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Recently, perovskite nanocrystals (NCs) have become highly promising materials due to their unique
optical and electrical properties such as high absorption coefficient, high photoluminescence quantum
yield, and long exciton diffusion length. It is well known that the band gap of perovskite nanocrystals
can be tuned by composition engineering, ranging from the ultraviolet to near-infrared regions.
Moreover, thanks to the solution-processing feature, perovskite NCs have become much popular for
various photodetectors. Hence, in this review, we carefully introduce the developmental progress of
perovskite NCs and photodetectors, including the aspects of synthetic procedures, device architectures,
working mechanism, and optimization procedures. Besides, great achievements and challenges, in terms
of the high photosensitivity and detectivity, are also discussed for perovskite NC-based photodetectors.
Finally, the application perspective of next generation photodetectors is prospected, which provides a

rsc.li/materials-advances reference for the related study.

1. Introduction

The environmental perception of humans has a profound
impact in understanding the natural world as well as the
production and life. Faced with a wide range of light wave-
length (10-10° nm), it is obvious that the narrow visible light
range (400-760 nm) restricts the human society. The advent
of photodetectors, which convert incident light signals into
processable electrical signals, is an inevitable choice for social
development. Therefore, the detection from the ultraviolet
visible to the infrared (UV-visible-IR) region has important
applications in many fields, such as optical communication,
industrial process monitoring, Lidar imaging, and night
vision."> At this stage, inorganic semiconductor material
systems, including Si, II-VI and III-V compounds, have been
suitably applied in the field of commercial photodetectors'™
However, at the initial stage of photodetectors, Si, GaN, and
other material systems are significantly dependent on chemical
vapor deposition and photolithography. The high cost and low
yield caused by the harsh high vacuum preparation environment
and low quantum efficiency of chemical vapor deposition have
become a problem that people urgently need to solve. With the
wide application of flexible devices, such as wearable electronic
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devices and the need for diverse markets, the compatibility of
inorganic materials with flexible substrates has become a huge
challenge. In addition, from the range of spectral response, the
inherent wide direct band gap of II-VI semiconductor materials
limits the detection of the infrared spectrum; thus, eliminating
the ““visible area” blind spot is a problem that has to be solved.

In 2009, Kojima et al. used perovskite as the photosensitive
layer in solar cells for the first time and achieved an efficiency
of 3.8%, which opens the door for the photovoltaic applications
of metal halide perovskites.® The emerging halide perovskite
has become the object of pursuit for researchers due to its
excellent photophysical properties. The perovskite material has
a high absorption coefficient and the band gap tunability from
UV-visible-IR can be achieved by adjusting the inherent com-
position. The high carrier mobility and long diffusion length
also contributes to the efficient transport and collection of
carriers. Besides, low-temperature crystallinity and the solution
process are the foundation for the construction of flexible
multifunctional devices with composite structures.”® From
the time perovskite materials have entered the field of opto-
electronic devices, three-dimensional (3D) halide perovskites
have climbed to the top performance in just a few years,
reaching a power conversion efficiency of 25.2% for photo-
voltaic devices.'® Although the performance of the 3D perov-
skite is commendable, its shortcomings have become more
obvious. This kind of polycrystalline 3D material will inevitably
produce the problem of grain boundary defects, resulting in a
composite center, photocurrent hysteresis effect, and stability
problems, which makes the performance improvement process

© 2021 The Author(s). Published by the Royal Society of Chemistry
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encounter bottlenecks. In contrast, the high crystallinity of
perovskite nanocrystals (NCs) naturally forms single crystals
with fewer defects. The large surface area-to-volume ratio and
quantum confinement effect brought by the nanometer scale
can easily realize energy band engineering and customize
the optoelectronic devices with special functions according to
the requirements. In addition, in the application of flexible
devices, the mechanical flexibility of perovskite NCs is better
than that of the 3D perovskite. It can be seen that there will be
better development in the large-scale industrialization in the
future. Ramasamy et al. reported for the first time a photo-
detector based on CsPbl; QDs, which has a good on/off photo-
current ratio of 10° at 405 nm."" In recent years, it has ushered in
vigorous development, with various forms of perovskite photo-
detectors emerging endlessly. The reported best light responsivity
(R) exceeds 109 A W™ ' and the response time is as low as 1 ns,
which can be compared with conventional semiconductor photo-
sensitive materials and commercial Si-based optoelectronic
devices. It shows that the perovskite NC photodetector has certain
market competitiveness in terms of the performance.

Currently, photodetectors with different structures and various
working mechanisms have been developed based on metal halide
perovskites NCs (for example, photoconductors, phototransistors,
and photodiodes). A wide variety of devices also means that each
has its own merits. For example, the amplification function of the
transistors can achieve higher photocurrent gain. Combined with
other functional materials (such as graphene, two-dimensional
(2D) layer semiconductors, and organic semiconductors), it can be
advantageous in weak light. For diodes with smaller electrode
spacing, fast response speed and lower dark current are their
advantages This article reviews the perovskite NCs photodetectors
with different structures, including the combinations of various
materials in different spectral ranges. The synthetic methods,
post-processing methods, and the stability of the materials for
NCs system are introduced comprehensively and systematically.
In addition, based on the solution process of NCs, we also briefly
introduce the liquid-phase film forming technology to promote
this low-cost and efficient processing method. Here, we review the
development history of perovskite NCs optoelectronic devices not
only to introduce how optoelectronic devices are developed, but
also to extensively collect various ingenious designs that promote
the development of optoelectronic devices and provide inspiration
for future optoelectronic devices. Finally, according to the current
status of the perovskite NCs photodetector, the challenges and
development prospects that may be encountered in the future are
put forward to provide references for related research and devel-
opment in the future.

2. Characteristics of ABX3 NCs

2.1 Microstructure of the ABX; perovskite material

For morphological analysis, perovskite NCs are the same as 3D
bulk halide perovskites. Their structure consists of the corner-
sharing BX, octahedral framework and A cation located in the
octahedral cavity. The general chemical formula of halide
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perovskites can be expressed as ABX;, where A is a monovalent
cation, usually composed of methylammonium (MA*, CH;NH;"),
ethylammonium (FA', CH(NH,),"), or inorganic cesium (Cs"),
B is a divalent metal cation, usually composed of lead (Pb>*) or
tin (Sn>*), and X is a monovalent halide anion such as chlorine
(CI7), bromine (Br'), and iodine (I")."* The derivatives of its
various components are obtained by partially or fully substituting
different elements at the corresponding crystal points.

Since the composition of the perovskite crystal structure is
very flexible, the geometric stability of the structure can be
evaluated by the Goldschmidt tolerance factor (¢), as shown in
eqn (1), where Ry, Rg, and Ry are the ion radii corresponding to
A, B, and X ions, respectively.’?

. Ra + Rx
= V2(Rg + Rx) g

Generally, ABX; can crystallize into orthorhombic, tetragonal,
and cubic polymorphs, as shown in Fig. 1a-c.'*® Ideally, when
t = 1, the crystal has the most stable structure and data deviation
from this will cause the structure of the unit cell to deform.'”
When 0.89 < t < 1, the crystal will obtain a stable cubic
structure (c-phase).'® When ¢ < 0.89, a triangle (B-phase) or
orthogonal (y-phase) with lower symmetry will appear. The
smaller the A-site cation, the smaller the ¢ because of the
deformation of the octahedral frame due to the lack of support;
thus, it cannot completely occupy the space of the BXy cubic
octahedron. On the other hand, when the ¢ value is greater than 1,
it indicates that the A-site cations are too large to have an
octahedral framework and form a 2D sheet, one dimensional
(1D) chain structure, and even zero dimensional (0D) isolated
clusters.'®?® Therefore, for the selection of A-site cations, an
appropriate ion radius needs to be selected according to the
requirements. For example, when Pb*" ions are used in the
B-site, the radius range of the A-site cation is about 1.6 to 2.5
and the tolerance factors of the hybrid halogen perovskite is
between 0.8 and 1.0.%" Therefore, MA" and FA" ions are suitable
for A-site cations.

In addition, the crystal structure of ABX; strongly depends
on the reaction temperature and the ambient temperature. For
CsPbBr; QD, Cs* ions are used as the A-site cations and the
center of the framework formed by Pb** and Br~ ions is
assembled into an octahedron (PbBrs*~). When prepared by
hot-injection, the crystal structure changes from orthogonal to
tetragonal (88 °C) with an increase in the reaction temperature
and an ideal cubic structure (Pm3m) (130 °C) is formed. At the
same time, the crystal color does not change significantly with
structure conversion.*> However, the orthogonal crystal struc-
ture prepared by the low-temperature ligand-assisted repreci-
pitation (LARP) method can only be stabilized above 305 °C for
black CsPbl; (o-phase) with a small energy gap (E,).>* After
several months of storage at room temperature, it eventually
transforms into the yellow CsPbl; orthogonal crystal with large
E, and the optical performance degradation is observed.**

The phase transition of the hybrid perovskite MAPbX; is also
dependent on the temperature and with the increase in the
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Fig. 1 The crystal structures of perovskite materials with different symmetries: (a) cubic phase, (b) tetragonal phase, and (c) orthorhombic phase. (Reproduced
from ref. 14 with permission from 2017 WILEY-VCH.) (d) The relationship between defect tolerance and the energy band structure (Reproduced from ref. 29
with permission from 2014 American Chemical Society). (€) Bonding (c)/antibonding (c*) orbitals in MAPbls demonstrating the formation of the energy bands
relative to the isolated p and s atomic orbital energies (Reproduced from ref. 30 with permission from 2015 Materials Research Society).

temperature, the structure tends to stabilize to form the o
phase. MAPbBr;, which is commonly used in light-emitting
devices (LED), has a y phase at a temperature of 144.5 K, a
tetragonal phase at a temperature of 150-237 K, and an o phase
at temperatures above 237 K.>®> MAPbI, perovskite, commonly
used in photovoltaic (PV) devices, has a tetragonal phase at the
room temperature, whereas pseudo cubic MAPbI; of the o
phase exists at temperatures above 50 °C.>%*”

2.2 Defect tolerance of ABX; NCs

The reason why perovskite NCs have high photoluminescence
quantum yield (PLQY) and excellent carrier mobility is closely
related to one of its own characteristics, namely, defect tolerance.
In general, for conventional II-VI, III-V metal sulfide QDs, the
inherent defects will act as the capture sites, which will produce
different degrees of non-radiative recombination and PL quench-
ing, thus inevitably damaging the device performance.
Interestingly, it has been confirmed that perovskite NCs
have various structural defects similar to conventional semi-
conductors, which are mainly divided into three categories,
such as A-sites and halide cation vacancies, gaps, and anti-sites,
of which the vacancies are the main defects.?® However, in the
actual test of its optoelectronic performance, it shows charac-
teristics beyond that of conventional semiconductor materials
and the defects seem to be hidden. This peculiar phenomenon
has attracted extensive attention and it is found that this
phenomenon is actually caused by its unique energy band
structure.>3! For conventional semiconductors, as shown in

858 | Mater. Adv, 2021, 2, 856—879

Fig. 1a, there is a key orbit on the top of the valence band and
an anti-bonding orbital at the bottom of the conduction band.*
On the other hand, perovskite NCs are just the opposite. Taking
the energy band diagram of MAPbI; shown in Fig. 1b as an
example, one can see Pb-6p and I-5p orbital hybridization and
the overlap between the Pb-6s and I-5p orbitals make common
vacancies fall inside or near the edges of the energy band so as
not to form deep traps that cause the carriers to be trapped.®®
Importantly, due to the formation energy of the defects such as
gaps and anti-sites being much larger than that of the vacancy,
they rarely appear in the perovskite material system.”*”! In
addition, the high dielectric constant of the perovskite system
also contributes to the tolerance of defects and contributes to the
rapid synthesis of the perovskite NCs solution.** Although
people always develop various strategies to reduce traps in
materials, Brandt believes that the potential role of traps in
charge transport should be explored and there may be unex-
pected gains in providing new ideas and new applications.’ We
may be able to look at the role of defects from a different
perspective.

3. Preparation and stability
improvement of perovskite NCs

Due to the large surface area to volume ratio, strong quantum
confinement effect, and anisotropy, NCs or QDs with all three

dimensions in the nanoscale range often show novel optical
and electronic properties compared to their bulk counterparts.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Metal halide perovskite NCs have attracted great research
attention due to their ease of synthesis, high PLQY, spectral
tunability, and enhanced stability. Their excellent optical and
electronic properties make them suitable for PV, LED, laser,
and photodetector applications. So far, a variety of methods for
preparing perovskite QDs have been demonstrated, including
LARP, hot-injection, in situ preparation, and template-assisted
methods.

3.1 Preparation of perovskite NCs

3.1.1 Ligand-assisted reprecipitation. Inspired by the pro-
cedures used for conventional metal chalcogenide NCs, Perez
Prieto and colleagues added long chain ammonium bromide to
the solution of oleic acid in octadecene at 80 °C in 2014.>* The
supersaturated precipitation was induced by acetone in the
presence of methylammonium bromide (CH3;NH;3Br) and
PbBr,. Finally, high crystallinity CH;NH;PbX; colloidal solution
with a particle size of 6 nm was prepared. This is the first
time that an organic-inorganic hybrid perovskite with stable
dispersion for more than three months has been prepared
using a proper organic capping agent at room temperature,
which paves the way for the preparation of uniform films on
quartz substrate by spin coating. Fig. 2a shows the UV-visible
absorption and the room temperature fluorescence spectra
(Fig. 2b) when the optimal CH;3(CH,);,NH;Br/CH;NH;Br molar
ratio is 0.6:0.4 in the experiment.

View Article Online
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By adjusting the above method, Zhong and colleagues pre-
pared perovskite nanoparticles with an adjustable spectral
range.”® A transparent precursor solution was obtained by
adding PbBr, and MABr into N,N-dimethylformamide (DMF)-
mixed solvent containing n-octylamine (OM) and OA at the
room temperature, and the yellow-green solution obtained
from toluene solution was added to the precursor solution
under intense stirring. By adjusting the halogen composition
in this way, the emission spectrum can be extended from 407 to
734 nm, where the halogen part can be Cl, Cl/Br, Br, Br/I, or 1.
Zeng et al. designed a rapid synthetic method for high QYs
CsPbX; QDs (X = Cl, Br, I) without the protection of an inert
gas.”® Similar to sun-dried seawater to obtain edible salt, they
transferred the required materials from a good solvent to a poor
solvent, causing spontaneous precipitation and crystallization
reactions. Fig. 2c and d show the schematic diagram of the
detailed operation and mechanism of this RT-SR synthesis. In
general, supersaturated recrystallization is the process of acti-
vating (e.g, stirring or impurities) a persistent non-equilibrium
state of the soluble system, causing the supersaturated ions to
precipitate in the crystalline form until the system reaches an
equilibrium again.

In recent years, in order to improve the synthetic yield of the
LARP method, Moyen et al. studied the influence of DMF and
toluene as the precursor solutions, and found that the reaction
yield can be increased by about 300% by adjusting the ratio of
the ligands.>® Wei et al. also used weakly polar toluene instead
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(a) UV-visible absorption and (b) room-temperature fluorescence spectra of Poa2 in toluene. Inset: Photographs of the emitter illuminated with

(@) ambient light and (b) UV light-lamp centered at 365 nm (Reproduced from ref. 33 with permission from 2014 American Chemical Society).
(c) Schematic of RT formation of IPQDs (CsPbXs (X = CL, Br, 1)). (d) Illustration of the reaction procedure (Reproduced from ref. 23 with permission from

2016 WILEY-VCH).
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of DMF to avoid the aggregation and degradation of perovskite
NCs, which greatly improved the reaction yield.*®

3.1.2 Hot-injection methods. Compared with other methods,
the hot-injection method is cumbersome, toxic, and requires
unstable organic solvents. However, due to the uniform particle
size and easy control, hot-injection is still the most popular
strategy. Proteescu et al. used the ionic properties of chemical
bonds in the compounds to obtain the colloidal all-inorganic
halogenated perovskite CsPbX; NCs for the first time.>* Cs-oleate
was reacted with PbX, in a high boiling point solvent (octadecene)
in the 140-200 °C temperature range, and then, a 1:1 mixture of
oleylamine and oleic acid was added to octadecene. In this
procedure, the long-chain organic ligand was used to dissolve
PbX, to form stable colloidal NCs. Finally, the rapid reaction
process makes the nucleation and growth kinetics very fast,
forming NCs with a diameter of about 4-15 nm and a hole
diameter of 12 nm, which can be tuned in the whole visible
spectrum region (410-700 nm), as shown in Fig. 3. In particular,
CsPbX; NCs, which emits blue and green light in the 410-530 nm
range, has a narrow emission line width of 12-42 nm and QY =
50-90%.

Zeng et al. reported the CsPbX; inorganic perovskite QLED
device for the first time.?>” In order to control the ligand density
on the surface of the QDs, they proposed the method of using
hexane and ethylacetate as mixed solvents to purify the QDs so
as to ensure the passivation of the surface of the QDs (the PLQY
remains above 80%) and to effectively remove the excess surface
ligands. Moreover, the external quantum efficiency (EQE) of the
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Fig. 3 (a) Colloid quantum dot synthesis device. (b) Schematic of the

cubic perovskite lattice and typical transmission electron microscopy
(TEM) images of CsPbBrs NCs. (c) CsPbXs NCs (X = Cl, Br, I) colloidal
solutions in toluene under UV lamp (1 = 365 nm). (d) Representative
PL spectra (lexc = 400 nm for all but 350 nm for the CsPbClz samples).
(e) Typical optical absorption and PL spectra (Reproduced from ref. 22 with
permission from American Chemical Society).
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device is up to 6.27%, which increases the efficiency of the QLED
by 50 times. In the same year, the team found that the QDs also
have outstanding laser emission performance, which is expected
to be used for QDs laser display in the future.*® After expanding
the process steps, FAPbX; HOIPs can also be obtained by
hot-injection so that the spectral range can be extended to the
near-infrared region.*® In addition, a proper doping process can
improve the synthesis quality. After PbBr, was partially replaced
by cobalt acetate (Co(AC),) in the synthetic process of CsPbBr;
QDs, the size distribution of the synthesized QDs was more
uniform and the PLQY was as high as 89%.*°

Although high quality QDs with controllable grain size can
be obtained by the hot-injection process, it is still inevitable to
use high temperature and inert atmosphere in the preparation
process, and the high localization of the injection agent in
the hot-injection process reduces the quality and dispersion of
the products. These restrictive factors are not conducive for the
development of industrialization. Therefore, it is necessary to
further improve or develop new preparation process to provide
QDs with industrialization and high optical properties.

3.1.3 Ultrasonic method. In order to find an effective way
to synthesize high luminescent efficiency CsPbX; perovskite
NCs on a large scale, Tong and his colleagues used ultrasound
to treat mixtures of the precursor salts (Cs,CO; and PbX,) and
end-capped ligands (oleylamine and oleic acids) in non-polar
solvents (mineral oil or octadecene).*" The intrinsic mechanism
is the formation of the cesium oleate complex induced by
ultrasound and the colloidal CsPbX; NCs is directly prepared
by the one-step method with PbX,. The full width at half
maximum (FWHM) of the NC dispersion prepared by this
method is 12-40 nm. The samples containing Br or I with
individual components show high PLQY of more than 90% and
have high environmental stability, as shown in Fig. 4a-c.
Huang et al. developed a top-down method for the synthesis
of CH;NH;PbBr; and CH;NH;PbI; perovskite NCs.*> Oleic acid
and oleylamine were used as coordination solvents and the
bulk perovskite was broken into small NCs by simple ultrasonic
treatment. In this process, any polar solvent was avoided.
Among them, the green luminescent material CH;NH;PbBr;
NCs PLQY reached 72%, which can be used in white LED
manufacturing through down-conversion. In addition, Tong
et al. synthesized CsPbBr; supercrystals (SCs) by the ultrasonic
one-pot method.** The method is simple and easy to expand.
The schematic diagram and TEM images of the colloidal SCs
are shown in Fig. 4d and e.

3.1.4 Template-assisted methods. Perovskite QDs applied
in photovoltaics were first reported by the Grétzel group, where
the perovskite QDs were deposited on titanium dioxide (TiO,)
mesoporous films by a two-step method.** First, Pbl, was
introduced into nanoporous TiO, film and then transformed
into the perovskite by adding the CH;NH;I solution. Because
Pbl, is confined in the nanoporous network of the TiO, film,
the mesoporous scaffold of TiO, forces the perovskite to adopt
a limited nano-morphology, which can better control the
morphology of the perovskite. This sequential deposition
method opens up a new way to manufacture perovskite

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00796j

Open Access Article. Published on 16 N’ wendzamhala 2020. Downloaded on 2025-11-09 14:38:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Review Materials Advances
(a) (c) : — ;
CsPbl, QY90% ™,
e
Qe ';
<
E’ CsPbBr |, QY 80%
® K=}
T =
2
Cs,CO4+PbX, o
+oleic acid : A
+oleylamine .. =l e
in mineral oil :> 3 F
or octadecene S 3 CsPbBr, QY 92%
e e 800 Q b
(b) o :
| CsPbBr, 500 = CsPbClBr, QY 82%
054 £
i & 2
0.4+ S
(a] 1 5l <} A CsPbClBr, QY 22%
o 03 e & =\
02, N 4V e e A CsPbCl, QY 10%
o Y T : T v T T T T
00l , 350 450 550 650 750
350 400 450 500 550 600 650
Wavelength (nm)
100 nm
s
Fig. 4 (a) Synthesis of CsPbXs NCs through single-step tip sonication. (b) Absorption (black line) and PL spectra (green line) of fresh (solid line) and

4 months aged (dashed line) CsPbBrs colloidal solution. It can be seen that the fresh and aged samples show similar absorption onsets and PL peak
positions, while only a small decrease in the PL intensity is seen in the aged sample, indicating the good long-term stability of the colloidal NCs. (c) The
corresponding UV/Vis and PL spectra and PLQYs of the samples (Reproduced from ref. 41 with permission from 2016 Wiley-VCH). (d) Schematic
illustration of the synthesis of the CsPbBrz perovskite NCs by single-step tip sonication of the precursor salts in octadecene. The reaction yields well-
dispersed individual NCs at low precursor concentration (left side), while it results in the formation of self-assembled SCs for high precursor
concentrations (right side). (e) HAADF-STEM images of the colloidal SCs (Reproduced from ref. 42 with permission from 2018 Wiley-VCH).

photovoltaic devices. Similarly, Miyasaka and her colleagues
synthesized perovskite PbBr, using porous aluminum oxide
(Al,O3) thin films.*®> Bolink and his colleagues also used Al,O;
to propose composite films with mixture precipitation from the
polymers to low molecular weight organic semiconductors.*® In
addition, mesoporous silica matrixes can also lead to template-
assisted formation of NCs.”” It is the inherent defect of this
perovskite NCs that does not act as an electronic trap state,
which makes this preparation method simple without ligands
and provides a cheap and promising solution for the future
preparation of perovskite materials.

© 2021 The Author(s). Published by the Royal Society of Chemistry

3.1.5 In situ preparation methods. By controlling the
crystallization process of the precursor solution,>*® Zhong
et al. developed an in situ preparation method for embedding
MAPbX; NCs into the polymer composite membranes
(Fig. 5a).*° By precisely controlling the size and spatial distribution
of the perovskite NCs, composite films with enhanced PL/El
properties were prepared.’ The interface interactions between
the perovskite NCs and the polymer need to be modified by
controlling the structure of the polymer matrix or by introducing
anchoring bonds (ion, valence, or hydrogen bonds) between the
nanoparticles and the polymers.>>*'*> Therefore, polyvinylidene
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Deswelling

(a) Schematic illustration of the in situ fabrication of the MAPbBr; NCs embedded PVDF composite films. (b) Schematic diagram to show the

interactions between the MA* and —CF,— groups. (c) PL spectra of the MAPbX3/PVDF composite films (Reproduced from ref. 49 with permission from
2016 WILEY-VCH). (d) Scheme for the formation process of the MAPbBrz—polymer composite film through swelling—deswelling. (e) Emission spectra of a
white LED system with green MAPbBr3-PS and red QD-PS films as down-converters for blue LEDs. The dashed lines refer to Gaussian fit (Reproduced
from ref. 53 with permission from 2016 WILEY-VCH). (f) (a—d) SEM images of the CsPbBrz perovskite films with 0, 10 mM, 25 mM, and 50 mM B-CD.
(e—h) High resolution SEM images of the CsPbBrz perovskite films with 25 mM and 50 mM B-CD and the appropriate magnifications. The insets show
the particle size distribution (Reproduced from ref. 57 with permission from The Royal Society of Chemistry).

fluoride (PVDF) and OHP become excellent “partners”, in which
MA" and -CF,- interactions are shown in Fig. 5b. The composite
film with 95% QY can be used as the color conversion film in
liquid crystal displays (LCD) backlight or in flexible wearable
electronic products, and its stability under moisture and ultra-
violet radiation conditions is enhanced (Fig. 5c).

Through a swelling-deswelling microencapsulation process,
MAPDBr; was highly dispersed and tightly passivated in the
PMMA matrix. The internal mechanism is that the perovskite
precursor can be introduced into the matrix as a solute when
the polymer comes into contact with a good solvent and
expands. Then, when the solvent is separated (e.g., by baking),
the perovskite precursor will remain in the polymer to react and
form well-dispersed nanoparticles. Fig. 5d shows the process of
swelling-deswelling to form a MAPbBr;-polymer composite
film and the polymer matrix wrapped outside can just isolate
the perovskite from water and oxygen so that it has strong water
and thermal stability.”® The prepared composite film has a PLQY
of up to 48% and FWHM = 18 nm, indicating that the material
has high color purity (Fig. 5e). Similarly, many other organic
molecules have also been developed for the in situ preparation of
perovskite NCs.>*** Although the polymer-assisted synthesis of

862 | Mater. Adv, 2021, 2, 856—879

the perovskite provides good optical properties, the grain size
distribution of the synthesized perovskite is from tens of nan-
ometers to microns, which makes it easy to form pinholes and
particles on the surface of the film.>® In order to improve the film
quality, Zhou et al. used the additive B-cyclodextrin (B-CD) for the
first time to assist in the preparation of all-inorganic films.”” The
scanning electron microscope (SEM) images of the CsPbBr; thin
film are shown in Fig. 5f. The hydroxyl groups of 3-CD molecules
interact with Pb*>* ions in the crystal lattice of CsPbBr;, which
gradually decreases the size of the particles on the surface of the
films. With the addition of B-CD to the concentration of 50 mM,
the film coverage increases from 53.3% to 93.1%, resulting in a
uniform and continuous film.

3.2 Stability improvement of perovskite NCs

Generally speaking, perovskite NCs can be divided into two
classes according to the nature of the A-site cation. The first is
the organic-inorganic hybrid perovskite, in which the A-site
material is at least partially organic (for example, MA and FA).
On the other hand, the second is the all-inorganic perovskite, in
which the A-site ion is an inorganic cation (such as Cs).>**
Because oxygen and water will be adsorbed on the surface of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the perovskite NCs and are degraded through physical or
chemical means, the type of A-site cations will affect the
stability of perovskite NCs. For example, the organic amine salt
in organic-inorganic hybrid perovskites is sensitive to water,
making it easier to be decomposed by water molecules than the
all-inorganic perovskite.>*®® For the degradation mechanism of
colloidal QDs, refer to the photoactivation phenomenon of the
CdSe QDs, i.e., when the CdSe QDs is exposed to water vapor
under light, the adsorbed water molecules passivate the surface
trap states and release electrons from the trap state to the
conduction band of the QDs, thereby increasing the radiation
recombination at the edge of the band, showing an increase
in the PL value.®*® The photoactivation generated by this
physical adsorption is reversible and the surface water molecules
can be separated by means of inert gas purging. Chemisorption
refers to the surface oxidation of QDs exposed to oxygen, which
is called photooxidation. For example, photooxidation converts
the surface of the CdSe quantum dots into CdO, SeO,, and
CdSeO,, which can eliminate the QDs surface trap states through
the passivation of Se0,.®""** However, when QDs are continuously
exposed to oxygen for a long time, it leads to the formation of
surface-trapped states and permanent fluorescence quenching,
which will irreversibly reduce the optical properties of the
QDs.*"**%* Heating can also lead to the trap state of the organic
perovskite and quench the PL, and the material after repeated
heating will produce irreversible degradation. Even under the
protection of inert gas, the organic perovskite will degrade below
200 °C. Similarly, the increase in the crystal size of the CsPbBr;
NCs after long-time illumination or heating will lead to a decrease
in the PLQY. In recent years, in order to solve the problem of
degradation of perovskite NCs in ambient air, most of the related
research has focused on the design of ligands and outer coatings,
providing a way to isolate perovskite NCs from oxygen and
moisture.

3.2.1 Ligand design. Ligands can bind to the surface of the
perovskite NCs through various chemical anchoring groups,
and play an important role in the synthesis of perovskite NCs.
The current study found that the ligand not only plays the role
of stably dispersing the NCs in the solvent but also exhibits the
characteristics of inhibiting the density of the surface trap
states.®®® X-type ligands such as alkyl mercaptan (RSH), carboxylic
acid (RCOOH), and alkyl phosphonic acid (RPO3;H,) can
effectively enhance the stability of the perovskite due to the
formation of strong covalent bonds and steric hindrance with
the NCs or QDs surfaces.®>®”

The ammonium cation on the A-site of the perovskite is
anchored by the ionic bond of the inorganic framework.®®
Similarly, hydrophobic tertiary and quaternary alkyl ammonium
cations can replace part of the A-site on the surface of
CH;NH;PbI; to provide steric hindrance, which effectively pre-
vents water from adsorbing on the reactive Pb5c site and forms a
molecular waterproof layer. When the relative humidity reaches
90 + 5%, the functionalized perovskite material can maintain
power conversion efficiency (PCE) of more than 15% for 30 days
without obvious degradation, showing enhanced surface hydro-
phobicity and moisture resistance.*’

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Polyhedral oligosilsesquioxanes (POSS) molecules have
excellent chemical stability and optical transparency. They
can combine the cage structure of the inorganic siloxane core
with the eight surrounding organic corner groups and can be
used as a surface ligand to synthesize CdSe NCs”® Huang et al.
used POSS containing the —-SH group to bond with the surface
anchor points of CsPbBr; perovskite NCs.°® It can provide
surface protection to the NC