.3 g."*

3.2. Post-treatment of CsPbI3 QD

Despite the defect tolerance nature of CsPbl; QDs, A, X surface
vacancy defects are detrimental to the device’s photoelectric
performance. These defects arise from the lack of ligand

View Article Online
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bonding which leaves empty sites of intrinsic halides at the
surface during synthesis.”*"' % Furthermore, it was experimentally
confirmed through nuclear magnetic resonance (NMR) results
that R-NH;" captured the A-site in the perovskite structure and
connected with the X-site via hydrogen bonding.>® This defect
was eliminated by using amine-based passivating materials (for-
mamidinium iodide, phenethylammonium iodide). The low Jy. is
due to residual OLA ligand on QDs surface even after methyl
acetate washing, exchanged by formamidinium iodide (FAI)
ligand and higher J,. up to 15.246 mA cm ™2, which correspond-
ingly enhanced the device efficiency from 10.7% to 13.43%."'*
Due to detrimental effects associated with FAI treatment, Kim
and coworkers exchanged the OLA ligand with phenethylammo-
nium iodide (PAEI) to improve the electronic coupling and
moisture stability. Here PEA has an aromatic organic cation of
large size, which can block the phase decomposition of the PQD
structure caused by environmental factors. This conclusion can
be deduced from the black color of the film, which was retained
for fifteen days. Finally, PEAI treated QD solar cells (QDSCs) have
shown the maximum performance of 14.1% with excellent
stability and the PEAI post-treatment mechanism on resultant
CsPbl; QDs is shown in Fig. 3a.'®* In 2019, we adopted CsAc salt
for filling those vacancies which occurred from the detachment
of additional (OAm)" during the ligand exchange process. This
modification enhanced the QD coupling and reduced the trap-
assisted non-radiative recombination by filling these vacancies,
which is shown in Fig. 3b.°° Afterwards, we reported the second-
ary amine (di-n-propylamine) treatment between the washing
process of QD films and FAI post-treatment, providing efficient
control over the surface ligand density, which is essential for

(a) (b)
;/-L; . . Fe) j\/\/\
Co X oo » \/\/\/ VAVAAS Irr
ix o "0ox S \/\/\[ \/\/\/\ \0
[ D BN J . o
i 000 x 0, ‘
co e oo MeOAc CsX
/ _— o
20 5 @ « @ 5 05 0c Ligand removing \/\/\/\ treatment
./ €O T0 50 50 » AN )
"b..,-n-.‘o.o;’ \/\/\/\ ~
0. 20
g
. ﬁ\% _ AN = oleate _ _
=CsPbl; QD | A A = oleylammonium @ =Cs ' = Cs vacancy
(c) d)
N(e) N(e) 2]
electron ) :
\ transpond A transport  transport :
® /@ fuppresse /. k (@) @ o Eads=2.5 eV
O O-c¥_A O ¥A O\ .. exchange ® 0-:-+0 0--+0 0 1= 0000000
- L] wisimirinng, 8 S
nermal annealing ; OA o +4
| i o °
Eads=2.3 eV E16eV
electron distribution isolation electron distribution overlap
o
L-PHE
ki
& °
osesose

CsPbl, QDs with native long ligands

CsPbl, QDs with GA-matrix

Eads=3.9 eV

Em=35eV

Fig. 3 (a) Schematic representation of the post-treatment mechanism using PEAI on the resultant CsPbls QDs.2%4 (b) Schematic illustration of CsPblz QD

film deposition and CsX post-treatment mechanism.®® (c) Schematic diag

ram of the ligand exchange process for the formation of GA-matrix-capped

CsPbls QD solids by thermal annealing induced by guanidinium thiocyanate (GASCN).X%® (d) Schematic illustration of the CsPbls QD surface and

theoretically calculated adsorption energy of different ligands (OLA, OA and L-PHE) using DFT application on the pure CsPbls QD surface.
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balancing the charge transport and phase stability. Eventually,
CsPbl; QD solar cells exhibited improved charge transport with a
high PCE approaching 15%.'%° Quite recently, a novel GA matrix-
capped CsPbl; QD film was achieved by dipping the material in a
guanidinium thiocyanate (GASCN) solution which helped in
maintaining a cubic structure and increasing the QD coupling.
The champion device exhibits a high reproducible PCE of
15.21%, which is shown in Fig. 3c.'® These strategies provide
the future roadmap to exceed the J;. of QD solar cells, enhancing
the device performance and long-term stability. On the other
hand, XPS analysis detected a non-stoichiometry ratio of ions,
Cs:Pb:I (1:1:2), which led to the formation of X-site
termination.”” This halide vacancy was filled by the OA ligand,
but it does not provide colloidal integrity to the QD structure in
terms of long-term storage. The reason behind this failure is weak
bond formation, which occurred from the mismatch between the
hard OA and soft Pb. In light of this mismatch, Nenon et al. offered
softer carboxylate ligands (benzoate, difluoroacetate) which exhibit
strong binding with the under-coordinated Pb*" atom, yielding
a trap free CsPbX; QD.”® Shi and coworkers exhibited in situ
t-phenylalanine (1-PHE) strategies. This bifunctional ligand acts
as an aromatic surfactant which can passivate both the cations
and anions of the QD surface. Through this modification, they
achieved a superb photovoltaic and LED performance. This
result was supported by density functional theory (DFT), which
shows a stronger bonding between the -PHE and CsPbI; QD
surfaces relative to native ligands. This is visualized in
Fig. 3d.""” In this process, by removing the long-chain native
ligands which are involved in the QD purification and film
preparation, degeneration of ions occurs, leaving behind defects
on the surface.®"'%® To address such problems, a single-step of
ligand exchange was used by Jia et al to eliminate defect
occurrence during each layer of spin coating. They used amino
acids as a dual passivating agent for cationic and anionic
defects caused by the antisolvent immersion process. The
absence of defects on the QD surface lessens non radiative
recombination, leading to improved carrier mobility and device
performance.'® Moreover, Khan et al. proposed a solid-state
passivation mechanism for halide vacancies caused by purifica-
tion and film fabrication processes. By using 4-mercapto-
pyridine (4-MP) as a bi-functional ligand, where anchoring
position play significant role in ligand performance. As a result,
solid QDs retained their cubic phase for 70 days under standard
humidity conditions and at room temperature and achieved
efficiency over 14%. In addition, this strategy also eliminates the
time sensitive FAI treatment which has a negative impact on the
perovskite QD crystal structure.’*® Hence, rational post-treatment
of either the as-prepared QD solution or the film provides an
important way for the improvement and stability of CsPbl; QDs.

3.3. PQD ink

As is known, the current fabrication process of CsPbl; QD
photovoltaics is mainly reliant on solid-state ligand exchange,
which can be performed through repeated layer-by-layer cycles
to achieve the desired thickness of the CsPbl,; QD absorber.'®®
Such a time-consuming and costly method is not a proficient
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way to fabricate photovoltaic devices having an active area
greater than 800 cm® on a commercial scale.""" To overcome
this critical issue, solution-phase ligand exchange (SPLE) is an
advanced and practical approach to realizing QD films on a
large scale using one-step deposition with well-defined and
repeatable thicknesses. QD inks can be coated directly onto a
substrate with appropriate short ligands.'"® Moreover, the
precise and uniformly exchanged QD ink eases all the fabrica-
tion steps and thus provides a new avenue for optimizing the
efficiency and stability of QD solar cells. In this perspective, PbS
QDs achieved a well-established process of solution exchange,
through which a relevant device PCE of over 12% was
achieved."® This fruitful progress has taken a decade of
struggle to achieve PbS QD inks. In contrast, the solution
exchange process of CsPbI; QDs is not so simple and easy
because it requires polar solvents to dissolve inorganic ligands,
which can destroy the ionic structure of the perovskite."'*"'">
Quite recently, some research groups initiated work on the
development of the SPLE process of CsPbX; QDs. The relevant
literature has shown that Zhang et al. produced dry CsPbX; QDs
by the SPLE process which exhibit a high PLQY and demon-
strate good stability under an ambient atmosphere. This excel-
lent job was achieved by using a thiol halide (SOCI,), which
simultaneously removes the long native ligands and protects
the QD surface with halide ions."*® Similarly, Wang demon-
strated solution exchange of CsPbl; QDs vig inorganic (KI)
ligands, where I ions are used to treat vacancies that occurred
during ligand substitution. At the same time, K' promotes
mechanical coupling in the light of a small radius. As a result,
the device exhibited a maximum EQE of 23% with improved
phase stability."'” Recently, our group successfully implemen-
ted CsPbl; QD ink for photovoltaic applications. The short and
functional ligands of phenylethyl ammonium (PEA")/2-(4-
fluorophenyl) and ethyl ammonium (FPEA") effectively passivate
the surface defects of CsPbl; QDs and boost the device PCE up to
14.65% with excellent stability. This prolonged device stability is
due to the hydrophobic nature of PEA" and FPEA', which
increased the solid-state QD resistance against moisture."'®
However, the current protocol of solution exchange is not mature
like PbS or PbSe QDs because it mainly relies on short organic
ligands. Therefore, we should add new ligands/multi-functional
ligands which bind strongly with the surface of PQDs for suffi-
cient protection during the solution exchange process.

4. CsPbls PQD solar cells

4.1. Device architecture engineering

In this section, we focus on the PQD photovoltaic device
operation principle and their device structure optimization. It
is necessary to know the physics of the optoelectronic mecha-
nism involved in the operation of QD solar cells, which directly
affects the optical and electrical characteristics, separation and
transport of charge carriers, their recombination mechanisms,
and finally extract useful output power in an external circuit.
The entire working process is strongly dependent on various

© 2022 The Author(s). Published by the Royal Society of Chemistry
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materials used in each layer and their properties, and the overall
configuration of the device, as shown in Fig. 4a. In this
perspective, PQDs are a promising candidate to be used as a
light-harvesting layer due to their appropriate tunable bandgap
and effective generation of electron-hole (e-h) pairs. It is now
mandatory to separate and collect sufficient holes and electrons
precisely to avoid recombination in their corresponding hole
and electron transport layers. In addition, the electrons are
moved to the electron transport layer from the PQD absorber
layer and then get accumulated at FTO. At the same moment,
the holes are shifted to the hole transport layer and, at last,
proceed to the metal electrode. Finally, the current passes
through the external circuit by connecting the metal electrode
and FTO. In addition, the research community has focused on
the PCE of all types of solar cells to judge the performance
under some standard test conditions. The PCE is obtained by
calculating the maximum output power from the well-known
current density-voltage characteristic (/-V) curve by considering
the standard conditions for characterization of solar cells under
global AM 1.5 spectrum with an input light intensity (P;,) of 100
mW cm™2."%"?° We can find the output power (Po) from the
illuminated J-V characteristic curve in terms of V., Js, and fill
factor (FF). Mathematically, the PCE can be expressed as:

Po Vo X Je X FF

PCE = —
Pin Pin
FF = Vinax X Jmax
Voe X Jsc

where Vi« and Jmax represent the maximum voltage and current
density at the maximum power, respectively.

@

(b)

CsPbl,QD
Isolated solution

QD array

Layer-by-layer
assembly

Pb(NO,), in MeOAc

Fig. 4 (a) lllustration of the working principle of QDSCs. (b) Growth of the CsPbls QD absorber layer via the spin coating process. 1%
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Device structure optimization plays a vital role in boosting
the performance of PQD solar cells after the surface chemistry
modification. The PQD solar cell device is a multilayer structure
consisting of a front layer, usually a transport conductive oxide
(FTO, ITO), a PQD absorber layer between electron transport
materials (TiO,, Sn0,,),"*"'** and a hole transport layer (Spiro-
OMeTAD, PTB7, PTAA, P3HT)'*® which helps in charge carrier
separation and collection. There are mainly two types of device
architectures that have been reported for QDSCs depending on
the illumination side and current direction. These are called
planar (N-i-P) conventional or (P-i-N) inverted. The simple
layer-by-layer device architecture mechanism is presented in
Fig. 4b. Despite high efficiency, the choice of hole-transporting
materials (HTMs) is still not explored very well because the
existing HTMs used in conventional structures face both stabi-
lity issues and increased cost. For instance, Spiro-OMeTAD
possess poor stability, and low hole mobility and conductivity
in its pure form. However, a doping and oxidation mechanism
can enhance their hole mobility, conductivity, and stability for
its use in photovoltaics. For this reason, it is necessary to
replace Spiro-OMeTAD with other organic or polymer-based
HTMs such as PTAA and PTB7, both of which demonstrate
good stability. In addition, these organic/polymer based HTMs
cannot be used directly because they need a further purification
mechanism, which increases the cost of the conventional
structure. On the other hand, compact TiO, is incompatible
with ITO and a flexible substrate due to its preparation method
at high temperatures.®® Therefore, the best alternative is the
inverted N-i-P structure, which offers simple preparation tech-
niques at relatively low temperatures, making it suitable for
flexible and tandem devices.®>"** Table 1 illustrates the recent

Coupled
QD array

High-mobility
QD array

AX in EtOAc

—_—

A=FA’, MA', Cs'
X=1I,Br-
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Table 1 Various parameters of CsPbls QDs with different strategies
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Device configuration QD size (nm)  PCE (%) Joe (mAcem™?)  FF (%) Vo (V) Year  Ref.
FTO/TiO,/a-CsPbl; QDs/Spiro-OMeTAD/MoO5/Al 9 10.77 13.47 65.0 1.23 2016 26

FTO/TiO,/FAI treated-o-CsPbl; QDs/Spiro-OMeTAD/MoO;/Al 9 13.40 14.37 78.0 1.20 2017 103
FTO/TiO,/uGR 0-CsPbl; QDs/PTAA/Au 10 11.40 13.59 72.6 1.18 2018 129
FTO/TiO,/0-CsPbl; QDs/PTB7/MoO;/Ag 8 12.55 12.4 80.0 1.27 2018 123
FTO/TiO,/a-CsPbl; QDs/Spiro-OMeTAD/Au 9.8 11.87 16.98 67.2 1.04 2019 59

FTO/TiO,/Gel,-0-CsPbl; QDs/Spiro-OMeTAD/Au 12 12.15 14.8 74.0 1.11 2019 130
FTO/TiO,/u-CsPbI; QDs/Spiro-OMeTAD/Mo0O,/Ag 10 13.30 15.21 74.2 1.18 2019 131
ITO/PTAA/a-CsPbl; QDs/C60/BCP/Cu — 13.40 17.10 70.0 1.12 2019 132
FTO/TiO,/a-CsPbl; QDs/PTAA/MoO,/Ag 9 14.10 14.96 75.6 1.24 2019 60

FTO/TiO,/0-CsPbl;:Yb QDs/PTB7/MoO,/Ag 10 13.12 14.2 74.0 1.25 2019 133
FTO/TiO,/a-CsPbl; QDs/Spiro-OMeTAD/Au 9.1 14.32 17.80 75.8 1.06 2020 121
FTO/TiO,/0-CsPbl; QDs/PTAA/MoO,/Ag 9 14.90 15.84 75.5 1.24 2020 105
FTO/TiO,/0-CsPbl; QDs/PTAA/MoO;/Ag 10 14.10 15.3 74.8 1.23 2020 104
FTO/TiO,/0-CsPbl; QDs/PBDB-T/Mo0O,/Ag 10 13.80 15.10 75 1.22 2020 134
FTO/TiO,/0-CsPbl; QDs/PTAA/MoO,/Ag 9 14.65 15.38 74.7 1.27 2021 106
ITO/SnO,/PCBM/a-CsPbl; QDs/PTB7/MoO,/Ag 10 15.10 15.2 78.0 1.26 2021 135
ITO/SnO,/a-CsPbl; QDs/Spiro-OMeTAD/Ag 9 16.21 16.21 72.0 1.27 2021 136
FTO/TiO,/F6TCNNQ dopped-CsPbl; QDs/PTAA/M0O,/Ag 9.6 15.29 17.12 71.4 1.25 2021 142
FTO/TiO,/a-CsPbl; QDs/PTAA/MoO,/Ag 10 15.21 15.54 79.45 1.23 2021 146

progress of CsPbI; PQD solar cells. For example, Tavakoli et al.
effectively fabricated semitransparent inverted PQD solar cells.
They achieved an extraordinary average visible transmittance
up to 53%, suitable for window applications with a PCE of
6.8%.'>° However, the HTM used in such a device was PTAA
which exhibits a lower V,.. This can badly affect the overall
performance of inverted solar cells due to indigent QD deposi-
tion on PTAA.'® Shivarudraiah et al. successfully prepared
inorganic CsPbI; PQD solar cells with an inverted device
structure by utilizing the inorganic NiO, as an HTL having an
insensitive nature in the solvent, achieving an enhanced PCE of
up to 13%."*” Owing to these unique properties, it is essential
to design and fabricate low-temperature processing, cost-
effective, and efficient PQDs based on inverted solar cells in
the future. Moreover, in QDSCs, it is practically feasible to use a
bilayer or multi-layer deposition of PQDs as a light-harvesting
layer, which forms a heterojunction-based device structure. For
instance, Bian et al. systemically engineered a heterojunction
structure containing a CsPbl; QD layer on the top of the
CsPbIL,Br QD layer. This structure possesses a graded bandgap
at the interface, effectively increasing charge collection as well
as device efficiency (14.45%)."*® These results revealed that
PQDs could provide an ideal platform for fabricating different
and multiple layer devices for photovoltaic applications.

4.2. The role of the CsPbl; PQD layer

As we discussed above, the role of the absorber layer is crucial
in determining the performance of the photovoltaic device. The
material used as an absorber layer of solar cells depends on
important parameters such as film thickness, bandgap, doping
concentration, defects density, and operating temperature.'**"%”
Up to now, various conventional and solution processed sunlight
absorbers have been reported. For instance, a dye molecule is
used as an absorber in dye synthesized solar cells (DSSCs) to
harvest sunlight. However, its short range of visible wavelength
and liquid phase correlating with the bandgap and operating
temperature parameters of the absorber layer limit the device

1940 | Mater. Adv, 2022, 3,1931-1952

performance as well as stability.”**'*® Polymer absorbers are
cheap, demonstrate a high absorption coefficient, and have a
tunable bandgap by changing the length/functional group of the
polymer. However, its intrinsic issues like low crystallinity and
shorter diffusion length limit the carrier transportation, and
finally yield low efficiency of polymer solar cells."*® In contrast
to the above-mentioned absorber layers, perovskite materials,
especially all-inorganic perovskites (CsPbl; QDs), possess all
basic characteristics of the absorber layer and exhibited a PCE
of over 16% in a minimal time."*!

To utilize a CsPbl; QD film as an absorber layer in a
photovoltaic material, it would be a wise strategy to increase
the thickness of the absorber layer (~1 pm). This is because it
has a defect free nature which helps in optimizing the photon
absorption while demonstrating impressive extraction of
photogenerated carriers and their transportation. In this per-
spective, Zhang et al. successfully developed a thick-film of over
1 um of CsPbl; QDSCs which consist of a P/N homojunction of
QD arrays. They used 2,2'-(perfluoronaphthalene-2,6 diylide-
ne)dimalononitrile (F6TCNNQ) for developing p-type CsPblz
QDs by a charge transfer doping strategy and established an
internal P-N junction with n-type QDs. The wide depletion
region of the novel device relative to that of the pristine QDs
helped in ensuring an effective extraction of photogenerated
carriers, their transportation, and lower carrier recombination.
These effects help in obtaining a high PCE of 15.29%. However,
the novel device efficiency decreased to 12.28% at 1.2 pm
thickness."*> This thickness restricts the carrier’s diffusion
length and recombination before reaching the corresponding
electrodes.'®® In the light of these defects (A/X sites), which
occurred at the CsPbl; QD surface, can be passivated by
ammonium cation or same halide. Along this line, FAI, PAEI,
and guanidinium thiocyanate(GASCN) have proved to be the
best ligands for refilling the A-site and halide vacancies to form
an optimized surface of CsPbl; QDs.'%'%*'°® There are other
types of ligands which can be used to passivate both the A/X
sites. For example, Shi et al. introduced r-phenylalanine via an
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in situ passivation process for cation and ion passivation at the
surface of CsPbl; QDs.'®” Some Lewis base ligands were also
implemented for passivation of under coordinate sites of Pb**
and achieved excellent device performance and stability. The
Lewis base molecules contain a lone pair of electrons on
nitrogen (N), sulphur (S), oxygen (O), or phosphorus (P) atoms,
which enable them to form bonds with the electron deficit
counterpart (Pb®") by donating these electrons.'** Bi et al.
introduced 2-aminoethanethiol (2-AET) for passivation of Pb**
ions on the surface of solid CsPbI3 QDs, which have a high
binding affinity toward Pb**.**> The strong interaction between
P and Pb of chalcogenide QDs helped in passivating Pb** ions
of CsPbl; QDs and improved the device performance up to
15.21% by introducing an organic triphenyl phosphite (TPPI)
ligand. *® Fig. 5 describes different types of ligands used for the
passivation of perovskite NCs. After well furnishing of PQDs, we
briefly discuss other aspects of the absorber layer of CsPbl;
QDs. For instance, we introduce mixed PQDs for optimization
of the bandgap of the absorber layer, which increases the
harvesting of sunlight and carrier transportation toward corres-
ponding electrodes. Zhao et al. demonstrated the tunability of a
wider bandgap of CsPbl; QDs by Cs, »5FA 75PbI; QD heterojunc-
tions that enable rational design of a charge separating interface
within an absorber layer and achieved a PCE of 16.6%."* Non-
radiative recombination arises from undesired energy levels in
the perovskite absorber with the corresponding transporting
layer. This mismatch of energy levels can suppress the induction
of the desired size of PQDs. Wang et al. established a beach-chair
shape for CsPblj; solar cells, which not only increased the charge
transport but also decreased the recombination loss during the
carrier extraction process.'*’

4.3. The role of the interface

As QDs have a large defect density at its surface relative to a
bulk film, their defect density increases during colloidal trans-
formation into solid QDs.'*® These defects are located at the
interface between the QDs and carrier transporting layers of the
device, acting as charge trapping centers which negatively affect
the device performance and stability."*® The degree of complexity
in the device increases with the number of interfaces that directly
impact the device performance and stability. This phenomenon
is truly observed in perovskite-based multijunction structures
such as tandem devices."” To address this interfacial problem,
it is necessary to diminish interfacial nonradiative recombination
losses via interface molecular passivation, which occur from
interface defects and imperfect energy level alignments.’>* Hu
et al. adopted a hybrid interfacial strategy (HIS) for the passiva-
tion of under coordinated Pb>" ions on the CsPbl; QD surface.
The phenyl-Cg;-butyric acid methyl ester (PCBM) molecule bonds
with the Pb*" ion via its carboxyl functional group. It produces an
exciton cascade between the PQD absorber layer and the ETL of
the device, which is shown in Fig. 6a. Furthermore, the cham-
pion device retained its approximate performance for 14 days in
a dry-air glovebox, demonstrating HI's role in device stability."*
In addition to the front interface, the difference in surface
energy between the QD absorber and conventional HTLs

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Represented A-site defect passivation

Represented X-site defect passivation

Fig. 5 Schematic illustration of various ligands used for the passivation of
the PQD absorber layer.>*

(PTAA, Spiro-OMeTAD) obstructs the photo-induced holes,
adversely affecting the device performance. Ji et al. introduced a
bulk heterojunction of polymer and PQDs at the bottom interface,
which enhances charge transfer and lessens interfacial recom-
bination of photo carriers, improving the device performance.
This is presented in Fig. 6b."** In the same context, Zhang et al.
tailored interfacial carrier dynamics using poly(acrylic acid)-
block-polystyrene (PAA-b-PS) capped-CsPbBr,I; , QDs at the
MAPDI3/HTL interface. The PS-ligated CsPbBr,I; , QDs at the
perovskite absorber layer/HTL reduced the surface trap states
and achieved a favorable band alignment which led to a long
mobile carrier life time and high charge collection efficiency.
Subsequently, the PCE of CsPbBr,I; , incorporated devices
approached 19.21% with excellent stability.'>> Despite one side
passivation, the synergistic effect of double sided passivation is
more worthwhile because the QD layer is a sandwich-like wafer
biscuit between the charge carrier transporting layers. Both the
upper and bottom surface of the QD layer have interface
problems that can influence carrier behavior inside the device.
Thus, Xu et al. introduced organic molecules layers (P—O,
S—O0, and C=0) between the top and bottom interface regions
of the CsPbX; QD device to reduce the defect density and
interfacial non-radiative recombination. Among the various
functional groups, strong interaction between Pb and the phos-
phorus oxygen group suppressed defect regeneration leading to
better device stability. The decrease in defect density was
confirmed by transient photocurrent methods like SCLC and
DLCP.'* To extend light harvesting, the absorber layer of the
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(a) Schematic illustration of the device structure and energy level of pristine and an optimized device by utilizing a PCBM modified layer between

the SO, and CsPbls QD layer.**® (b) Schematic diagram of the device structure and energy level of PQD solar cells with polymer-QD BHJ connecting

layers.** (c) Schematic representation of the CsPbls QD and FAPbls QD bilayer structure with an optimized band alignment diagram.

device can be constructed using different QDs such as CsPbl;
and FAPbI; QDs (E, = 1.5 eV). Li and coworkers took advantage
of this idea and successfully fabricated a solar cell with a bilayer
structure (CsPbI;QDs/FAPbI; QDs) with the addition of graded
composition by thermal annealing, which is shown in Fig. 6c.
The net device demonstrated a high photo induced current
density (17.26 mA cm™?) with leading efficiency (15.6%).
Furthermore, they found high phase stability in the graded
structure compared with the parent structure (CsPbl; QDs)
due to the large size of organic (FA") cations.'®® From these
results, we concluded on the qualitative importance of the
interface, which guides us to modify the interfacial properties
for achieving both enhanced PCE and stability of the photo-
voltaic device.

4.4. Long-term stability

It is known that the colloidal state of a-CsPbl; QDs, unlike its
bulk counterpart, retains its black phase stability at room
temperature.’® The variant of this property motivated further
exploration to avoid or minimize lattice distortion during the
purification process of CQDs. Sun et al. reported the influence
of polar solvents on the stability of CsPbI; QDs."** CsPbl; QDs
were dispersed in ethanol and stored in an ambient environ-
ment. The dark-red color slowly changed, indicating a phase
transformation of the cubic phase into the orthorhombic
phase. AC-STEM images were analyzed to visualize the distortion
induced by polar solvents, which revealed structure evolution on
an atomic scale. These results are shown in Fig. 7a-d. The reason
behind this failure is the high ionic and dynamic interaction of
ligands and the QD surface, which can be mitigated by using low
polar anti solvents.”®'*>'®” Beyond polar solvents, it is also
revealed that solid CsPbl; QDs are also incapable of retaining
their cubic phase due to ligand detachment which imparts
tensile surface strain. With the passage of time, the film color
changed into a yellow liquid, which coincided with the changes
in the UV-vis absorption spectra and XRD results. These are
shown in Fig. 7e and £."'° So, it is established that the crystal

1942 | Mater. Adv., 2022, 3,1931-1952
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structure of solid CsPbl; PQDs was not stable enough and got
worse by the additional defects during the imperfect ligand
exchange process of oleate for acetate.'®*™® These additional
defects were treated with a short chain ligand (4-MP) which
bound strongly with the CsPbl; QD surface. As a result, solid
CsPbl; QD films extended the cubic phase stability which is
obvious from the absorption spectra and XRD analysis, which is
shown in Fig. 7e and f.

To evaluate the influence of external factors (heat, U-V light,
water, oxygen and temperature) on the device performance and
stability.****” It is ascertained from the literature that under-
coordinated sites of CsPbI; NCs were filled by molecular oxygen
(Oy7), which results in superoxide (O, ) formation. Fig. 7g
represents the ways out of superoxide (O, ) formation at the
CsPbl; QD surface. First, the photoinduced electron was
involved in the superoxide (O,~) formation. Second, the light-
induced reaction of the I" ligand and the molecular oxygen
resulted in I, and O,  formation. Once the superoxide (O,")
matured, it then reacted with water and other reactive oxygen
species (ROS) like hydroxide (OH ), perhydroxyl (HO, ), and
hydrogen peroxide (H,0,), which triggered cluster chains of self-
propagating reactions.’>® As a result, ligand deprotonation
occurred, where R-NH'; acquired the R-NH, form with addi-
tional products of water/ROS and left behind under-coordinated
sites of I™ at the surface.””*'®® Second, H,0, and free species
(H") of deprotonated R-NH'; reacted with I~, yielding I, for-
mation and under-coordinated sites of Pb>". Such a new channel
of emerging vacancies speeds up the degradation process of
solid CsPbl; QDs, which further fluctuates the device perfor-
mance and stability."®'®" Third, the superoxide (O,~) reacted
with CO, and produced carbonate (CO;>") and water. Then
CO;*" produced PbCO; and CsCO; by reaction with the under-
coordinated sites of Pb** and Cs".'®* Eventually, it is confirmed
that these under-coordinated sites are a key region of PQDs that
cause the degradation of the perovskite structure. In addition,
Spiro-OMeTAD is mostly used as the device HTL which further
deteriorates the operational stability of the perovskite solar cells

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a and b) Digital images of the reaction flask without an ice bath and with ice bath cooling after injecting Cs precursor at a reaction temperature of

167

(e and f) Schematic illustration of the phase change of solid QD films in an ambient environment supported by UV-vis absorption spectra and XRD
results.*° (g) Photo-oxidation strategy of CsPbls QDs involving different processes, which are labelled as A, B, C, D and E, respectively.*>® (h and i) Stability
of CsPbls QD solar cells under an ambient environment after post-treatment of 2-MP and 4-MP as well as inserted images of fresh and aged solar cell

devices.1°

at high temperatures. The volatile nature of doping components
provides a new avenue for the diffusion of gold/silver ions
toward the perovskite film, where they react with a halogen of
the perovskite. As a consequence, the device faced degradation,
poor reproducibility, and high hysteresis in the j-V curve.'**'*
To mitigate the degradation process of the CsPbX; structure,
different strategies are applicable such as compositional engi-
neering, defect passivation, and unconventional strategies (e.g.
star-like tri-block copolymers which act as nanoreactors and help
in encapsulation of the device).****'®*'% In this new approach,
Yoon et al. introduced amphiphilic star-like di-block copolymers
consisting of a hydrophilic inner PAA and a hydrophobic outer
PS block of varying lengths. Interestingly, the bond formation
between this outer PS and inner PAA is covalent, ensuring a
friendly and stable CsPbX; QD surface capped with a PS block.
This showed superior colloidal stability in nonpolar solvents and
minimized QD aggregation.'®

© 2022 The Author(s). Published by the Royal Society of Chemistry

Furthermore, the encapsulation can eliminate the interaction
of molecular oxygen, water, and ROS with the perovskite QD film.
Still, a question arises on the decomposition and agglomeration
of PQDs with device operation under continuous illumination.
Therefore, compositional engineering and defect passivation is a
vital strategy for improving the crystal lattice and ensuring a
defect free surface. This helps in achieving long-term stability.
The state-of-art stability of the CsPbI3 QD device via ligand
passivation is shown in Fig. 7h and i.

4.5. Chemical composition engineering

Composition engineering is a promising strategy to stabilize the
crystal structure and optoelectronic properties of PQDs.'**'%° Due
to the ionic nature of perovskites, the doping process of PQDs
relative to chalcogenide QDs is much simpler.'”® During the
doping/alloying process, GTF (t) has gained significant importance
in predicting the perovskite crystal stability. According to equation

Mater. Adv,, 2022, 3,1931-1952 | 1943
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(1.1) of tolerance factor, the stability of the crystal lattice can be
improved by increasing the radius of the A-site or decreasing the
radius of the B/X site.'”" Besides GTF (r) formulation, the
octahedral factor (u) is also a considerable evaluation criterion
for composition engineering.'”> The influence of doping/alloy-
ing at different sites of the perovskite structure will be discussed
briefly in the following sessions.

A-site. MAPbX; and FAPbX; possess a cubic structure at
room temperature while CsPbX; exhibits an orthorhombic
structure. The difference is due to the fact that the Cs cation
is relatively small which leads to structure distortion.">> To
obtain the optimum value of tolerance factor (t), introducing
doped cations of large radius into the CsPbl; structure
improves the device performance and stability."”®> More inter-
estingly, the A-site cation does not directly affect the bandgap,
but its radius size can expand or contract the lattice structure,
which appears indirectly in the structure band.'’*'”®> Within
the limits of the reasonable size for the A-site cation, FA is the
largest, providing a tolerance factor (t) of 1."® Thus, PQDs of
composition Cs;_,FA,Pbl; have emerged with strong phase
stability and remarkable photovoltaic properties, as shown in
Fig. 8a. This noticeable change in the stability of PQD composi-
tion was attributed to the extended value of GTF by FA doping.'””
However, due to the miscibility activation energy (0.65 eV)
difference between FA and Cs, it is a big challenge to grow PQDs
with their alloy composition (Cs;_,FA,Pbl;) consisting of a pure
cubic phase without the orthorhombic phase.'”"'”® To overcome
this issue, a post-synthetic ion-exchange transformation to form

(a) (b)

@=Cs* @=Pb* O=I- @=Yb*
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an alloy composition (Cs,FA; ,Pbl;) with a pure and stable cubic
phase was implemented. With the approach mentioned above,
the fabricated PQDs achieved a PCE of 16.07% with a current
density of 21.21 mA cm 2 while retaining 96% of its original
efficiency after exposure to air for 1000 h.'”®

B-site. In a typical perovskite (CsPbX;) structure, Pb>" is a
divalent cation that forms an octahedra (PbXs) with a halide
composition. Unlike A-site cations, B-site cations are strongly
influenced by both the tolerance factor (z) and octahedral factor
(). 1t is an alternative approach to replace the toxic Pb>" with
alternatives such as Sn, Mn, and Ge.'®” In the context above, Sn
is the most obvious substitute for Pb** because it belongs to the
same group as Pb>". Lead-free CsSnX; QDs are a potential
candidate for more significant sunlight harvesting due to their
unique features such as direct band gap, small exciton binding
energy, and absorption over the visible to infrared region.
However, from the stability aspect, Sn>" is not stable and easily
converts into Sn**."®° This problem was resolved by the combined
ratio of Sn and Pb in the synthesized alloy CsPb,_,Sn,I; QDs
which exhibit a far superior stability over both parents.’®" Later,
the small cation size suggested by t and u rules for Pb>*
substitution at B-sites reduced the length of the B-X bond and
proceeded to form a stable perovskite structure by restricting the
octahedral twist. Besides structure stability, it is also imperative
for doping/alloying cations to maintain the optical and electrical
properties of structures like Pb. As we mentioned above, the
6p and 6s orbitals of the Pb atoms play a vital role in the
formation of the VB and CB. By adding new doping particles,

(c)

1.0

‘ Yb-doped CsPbl, nanocrystals 1

0.8

Cs, FAPbI J
L] L] LL’
(] . O
SORG0 % 06 Temperature: B o 1
°* o e 2 ~20°C \'0\
. 04+ Humidity: \ g
cecee €5 20-30% °
®0o 000 z
- 0%5 oV, ) —o—CsPbl
ety ablehd/ 02 Ambient —0—%%Y3bdoped CsPbls T
ceces FA' Stability 9 50% Yb-doped CsPbl3
_ CsPoly T FAPD, ‘ 0.0 n n A A ; : i
550 750 750 50 550 0 20 40 60 8 100 120 140 160
Wavelength (nm) Aging Time (hour)
(d (© ®
CstCI,Q. CsPbBr, =2 CsPbl, cubic structure
+Br +Br [ f. ) Wavelength (nm)
FA A A A CsPbl, 400 450 500 550 600 650 700 750 800

Anion exchange | 4
A |
;—-‘w‘w AN

C\
%}9 o
Intensity (a.u.)

Precursors:
CI: PbCl,, OAmCI, MeMgCl
Br: PbBr,, OAmBr, MeMgBr
I': Pbl,, OAmI, MeMgl

)

e N KA COPBO)
: - - - L) >, )
10 20 2380(degr:g) 50 60 CsPbCl3 CsPb(Cl/Br)3 FAPbBr3 CsPb(Br/l)3 Cso.9FAp1Pbl3 FAPbI3

Fig. 8 (a) Schematic representation of doping of FA cations in the CsPbls QD structure and developed Cs; ,FAl3 structure.”” (b and c) Schematic
illustration of Yb doping in CsPbls QDs and improvement in the device ambient stability on pristine CsPbls QDs and with 20% and 50% Yb doping without

encapsulation.**® (d—f) The exchange of halide (X) composition and devel

wavelength shift 170186

1944 | Mater. Adv,, 2022, 3,1931-1952

oped different structures of PQDs which are validated by XRD results and
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trap states may occur, which directly influence defect tolerance.
This highlights the extraordinary importance of choosing cation
replacement over Pb*" substitution.”® In light of the above
strategy, Akkerman et al. developed CsPb,Mn; ,I; QDs by Mn
doping, having almost the same optical properties and crystal
structure as those of pure CsPbl; QDs. However, this alternative
extended stability for months under an ambient atmosphere. The
extended stability was proposed to attribute to a new value of GTF
by insertion of small Mn. These preliminary results were
endorsed by DFT calculations and narrate that Mn d-states fall
within the CB of CsPbl; QDs, resulting in no deviation in the
bandgap. The exact structure of PQDs was exploited by L. Manna
to develop a solution-phase exchange ligand and achieve the best
champion device results.'®* Similarly, other divalent cations like
Zn and Ti have been doped in the CsPbI; QD structure for the
purpose of improving its phase stability and resistivity against
thermal and moisture.'*'®* In this regards, Zhang et al. devel-
oped a Zn-doped CsPbl; QD via a Znl, additive which provided
Zn*" and extra I, Zn doping enhanced the formation energy and
the Goldschmidt tolerance factor, leading to high thermody-
namic stability while the I" reduced vacancies during synthesis.
This synergistic strategy enables CsPbI; QDSCs to achieve a PCE
of over 16% with high structure stability.">® According to these
reports, it is clear that some lanthanide cations can eliminate
vacancies from the perovskite structure, which act as recombina-
tion centers.'® Therefore, Shi et al. exhibited in situ passivation
of defects via Yb-doping in CsPbl; QDs and demonstrated the
apparent change in stability of both the solid QD film and its
relevant device. Consequently, the device based on Yb-doped
CsPbl; QDs exhibited high performance under an ambient atmo-
sphere and is presented in Fig. 8b and c."** From these strategies,
it is obvious that the B-site cation provided superior stability to
perovskite NCs, though further exploration is required.

X-site. From the literature, it is revealed that anion exchange
is a more feasible and well-established process relative to cation
exchange at the A/B site. The versatile optoelectronic properties
such as bandgap tunability are highly dependent on experi-
mental synthesis parameters such as the injection temperature
or chemical composition. When the temperature increases, the
QD size also increases, which leads to a reduction in the
bandgap.®® The temperature-dependent tuning of the bandgap
is not vastly extended like halide chemical composition."®®
Nedelcu and coworkers successfully achieved an anionic
exchange of CsPbX; QDs using a post-synthetic approach and
obtained a homogeneous solution as shown in Fig. 8d-f.>” In
addition, they have demonstrated anion exchange availability
between Br-Cl and Br-I couples but never in CI-I. The logic
behind this failure is the large difference in ionic radii between
Cl and I, which causes structural stress on the lattice that
cannot be tolerated. As a consequence, the structure of per-
ovskite NCs decomposed.?” Fig. 8f describes the tuning of the
PL of perovskite QDs over the entire visible spectrum with a
narrow width length through halide composition. Such a
versatile nature is important to develop optoelectronic
devices of different colors for commercial purposes. From a
stability perspective, halide exchange plays a significant role in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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modifying the tolerance factor, which occurred from the size
difference of iodide and bromide.'®® Therefore, the mixed halide
composition of CsPb(Br/I); is a good strategy for bandgap tun-
ability and phase stability of the QD structure and matured
through direct synthesis or a post-synthetic protocol.*®'*” More
importantly, no phase segregation was observed in mixed-halide
perovskite QD films and the relevant device construction
process.'®® However, we need to further optimize developing a
device based on doped/alloying PQDs.

4.6. Tandem and flexible solar cells

Single-junction perovskite solar cells achieved an optimum
efficiency of 25.5%, where the maximum theoretical limit of
the SC is 33.7%.° Therefore, different strategies are employed
to push the efficiency past this theoretical limit at reasonable
costs using techniques such as using a defect-free absorber
layer, MEG, and tandem devices. The working principle of a
tandem device is based on a combination of two sub-cells that
mainly work to maximize the photon absorption and reduce
thermal losses. In a tandem structure, the perovskite layer is
used as a top sub-cell to harvest high energy photons while a
silicon/polymer material is used at the bottom for absorbing
low energy photons. This architecture is shown in Fig. 9a."?
Besides efficiency, other factors like production cost are also
critical for choosing the tandem device. Therefore, the broad-
band tunability of the perovskite inspired the concept of an
all-perovskite tandem, which extended the general use of third-
generation solar cells. In 2015, for the first time, the tandem
structure of perovskite/perovskite solar cells was established by
Heo et al. and achieved only 10.4% PCE."®° This reason behind
this low efficiency is the small value of J. (10 mA cm™?) which
stems from the mismatch of the bandgap of the top (2.25 eV)
and bottom (1.55 eV) subcells."® To overcome this intrinsic
issue, Sn doping was introduced in the structure of MAPbI; and
achieved 1.22 eV bandgap for the bottom cell."** For the top
cell, the ideal band gap has the value of 1.75-1.85 eV, which
directly aligns with that of all-inorganic CsPbl; NCs (1.75 eV)**'*°
Very recently, Zhang successfully prepared CsPbl; QD inks by a
solution exchange process, which prevented the recombination
and protected the bottom layer of the tandem device during
deposition."*® Additionally, the optical absorption of CsPbl; QDs
can be tuned by the doping of A/B/X elements, which allows PbS
QD sub-cells for all-QD tandem solar cells.'®* Perovskite thin-
films emerged as the top sub-cell in Si/perovskite tandem devices
and achieved a high PCE of 29.15%."%* So, PQDs could influence
the fabrication process of the Si/PQD tandem device, resulting in
low cost of the product in the energy market. That is why PQDs
can provide the desired platform for acquiring high-performance
tandem devices with diverse material combinations.

With technology development, solar cells have received
more and more attention for their unique features including
flexibility, portability, and light weight. As compared to rigid
solar cells (silicon and GaAs), solution-processed solar cells
(perovskites, polymers, and chalcogenide QDs) offer a unique
opportunity for manufacturing flexible devices.'>® For solar
cells, high efficiency is the significant advantage of perovskites
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Schematic illustration of SEM images with investigation of cracks in PQDs and thin-film solar cells as a function of bending cycles.

over other alternatives. In such context, MAPbI; accomplished
an 18.1% efficiency on a flexible substrate, though still lower
than silicon performance.’®* To improve the efficiency of the
flexible device, MA can be substituted by FA for a broader
absorption and achieved 20.1%."°*°° Unfortunately, the device
cracks and delaminates during the high level of cyclic-bending
fatigue test. In contrast, QDs show better mechanical flexibility
due to the reduction of grain boundary dimensionality to the
nanoscale. The utmost advantage of QDs is their deposition
at room temperature, which is beneficial for flexible and
stretchable devices. CsPbI; QDs have also been utilized on
flexible substrates and proved to be a prime candidate. For
instance, Hu et al. demonstrated flexible QDSCs based on a
hybrid interfacial structure and achieved a 12.3% PCE with
high mechanical stability. This result is presented in Fig. 9b."**
To compare mechanical endurance, research groups conducted
cyclic-bending fatigue tests for different solar cells like CbPbI;
QDs, CsPbI,Br, and Csg ¢sMAg gsMA, 1Pbl, 55Brg 45 thin films
with 1000 bending cycles. They found no cracks/distortions in
the morphology of CsPbl; QD solar cells which appear in the
thin film even after only 100 bending cycles. The same effect
was investigated for the perovskite thin film which produced
enormous cracks and spreading after 1000 bending cycles. This
is depicted in Fig. 9c-e. All these findings proved that it is
possible to design low-weight QDSCs because QDs possess
superior compatibility with the flexible substrate due to the
room temperature solution fabrication process and can be
further explored in various optoelectronic applications.
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5. Challenges and perspectives

CsPbl; QDs have emerged as a promising candidate for photo-
voltaic applications since the pioneering work in 2016.%° In the
past 5 years, CsPbl; based QDs hold the highest PCE of 16.6%
among all types of QD solar cells. The credit goes to attractive
features like high defect tolerance, optimum band gap among
all-inorganic perovskite QDs, and high carrier mobility.**> How-
ever, as shown in Fig. 10, there are severe problems such as soft
ionic nature, lead (Pb) toxicity, and low efficiency at large-scale
fabrication. These bottlenecks must be tackled prior to launch-
ing at a commercial scale.>'®” Therefore, we briefly highlight
these core issues and provide a guideline for further device
performance and stability improvements. The soft ionic nature
of CsPbl; QDs leads to fast formation kinetics which make it
difficult to examine their nucleation and growth stages. To
maintain the cubic phase, CsPbl; QDs should be purified
rapidly because excess ligands in the crude reaction promote
the transformation of CsPbl; NCs into Cs,Pbls.'°®'° The
purification process of CsPbl; NCs has been largely restricted
to a medium level anti-solvent such as methyl acetate and ethyl
acetate due to their soft ionic nature. More common anti-
solvents like acetone, ethanol, and isopropanol would corrode
the crystal structure which leads to the instability of perovskite
QDs.*® Furthermore, the ligand exchange process is a crucial
step for NCs in optoelectronic devices to increase the inner
coupling of QDs, leading to an improved current density of the
device. To date, the solid-state exchange method has been the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Challenges and prospects in CsPbl3 QD solar cells.

general protocol of ligand exchange of CsPbl; QDs. Here, the
timing of the ligand exchange is a very important factor for the
complete removal of long-chain ligands and for avoiding QD
agglomeration. Second, the highly dynamic interaction of the
surface ligands and PQDs can cause fast desorption of the
native ligand, which further complicates the time evaluation
factor of ligand exchange which in turn triggers additional
defects on the PQD surface. Once the superoxide gets access to
these vulnerable sites, the structure collapses by propagating
chain reactions of the superoxide and ROS."® These flaws and
surface imperfections can be treated using different strategies
to achieve long-term stability.*****° However, the PCE and
stability of CsPbl; QDs are unacceptable for researchers on
comparing with counterpart solar cells at the commercial level.
Second, all Pb-based perovskite QDs are a class of materials
for photovoltaic applications and are expected to exceed the
efficiency of the world-leading solar cells (CdTe, Si).***°° How-
ever, a major concern is Pb toxicity that can be neurotoxic,
immunotoxic, and nephrotoxic to the human body. So, the
safety of human health and environmental protection should
be the prerequisite for the installation of perovskite solar
panels on a commercial scale.””' To address the Pb toxicity
issue, Pb can be substituted with Sn®>" and Ge®", which share
the same electronic configuration as Pb. Unfortunately, Sn** is
not stable and easily oxidizes to Sn** and the same behavior
was observed in the Ge case.”®> The health report card has
shown more concern about the harmfulness of Snl, relative to
Pb poisoning induced by Pbl,.>*® Therefore, it is a very crucial
and challenging aspect of perovskite structure to intact their
optoelectronic properties while pursuing the stability and toxi-
city of Pb. The PCE of CsPbl; QDSCs exceeds 16%. However, it
still lags behind that of the bulk perovskite (>25%).*>*° This
deficiency was caused by a wider bandgap of CsPbl; QDs

© 2022 The Author(s). Published by the Royal Society of Chemistry
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relative to MA-perovskites and high defect density at the QD
surface which does not allow us to enlarge the film size and
thickness.'*”"**® Therefore, we suggest some new directions to
grip the current ongoing problems of CsPbl; QDs and exceed
efficiency over 20% for the device based on a single-junction
structure.

In order to find an effective way for solving the intrinsic
problems associated with soft ionic nature, the current ongoing
binary approach of HI was carried out, which reproduced low
yields of CsPbl; QDs relative to chalcogenide QDs, the scale-up
of which is essential for large-scale production. Therefore, we
suggest a ternary precursor approach for CsPbI; QDs and
optimize it for CsPbl, sBr, 5 QD synthesis to further strengthen
the perovskite structure. However, the aggregation of PQDs
during the purification process could be minimized by modify-
ing the polarity of anti-solvents combined with different polar-
ity anti-solvents.>** In light of device performance and stability,
we explore short types of bifunctional ligands that bind strongly
with A/X vacancies of CsPbX; QDs with lower insulating struc-
tures for smooth transfer of charge carriers. Furthermore, we
establish the optimum solution exchange process for robust
passivation of CsPbX; QD surface defects and avoiding the
interfacial defects which arise from the layer-by-layer process of
solid-state ligand exchange. Then, we can easily align the absor-
ber bandgap with the corresponding layers of electron and hole
transformers. These strategies are promising ideas for improve-
ment in device performance and its state-of-art stability.

Pb-based PQDs dominate over lead-free PQDs, because of
the high PLQY due to the crucial role of Pb>" orbitals, which
determine the VBM and CBM. On the other side, the substitut-
ing species added trap states between the VBM and CBM which
coincide with its low PLQY. Therefore, it will be a better strategy
to reduce the ratio of Pb by partial replacement of a metal
cation (Mn, Zn, and Ni).*® In this regard, some double perovs-
kite QDs were synthesized to mitigate the toxicity and stability
issue of Pb-based QDs. For instance, Cs,AgBiBrs/Cs,AgBiClg
QDs exhibit high air stability and are proposed as ideal candi-
dates for photovoltaic applications, but their indirect bandgap
causes low PL emissions and a low PCE of 2.2%.2°° Later,
Cs,AgInXs QDs/Mn-doped Cs,AgInXs QDs emerged as an alter-
native candidate with a direct bandgap, demonstrating good air
stability and white PL emissions with a PLQY of 16%.>%°

The wider and tunable bandgap of CsPbl; QDs makes them a
promising candidate for the top sub-cell of tandem devices.
Moreover, PQDs can be deposited at room temperature which
added a feasible feature of flexibility as well as protected the
morphology of the bottom film. Therefore, we believe that CsPbl;
QDs could combine with smaller bandgap QDs/polymers to
fabricate tandem structures with flexible features which attract
more attention of researchers for commercial applications such
as wearable electronic devices and roll-to-roll roof panels.

Most high-efficiency CsPbl; PQD devices are based on a
small active area (<1 cm?), achieved in a controlled environ-
ment through a spin coating technique. For commercialization
of CsPbX; QD solar cells, large-scale fabrication is necessary.
These processes should use techniques which are of low cost,
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feasible for large area, and have excellent reproducibility. In
such a context, drop-casting and spin coating techniques are
unfavorable for large-scale production. Some new techniques
like blade-coating and spray coating are much more favorable
for scale-up and large-scale fabrication. Right now, it is still a
challenging task to fabricate devices at a large scale due to the
failure of uniform and dense film deposition. However, non-
radiative recombination of the rough film will be suppressed by
improving deposition techniques which provide the way towards
large-scale preparation of the device.
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