REVIEW

; ; RRL

Halide Perovskites

www.solar-rrl.com

All-Inorganic Halide Perovskites for Optoelectronics:

Progress and Prospects

Jia Liang, Jie Liu, and Zhong Jin*

During the past 8 years, solution-processed organic-inorganic metal halide
(OMH) perovskites have become some of the most notable materials
because they can exhibit high solar cell efficiency, exceeding 20%. However,
due to the volatile and hygroscopic nature of the organic cations, OMH
perovskites suffer from chemical instability, especially at high temperatures.
Therefore, all-inorganic metal halide (IMH) perovskites (CsBX3, B=Pb, Sn,
Ge; X=Cl, Br, 1) are rapidly emerging as promising alternatives because of
their superior stabilities and comparable properties, such as strong emission,
high fluorescence quantum yield and tunable bandgap covering entire visible
spectrum. Highlighted by these advantages, IMH perovskites have attracted
enormous attention, indicating a promising future. In this review, the recent
progress on the syntheses of IMH perovskites is outlined. In addition, the
research development of IMH perovskites in optoelectronic devices, such as

Moreover, the high performances of OMH
perovskites have been applied for other
optoelectronic devices, such as photodetec-
tors (PDs) and light-emitting-diodes (LEDs),
showing its great potential in future >’
Despite the high performances, the
OMH perovskites still face a major chal-
lenge of stability issue.**™*! Normally,
OMH perovskites display very low thermal
decomposition temperatures, because they
contain unstable organic monovalent cat-
ions. For instance, MAPDbI; decomposes
rapidly within 30min at 150°C in air.>"
While the black perovskite phase of FAPbI;
is only stable above 160°C and it trends to
form a yellow phase below the phase

perovskite solar cells, photodetectors, and light-emitting diodes, is intro-
duced. Finally, the challenges facing the field of IMH perovskites are
discussed and some possible solutions based on the available literature are

suggested.

1. Introduction

Organic—inorganic metal halide (OMH) perovskites have drawn
tremendous attention due to their unprecedented optoelectronic
properties, such as large absorption coefficient, high charge carrier
mobility, long electron-hole diffusion, and tunable bandgap.'~*"
OMH perovskites with the general formula of ABX; compose of
three different species, where A is a monovalent cation (methyl-
ammonium, CH3;NH;", MA™; formamidinium, CH;(NH2)2+,
FA"), B is a tetravalent metal cation (B=Pb; Sn; Ge), and X is a
halide anion (X=Cl; Br, 1)) After about 8 years of
development, the power conversion efficiency (PCE) of OMH
perovskite solar cells (PSCs) has reached 22.1%, which is
comparable to copper indium gallium diselenide (CIGS) solar cells
and close to commercial monocrystalline silicon solar cells."*=%
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transition temperature.'® In addition to
the thermal decomposition pathway, other
possible degradation factors should also be
carefully considered, such as degradation
upon contact with moisture, light-induced
trap-state formation and halide segrega-
tion.>"* Tt is known that inorganic
materials usually exhibit higher stability
than organic materials, especially at high temperature. There-
fore, replacing the organic cations with inorganic monovalent
cations in the perovskite structure was put forward. In a typical
ABX; perovskite structure, there is a very important parameter
termed as tolerance factor: t=(Ra + Rg)/[2"/*(Rx + Rg), where
Ra, Rg, and Ry are the ionic radii of the A, B, and X ions,
respectively. To maintain the symmetry of perovskite structure,
the value of t should range from 0.8 to 1.1, or the cubic
perovskite crystalline structure will be collapsed. The Cs™ ion
can match the requirements of ¢t and has been regarded as an
alternative inorganic monovalent cation to replace MA™.
Recently, Choi and his co-workers demonstrated an improved
PCE by using a stable Cs™/MA* mixed perovskite, which
exhibited a higher open-circuit voltage than pure MAPDI;.
However, the record PCE of Cs* /MA™ mixed perovskite was just
7.68%.°%! Furthermore, Lee et al. reported partial substitution of
Cs for FA™ in FAPDI; perovskite, which showed a PCE as high as
19%. Moreover, Cs™/FA* mixed perovskite (FAgoCsg1PbIs)
displayed higher stability against the light and humidity than the
FAPbI; perovskite.®® Yi et al. echoed these results by
synthesizing the Cs™/FA™ mixed perovskite of FAqgCso,P-
blo.g4Bro.16.°7) Saliba and his co-workers proposed a Cs™/MA™/
FA™ mixed perovskite of Csgo5(MAg 17FAg 83)0.95Pb(lo.83BT0.17)3
and employed them into the PSCs, which exhibited PCEs as high
as 21.1% and good stability when exposed in ambient
atmosphere.’® Although cations mixed perovskites can display
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comparable performance and superior stability to those of OMH
perovskites, the stability is still a problem due to the existence of
organic cations.

For this reason, all-inorganic metal halide (IMH) perovskites
without any organic components (CsBXj;, B=Pb, Sn, Ge; X=Cl,
Br, I) were proposed and developed rapidly in the past 2 years."*"
651 At the initial stage, the PSCs based on IMH perovskites just
exhibited PCEs of ~6%.°?) Most recently, the PCEs of IMH
perovskite PSCs (based on CsPbls) have exceeded 10%.°! In
early 2015, Protesescu et al. prepared CsPbXj; nanocrystals using
hot-injection approach.®® Since then, the researches on the
CsPbXj; nanostructures have sprung up rapidly, especially the
applications in LEDs.!*” 7 The latest data from Zeng’s group
shows that the EQE of CsPbX; based LEDs has increased from
0.12% to 6.27%.1”7% In short, the IMH perovskites have great
potential in optoelectronic applications.

Following this line of thought, in this review, we will
summarize the latest progress of IMH perovskites and the
applications in optoelectronic devices. The synthesis
approaches of IMH perovskites, including bulk crystals, thin
films and nanocrystals are firstly introduced. We then review
the recent progress in optoelectronic applications of IMH
perovskites, including PSCs, PDs, and LEDs. Finally, the
challenges and prospects for the IMH perovskites are also
discussed.

2. Synthesis of IMH Perovskites

In order to study the intrinsic properties and optoelectronic
applications, various strategies were developed to synthesize
IMH perovskites with different morphologies, such as bulk
crystals, thin films, and nanocrystals, as shown in Figure 1.

2.1. Synthesis of Bulk Crystals

Whether in scientific or technological levels, growing bulk
crystals of IMH perovskites is very important, because bulk
crystals can reflect intrinsic physical properties.”*””! Bulk
crystals of IMH perovskites were usually prepared by Bridgman
growth process, in which stoichiometric amounts of precursors
were melted in a quartz tube and passed through a multi-zone
tube furnace.””! Generally, the as-synthesized IMH perovskite
was a large polycrystalline ingot with smooth, bubble-free and
crack-free surface, as shown in Figure 1a.

Besides the traditional solid-state Bridgman growth method,
several solution-growth methods were also developed to obtain
high-quality bulk crystals of IMH perovskites. For example,
Dirin et al. presented a simple and fast solution phase route to
grow CsPbBr; bulk crystals via an inverse temperature
crystallization process.”® Specially, Nuclei were formed by
heating at 90 °C in a mixed solution containing the precursors of
CsBr and PbBr,, followed by heating to 110 °C for several hours.
It was found that CsPbBr; bulk crystals could display high
sensitivity to gamma-irradiation and good resistivity. In order to
make the solution-growth method simpler, Rakita et al.
developed two low-temperature methods, including slow
antisolvent vapor saturation and heating a solution containing
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retrograde soluble CsPbBrj3, to produce CsPbBr; bulk crystals
with high quality.”!

2.2. Preparation of Thin Films

The preparation of perovskite thin films with pinhole-free
surface was required to ensure the high performance of
optoelectronic devices. Generally, OMH perovskite thin films
can be fabricated by solution processes or physical deposition
methods. A variety of deposition techniques, including spin-
coating of precursors in one- or two-step sequential methods,

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

i iRRL

www.advancedsciencenews.com

.. s

100 nm (48

---------’ ".\

www.solar-rrl.com

CsPbBr,- 8nm

Figure 1. (a) Photograph of bulk CsPbBr;.”*! Copyright 2013, American Chemical Society. (b) Photograph of CsPbBr; and CsPb(Br,l,_,); thin films.4!
Copyright 2016, American Chemical Society. (a) TEM image of CsPbBrs nanocrystals.[®® Copyright 2015, American Chemical Society.

spraying, vapor-assisted deposition, gas-assisted solution pro-
cess, and dual source thermal evaporation were devel-
oped.P?7*+7879 The one-step spin-coating method is not
suitable for some IMH perovskite thin films (e.g., CsPbBr3),
because of the insolubility of Br-rich perovskites. While other
methods for preparing OMH perovskite thin films can also be
adopted to fabricate IMH perovskite thin films."®7
Figure 1b shows the photographs of CsPbBr; and CsPb(Br,l; )3
thin films fabricated by the two-step sequential method.”
IMH perovskite thin films can also be produced by spin-
coating the solutions containing IMH perovskite nanocrys-
tals.!®®! However, in this method, organic capping ligands on the
nanocrystals may suppress the charge transportation, leading to
poor performances of corresponding devices. Thus, how to
reduce the amount of long ligands for enhancing the
performances of optoelectronic devices is also a hot topic,
which will be discussed in the following part (section 3.3).

2.3. Synthesis of Nanocrystals
As mentioned above, colloidal IMH perovskite nanocrystals can be
synthesized by various methods./**#*#¢! Right now, the mainstream

method to prepare IMH perovskite nanocrystals is hot-injection
approach reported by Protesescu et al. in early 2015.! Typically, the
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PbX, (X=Cl, Br, I) precursors were firstly dissolved in the mixed
solution containing octadecene, oleylamine, and oleic acid. Then, the
Cs-oleate solution was quickly injected into the mixed solution and
cooled by ice-water bath. During this reaction, the nucleation and
growth kinetics were very fast. After several seconds, colloidal CsPbX;
nanocrystals of 4-15 nm size with cubic shape and cubic perovskite-
phase crystalline structure were obtained, as shown in Figure 1c. The
photoluminescence (PL) spectra of colloidal CsPbX; nanocrystals
were also measured, showing narrow emission line widths of 12—
42 nm, high PL quantum yield (PLQY) of 50-90%, and short radiative
lifetimes of 1-29ns. Besides these advantages, the most attractive
properties of colloidal CsPbX; nanocrystals are the bandgaps, optical
absorptions and emission spectra that can be tuned over the entire
visible spectral region (Figure 2a—c). So far, two protocols were put
forward to tune the bandgap and optical absorption of IMH perovskite
nanocrystals.

On the one hand, changing the halide compositions of
nanocrystals is an effective method to obtain IMH perovskites
with different bandgaps and optical absorptions.**#”-21 To achieve
this goal, several studies have reported the synthesis of different
colloidal CsPbX; nanocrystals by adding different or mixed PbX,
salts in the process of the reaction.®® However, due to the
complicated preparation process, another method, namely anion
exchange method, was introduced. The halide anions in CsPbXj;
nanocrystals can be easily exchanged by this method, attributing to
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Figure 2. (a) Schematic diagram of the anion-exchange method; (b) PL spectra of CsPb(Br:X); (X= Cl or I) nanocrystals. (c) Bandgaps as a function of
the exchange halides. (d) PLQY recorded on the pristine nanocrystals and halide-exchanged nanocrystals. TEM images of (e) pristine CsPbBr;
nanocrystals and (f) fully exchanged CsPbCl; and (g) CsPbls nanocrystals.®”! Copyright 2015, American Chemical Society.

the single ionic charge, the rigid nature of the cationic sublattice and
an efficient vacancy-assisted diffusion mechanism.”" Generally, the
halide anion exchange could be easily achieved in the cases of Cl-to-
Br, Br-to-Cl, Br-to-I, and I-to-Br. Butas for the cases of Cl-to-I and I-to-
Cl, it cannot be achieved because of the large difference in the ionic
radii of I and ClI'. Akkerman et al. demonstrated the anion exchange
starting from CsPbBr; nanocrystals,®”) as a result, the PL of pristine
CsPbBr; nanocrystals could be tuned within an energy range
between 1.88 and 3.03 eV, as shown in Figure 2a—c. During the entire
halide anion exchange process, the shape and crystal structure of the
initial CsPbBr; nanocrystals were preserved (Figure 2e—g). However,
the PLQYs were decreased when the Br ™ ions were replaced by either
Cl” or I ions (Figure 2d).

On the other hand, controlling the shape and size of colloidal
CsPbX; nanocrystals is another effective method to obtain
different bandgaps and optical absorptions.”>”) Some recent
works reported the synthesis of colloidal CsPbX; nanocrystals
with a variety of shapes (e.g., nanocubes, nanowires, nanoplates)
through controlling the temperature, reaction time, and so on.
Interestingly, these colloidal CsPbX; nanocrystals exhibited
remarkable physicochemical, optical, and electronic properties,
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especially when the particle size was smaller than the Bohr
radius. For example, Zhang et al.® prepared CsPbX; nanocubes
by a modified hot-injection approach. Subsequently, they
synthesized CsPbX; nanowires by controlling the reaction time
(Figure 3a).”Y In order to decrease the diameter of CsPbBr;
nanowires, they future modified the colloidal synthesis and
developed a stepwise purification method (Figure 3a).°?
Because the diameter of CsPbBr; ultrathin nanowires
(~2.2nm) was below the exciton Bohr radius, large blue-shifted
UV-Vis absorption and PL spectra have been observed, as shown
in Figure 3b. Similar with the CsPbX3; nanowires, two-
dimensional (2D) CsPbX; nanoplates (Figure 3c—d) were
prepared by Akkerman et al®®! The nanoplates were grown
by the injection of acetone in a mixture of precursors at room
temperature. By dosing the amount of added HBr solution, the
thickness of CsPbBr; nanoplates could be controlled exactly
from 3 to 5 monolayers. As a result, these nanoplates displayed a
narrow PL, strong excitonic absorption, and a blue shift of the
bandgap due to the 2D confinement, as shown in Figure 3e.
Except for the CsPbX3 nanocubes, nanowires and nanoplates,
other forms of CsPbX; nanocrystals with different shapes, such
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Figure 3. (a) Low-resolution TEM and aberration-corrected high-resolution TEM (AC-HRTEM) images of CsPbBr; ultrathin nanowires, 102 nm
nanowires, nanoparticles, and nanoplates. (b) Optical absorption (solid line) and PL (dash line) spectra.®? Copyright 2016, American Chemical Society.
TEM images of CsPbBr; nanoplates at (c) low concentrations and (d) high concentrations. (e) Absorption and PL spectra of CsPbBr; with the forms of
thin film, cube-shaped nanocrystals, and nanoplates of different thicknesses.?®®) Copyright 2016, American Chemical Society.

as quantum wires, nanorods, and so on, were also developed by 3. Applications of IMH Perovskites
other groups through altering the parameters in the growth
processes.”® %1 All of them exhibited shape-dependent PL
behavior and optical absorption. To clearly summarize the
synthesis processes and optical properties of different CsPbX;  The instability of the PSCs based on OMH perovskites has
nanocrystals, the recent developments of CsPbX; with different  always been a serious issue. Therefore, introducing TMH
compositions and shapes were detailed in Table 1. perovskites into PSCs was proposed, owing to their superior

3.1. Perovskite Solar Cells

Table 1. Comparison of the photophysical properties of IMH perovskite nanocrystals with different compositions and shapes.

Materials Shapes Conditions PL peaks (nm) PLQY References
CsPbXs Nanocubes 140-200°C 410-700 50-90% 1661
CsPbBr; Nanocubes 140°C 492 79% 182]
CsPbBrs Nanocubes 190°C ~510 90% (83]
CsPbBr; Nanocubes - 520 - 8]
CsPbBr; Nanocubes 165°C ~520 95% 7]
CsPbX; Nanocubes 140°C 510-680 42-44% (88]
CsPbXs Nanocubes 160°C 495-513 - 8]
CsPbX; Nanocubes 150°C 410-700 20-80% o1
CsPbBr; Nanowires 160°C 442 30% 2]
CsPbBrs Nanoplates 150°C 438-459 31-78% (93]
CsPbBr; Nanowires 150-250°C 521 - 1541
CsPbBrs Nanoplates 150°C 452 33% 193]
CsPbBr; Nanoplates 130°C 405-488 84% 196]
CsPbBr; Nanowires 80°C 475 - 1971
CsPbX; Nanorods Room temperature 505 34% 98]
CsPbBrs Nanoplates 120-170°C ~500 22-86% (100]
CsPbBr; Spherical quantum dots Room temperature 505 >80% ton
CsPbX; Nanorods Room temperature 515 - ro1l
CsPbX; Nanoplates Room temperature 510 - ron
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stability, especially at high temperature.”*¥! Actually, the IMH
perovskites have been known since the first synthesis in
1893.11%?] Since then, numerous researches on their properties
have been done.'®! However, most of the previous studies
focused on the crystal structures or phase transitions. Recently,
only a few works referred to their photovoltaic performances.!"**
196 \We have got much insight in the compositions, crystalline
structure and phase stability of IMH perovskites from the
previous literatures. The CsPbX; (X=Cl, Br, and I) perovskites
can be considered as a model system of IMH perovskites. For
CsPDbCl; and CsPbBr3, the crystal structures are tetragonally or
monoclinically distorted at room temperature, and trend to
convert to pure cubic perovskite structure at 47 and 130°C,
respectively.'® For CsPbl;, it is orthorhombic at room
temperature and can shift to cubic perovskite structure at
~310°C. Unfortunately, CsPbl; is unstable in cubic perovskite
phase in ambient atmosphere and would rapidly convert back to
the orthorhombic phase."®® The reason for this phenomenon
still remains unclear. However, because CsPbls nanocrystals on
the order of 5 nm in size are more stable than the bulk CsPbl;,
we consider structural stability of CsPbX; is more important
than the compositional stability.[*®

Kulbak et al.””! demonstrated that CsPbBr; was an effective
absorber in the PSCs. In this report, they studied a variety of PSC
architectures that have been employed in the traditional PSCs
based on OMH perovskites, such as mesoporous-TiO, (m-TiO,),
mesoporous-Al,0;, and without mesoporous layer. In the three
kinds of configurations, the structure of F-doped tin oxide (FTO)/
compact TiO, layer (c-TiO,)/m-TiO,/CsPbBr;/hole transport
material (HTM)/Au exhibited the best performance (Figure 4a).
Moreover, various HTM materials were employed in this
structure, in result, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)

www.solar-rrl.com

amine] (PTAA) presented the highest PCE of 5.95% with a large
open-circuit voltage of 1.28 eV (Figure 4b).

To identify the stability of PSCs based on CsPbBrs, Kulbak
et al.l® reported another work of direct comparison between
CsPbBr; and MAPDbBr; based PSCs prepared by the same
method and materials except for the perovskite layer. Firstly, they
compared the thermal stability of the two perovskites, confirm-
ing that the CsPbBr; can endure much higher temperature of up
to 580°C (Figure 4c). The PCE of CsPbBr; based PSCs (6.2%)
was slightly lower than that of MAPbBr; based PSCs (6.5%),
however, the former displayed a higher stability during the
period of 2 weeks (Figure 4d-f). Finally, the two kinds of
perovskites were analyzed by electron beam-induced current
analysis, showing CsPbBr; was more efficient and stable under
the electron beam. The results indicate that the overall
performance of CsPbBr; as an absorber is over the OMH
perovskite MAPbBr;.

Although the two works mentioned above prepared the PSCs
based on high-stability CsPbBr; films, the structures of PSCs
still contained organic HTM and noble metal electrode, which
were too expensive. Jin et al. proposed the design of all-inorganic
PSCs, in which the organic HTMs and noble metal electrodes
were completely eliminated, as shown in Figure 5a.°>®% Instead,
a layer of carbon electrode with a suitable work function was
coated on the CsPbBrj; layer. Because all the components in the
PSCs are stable, the entire fabrication process can be operated in
ambient environment without the need of humidity control.
When this PSCwas illuminated, a PCE up to 6.7% was obtained.
The stability of all-inorganic PSCs was characterized, showing
no performance degradation even exposed in humid air (90-
95%, RH, 25°C) without encapsulation for over 3 months.
Moreover, the all-inorganic PSCs can endure both high (100 °C)
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Figure 4. (a) Cross-sectional SEM image of a FTO/c-TiO,/m-TiO,/CsPbBr;/spiro/Au solar cell. The c-TiO; layer on FTO glass substrate is not clearly
visible in this image. (b) Light and dark J-V plots.*®! Copyright 2015, American Chemical Society. (c) Thermogravimetric analyses of MABr, MAPbBr;,
PbBr,, CsPbBr; and CsBr. -V plots of the best performance of the PSCs based on (d) CsPbBr; and (e) MAPbBr; in the dark and under illumination,
respectively. (f) PCE of the PSCs based on CsPbBr; as a function of time.[*” Copyright 2015, American Chemical Society.
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Figure 5. (a) Schematic cross-section view and (b) J-V plot of CsPbBr;/carbon based all-inorganic PSCs. The inset in (b) shows the corresponding
photovoltaic parameters. (c) Normalized PCEs of CsPbBrs/carbon based all-inorganic PSCs, MAPbl;/carbon and MAPbI;/spiro-MeOTAD based hybrid
PSCs as a function of storage time. (d) Normalized PCEs of CsPbBr;/carbon based all-inorganic PSCs and MAPbls/carbon based hybrid PSCs as a
function of time heated at 100°C. (e) Normalized PCEs of CsPbBr;/carbon based all-inorganic PSCs as a function of storage time during temperature
circles (between —22 and 100°C).[%%%% Copyright 2016, American Chemical Society.

and low (—22°C) temperature, and exhibit good stability in the
environment of extreme temperature cycling.

The CsPbBr; based PSCs showed excellent stability, however,
in terms of the light absorption range, CsPbBr; was not an ideal
absorber for PSCs due to its large bandgap (~2.3 eV). Among
CsPbCl;, CsPbBr; and CsPbls, the best choice should be CsPbl;
with a smallest bandgap of ~1.73 eV. However, as mentioned
above, CsPbl; in the black cubic perovskite phase is unstable in
ambient atmosphere and will rapidly convert to yellow non-
perovskite phase. Though when the size of CsPbl; particles
decreased to several nanometers, the black cubic perovskite
phase would be stable in the ambient atmosphere. However, the
size of most of CsPbl; materials obtained from conventional
methods, such as spin-coating, thermal evaporation and so on,
are very large, thus having very poor stability in the ambient
atmosphere.l'%71%! Moreover, although CsPbl; has a suitable
bandgap, the performances of CsPbl; based PSCs are not
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satisfying. Snaith group reported a spin-coated stable CsPbl;
films by adding HI into the precursor solution and demonstrated
the highest PCE of 2.9%.1'°”) Furthermore, Luo et al. developed a
new low-temperature solution method and prepared stable
CsPbl; films.['%® However, the PSCs with the structure of FTO/
¢-TiO,/m-TiO,/CsPbl3/Spiro-MeOTAD/Ag exhibited a low PCE
of 4.13%. Even using the inverted structure, the PCE of CsPbl;
based PSCs was still not very high (5.38%).1'"!

Combining the good stability of CsPbBr; and the small
bandgap of CsPbl;, the halide mixed perovskites of CsPb
(I;_»Br,); were proposed, such as CsPbIBr, and CsPbI,Br. In
order to maintain the stability of the CsPb(I;_,Br,);, CsPbIBr,
was first introduced. Ma et al.l”® reported a dual source thermal
evaporation process to fabricate CsPbIBr, films, showing a
bandgap (2.05eV), which was smaller than that of CsPbBr;
(Figure 6a) Moreover, the CsPbIBr, films displayed good
thermal stability in either N, environment or ambient

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. (a) Absorption and PL spectra of CsPbIBr; film. (b) Cross-sectional SEM image of a PSCwith the structure of FTO/c-TiO,/CsPblBr,/Au. (c) J-V

plots of the PSC in (b)."" Copyright 2016, Wiley-VCH. (d) Schematic diagram

of the spray-assisted deposition method and J-V plots of the as-prepared

PSCin (f). (e) Absorption spectra of the CsPblIBr, films annealed at different temperatures. (f) Cross-sectional SEM image of a PSC with the structure of

FTO/c-TiO,/m-TiO,/CsPblBr,/Spiro-MeOTAD/Au.l"" Copyright 2016, Ame

atmosphere. Finally, when the CsPbIBr, films were employed
into the PSCs with the structure of FTO/c-TiO,/CsPbIBr,/Au, a
PCE of 4.7% was obtained (Figure 6b—c). By using a spray-
assisted deposition method, Lau et all''” also prepared
CsPbIBr, films with an alike bandgap of 2.02-2.06eV
(Figure 6d—e). By adjusting the preparation conditions of

rican Chemical Society.

CsPbIBr, films, such as the substrate temperature during
spraying and the post-annealing temperature, the CsPbIBr,
based PSCs displayed a stabilized PEC of 6.3% with negligible
hysteresis (Figure 6d and f).

Despite CsPbIBr, exhibits smaller bandgap than CsPbBrj3, the
PCEs of the CsPbIBr, based PSCs are not very high till now.
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Figure 7. (a) XRD patterns and (b) absorption spectra of CsPb(l;_,Br,); films, where x=0to 1. (c) J-V plot of CsPbl,Br based PSCs.l’ Copyright 2016,
American Chemical Society. (d) J-V plots of the PSCs based on CsPbl,Br film.”® Copyright 2016, Wiley-VCH. (e) J-V plots of the PSCs based on CsPbl,Br
film under continuous illumination.'" Copyright 2017, American Chemical Society.
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Chemical Society.

Further reducing the bandgap of CsPb(I;_,Br,); films by
substituting Br~ with I is necessary. Though one-step spinning
method, Beal et al. prepared CsPbI,Br films with a bandgap
(1.9eV) smaller than CsPbBr; and CsPbIBr, films,” and
investigated the structures and absorption spectra of a series of
CsPDb(I;_,Br,); films with different I/Br ratios (Figure 7a-b).
Moreover, CsPbl,Br films exhibited good stability when it was
exposed into constant illumination or high temperature
conditions. The CsPbI,Br based PSCs with inverted architecture
can exhibit champion and average PCEs of 6.69 and 6.5%,
respectively (Figure 7c). Clearly, the PCEs were slightly higher
than that of the PSCs based on CsPbBr; and CsPbIBr, films,
however, the photocurrent density of 10.9 mA cm ™2 obtained in
this study is smaller than the theoretical value of 17.1 mA cm™>
for a 1.9 eV-bandgap material, perhaps owing to the low

Sol. RRL 2017, 1, 1700086
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solubility of CsBr. Therefore, it is desirable to change the
preparation method and develop a new processing route that
yields thicker films with better morphology. Considering this
problem, Snaith group fabricated the CsPbl,Br films by the two-
step method.”® However, it was difficult to achieve uniform
films using this method. Subsequently, they also used the one-
step method to prepare the PSCs based on CsPbI,Br films with
the different structure from Beal et al. reported. Because of the
most professional technique in their group, a champion PCE of
9.84% was obtained (Figure 7d). Intriguingly, an interesting
phenomenon in the PSCs based on CsPbI,Br films was found:
PSCs based on CsPbI,Br films exhibited extreme device
performance evolution under continuous illumination, as
shown in Figure 7e.!l"' Through decoupling charge
collection in the electron- and hole-transporting layers,

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. (a) Normalized UV-Visible absorption spectra and photographs of CsPbl; QDs synthesized at different temperatures. (b) TEM image of
CsPbl; QDs. (c) XRD patterns (d) adsorption spectra of CsPbl; QDs before and after 60 days stored in ambient atmosphere. (e) Schematic and (f) cross-
sectional SEM image of the PSCs based on CsPbl; QD films. (g) J-V plots of the PSCs based on CsPbl; QD films before and after 15 days stored in
ambient atmosphere.® Copyright 2016, American Association for the Advancement of Science.

photoluminescence, X-ray diffraction, and solar cell device
characterization, this phenomenon was mainly ascribed to the
light-induced dealloying of CsPbI,Br films and thus improving
the hole collection in PSCs.

Although CsPbI,Br films show good stability under constant
illumination or high temperature conditions, the stability in the
ambient atmosphere is still poor. In order to resolve this issue,
Nam et al. incorporated potassium cations into the CsPbI,Br
films (Figure 8a).l'*? By varying the stoichiometric ratio of K™,
the properties of the Cs; _,K,PbI,Br film can be adjusted. When
x=10.075, the Csg925K0075PbI,Br film showed a significant
increase in absorbance intensity over the entire wavelength
(Figure 8b), and exhibited the maximum and average PCEs of
10.0 and 9.1% in PSCs, respectively (Figure 8c—d). Furthermore,
the PSCs based on Cs.925K¢075PbI,Br films displayed higher
stability that those based on CsPbI,Br (Figure 8e). The results
suggest that the stability of IMH perovskites can be further
improved by incorporating some specific cations into the unit
cells, such as Ag", Bi’*, and so on.

Actually, the bandgaps (1.9eV) of CsPbl,Br films were still
slightly large if they were used as the absorber materials in PSCs.
Therefore, further reducing the bandgap of CsPb(I;_,Br,)s is
still necessary. One of the methods was that we further
substituted the Br™ ions by I ions, that is, the CsPbl; films.
However, in the initial of this section, we have pointed out that
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the stability of the bulk CsPbl; was very poor. As we know, many
physical properties of nanometer-sized materials may be
different from bulk materials of the same chemicals. It was
reported that when the size of CsPbl; nanocrystals was reduced
to ~5nm, they will become more stable than bulk CsPbl;.[%
This can be ascribed to the contribution of surface energy.
Swarnkar et al. developed a process to purify CsPbls; quantum
dots (QDs) by using methyl acetate, an antisolvent that can
isolates the CsPbl; QDs without full removal of surface species,
which is critical to phase-stable photovoltaic devices.[*]
Subsequently, Swarnkar et al. fabricated CsPbl; films using
the stable CsPbI; QDs. They firstly spun-cast the octane solution
of CsPbl; QDs, and then treated in a saturated MeOAc solution
of either Pb(OAc), or Pb(NOj3), for several times (Figure 9a-b).
The CsPbl; QDs films exhibited good stability when exposed
into the ambient atmosphere for 60 days (Figure 9c—d). The
PSCs based on CsPbI; QD films showed a PCE up to 10.77% and
a large open-circuit voltage of 1.23 eV (Figure 9e—g).

Apart from the CsPbX; IMH perovskites, the lead-free IMH
perovskites of CsSnX3 (X=Cl, Br, I) were also investigated. In
general, the bandgaps of CsSnl; and CsSnBr; are 1.27 and
1.75 eV, respectively, which are very suitable for serving as the
absorbers in PSCs. However, the performances of PSCs based on
CsSnX5 IMH perovskites are still less than satisfactory.'*>11¢
One of the main reasons is the instability caused by the Sn-cation
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Figure 10. (a) Schematic and cross-section SEM image of the PSCs based on CsSnls. (b) J-V plots of the PSCs based on CsSnl; with and without
SnF,.""! Copyright 2014, Wiley-VCH. (c) Reducing vapor atmosphere procedure for preparing PSCs and the device structure diagram; J-V plots of the
PSCs based on (d) MASnls, (e) CsSnls and (f) CsSnBrs with and without N,H, treatment, respectively.['" Copyright 2017, American Chemical Society.

vacancies and the fast oxidation of Sn*" ions to Sn** ions when
exposed in ambient atmosphere. Recently, several studies to
improve the PCEs of the PSCs based on CsSnX; IMH
perovskites have been reported. For example, Kumar et al.
reported an improved performance by adding some SnF, into
CsSnl; films to reduce the Sn-cation vacancies (Figure 10a—
b).['**! Similar results were also obtained when SnF, was added
into CsSnBr; IMH perovskites. The function of SnF, was
demonstrated to reduce the Sn-cation vacancies. Moreover, Song
et al. developed a reducing vapor atmosphere method by using
hydrazine as the vapor to improve the quality of CsSnX; IMH
perovskite films (Figure 10c).'' As a result, improved PCEs
were obtained for three kinds of PSCs (Figure 10d-f). The PCEs
of the PSCs based on CsSnX3; IMH perovskites was considered
to have a lot of room for improvement. Wu et al. claimed that the
PCEs of CsSnls based PSCs may reach 23% by theoretical
simulation.™”! Therefore, it is meaningful to pay more
attentions into Sn-based IMH perovskites in the future studies.

In the end of this section, a summary of the PSCs based on
IMH perovskites reported in the literatures are listed in Table 2.
Overall, the PSCs based on IMH perovskites showed lower PCEs
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than those based on OMH perovskites. However, the perfor-
mances of the PSCs based on IMH perovskites have been
improving very rapidly since the first report published 2 years
ago. Undoubtedly, it will be further enhanced in the near future.

3.2. Photodetectors

Similar with the PSCs, due to the super stability of the CsPbBr;,
most of the studies about PDs based on IMH perovskites focused
on this material."*¥'*! Li et al. developed a recyclable
dissolution-recrystallization method to prepare uniform
CsPbBr; films with crack-free, low-roughness surface for the
application of PDs.[''® The dissolution process was occurred by
adding several droplets of the mixture of ethanol and toluene on
the as-prepared porous CsPbBrj; film, and the recrystallization of
CsPbBr; was induced when the solution evaporated (Figure 11a).
After repeating this process for five times, the surface of porous
CsPbBr; films become compact and uniform (Figure 11b—c).
When used in PDs, the treated CsPbBr; films showed an obvious
large current under the illumination of 442nm (Figure 11d).
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Table 2. Performance comparison of the PSCs based on IMH

perovskites.

Materials Jsc (MAcm™)  Voc (V) FF PCE (%) References
CsPbBr; 6.24 1.28 0.74 5.95 (5]
CsPbBr; 6.7 1.25 0.73 6.2 (60l
CsPbBr; 7.4 1.24 0.73 6.7 162
CsPblBr, 8.7 0.96 0.56 4.7 78]
CsPblIBr, 7.8 1.13 0.72 6.3 (1]
CsPbl,Br 10.9 1.06 - 6.8 74
CsPbl,Br 11.89 1.1 0.75 9.84 78]
CsPbl,Br 13.99 1.10 0.67 10.34 nm
Cs0.625K0.075Pbl,Br 1.6 1.18 0.73 10.0 2]
CsPbl; 12 0.8 - 2.9 (o7
CsPbl; 11.92 0.66 0.52 4.13 [10g]
CsPbls 8.26 0.95 0.67 5.38 [109]
CsPbl, 13.47 1.23 0.65 10.77 (631
CsSnl, 22.7 0.24 0.37 2.02 3]
CsSnl; 10.21 0.52 0.63 3.31 sl
CsSnBrs 13.96 0.37 0.59 3.04 14
CsSnBrs 9.1 0.42 0.57 2.17 [ne]
a

Porous film

2 &

Toluene & ethanol

5

Room
temperature

www.solar-rrl.com

Moreover, the response rate of the treated CsPbBr; films was
enhanced dramatically. The rise time and decay time decreased
from 30 and 114 ms to 1 and 1.8 ms, respectively (Figure 11e).
Finally, due to the excellent stability property of the CsPbBr;
films, the PDs based on treated CsPbBr; films were stable for
more than 2 months in ambient atmosphere.

As described in the section 2.3, CsPbBr; nanocrystals with
various shapes, such as nanosheets/nanoplates, nanowires and
so on, were successfully synthesized. The application of CsPbBr;
nanocrystals in PDs has attracted great attention. Song et al.
fabricated CsPbBr; nanosheets by modifying the hot-injection
approach (Figure 12a).'”? Through simple ink-printing or roll-
to-roll methods, crack-free CsPbBr; films with large area and
high quality were prepared. Because of the strong light
absorption and long carrier diffusion length of CsPbBr;
nanosheets, the flexible PDs based on CsPbBr; films displayed
an obvious increase in the current upon an illumination of
442 nm laser, showing a high on/off ratio of more than 10’ and
shortrise/decay times (Figure 12b—d). Moreover, the flexible PDs
exhibited good flexibility, maintaining a photocurrent compara-
ble to the initial state after bending for 1000 times (Figure 12e),
and showed high stability when exposed in ambient atmosphere.

Compact and smooth film
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= Dark
« Light
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Figure 11. (a) Schematic of the dissolution-recrystallization treatment for CsPbBr; film. SEM images of CsPbBr; film (b) before and (c) after treated for
five times. (d) I-V plots of the PD based on treated CsPbBr; film. (e) Photocurrent rise and decay time of PD based on treated CsPbBr; film at a light
intensity of 1.01mW cm~2.'"® Copyright 2016, Wiley-VCH.
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Figure 12. (a) SEM image of CsPbBr; nanosheets. (b) Schematic diagram of PDs based on CsPbBr; nanosheets. (c) I-V plots of the PDs based on
CsPbBr; nanosheets. (d) Photocurrent rise and decay time of PD based on CsPbBr; nanosheets. (e) /-t plots of the flexible PDs bent at different
angles.l'?? Copyright 2016, Wiley-VCH. (f) Photograph of the CsPbBr; suspensions mixed with different amount of CNTs. (g) XRD patterns of the
CsPbBr; films mixed with different amount CNTs. (h) Photocurrent rise time and decay time of PD based on CsPbBrs/CNTs.['"?! Copyright 2017,

American Chemical Society.

To improve the performance of CsPbBr; based PDs, Li et al.
presented a strategy of mixing carbon nanotubes (CNTs) and
CsPbBr; together to boost the conductivity (Figure 12f-g).'2* As
expected, the PDs based on CsPbBr;/CNTs showed an external
quantum efficiency (EQE) of 7488% and a photoresponsivity of
31.1AW™!, much higher than those based on CsPbBr;
nanosheets (53% and 0.25 AW ). Due to the high conductivity,
efficient charge extraction and transport, a shorter rise time of
16 s was also obtained (Figure 12h). Moreover, similar with the
PDs based on CsPbBr; nanosheets, the PDs based on CsPbBr;
nanosheet/CNT composite still performed excellent flexibility.
Similar to CsPbBr; nanosheets, CsPbBr; nanowires were also
used in PDs. Zhang et al. prepared uniform CsPbBr; nanowires
by a modified hot-injection approach via anion-exchange
reactions (Figure 13a)."** The CsPbBr; nanowires with distinct
compositions exhibited high PLQY ranging from 20% to 80%. To
quantitatively study the level of defect density in CsPbBr;
nanowires, PDs with the structure of Au/CsPbX; nanowires/Au
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were proposed (Figure 13b), which showed higher current when
exposed under illumination (Figure 13c). Moreover, the photo-
response of this PD was fast and free of persistent photocurrent,
which, combining the high PLQY, indicated that the existing
defects in CsPbX3; nanowires mainly form shallow traps
(Figure 13d).

Apart from CsPbBr;, the nanocrystals of other IMH
perovskites (such as CsPbl;) were also used for PDs. Ramasamy
et al. prepared CsPbl; nanocrystal assembled films by anion
exchange reactions (Figure 14a-b).'?*! As mentioned in section
2.3, the CsPbl; nanocrystals obtained from the anion exchange
reaction possessed the same phase and shape with the initial
CsPbBr; nanocrystals. Under illumination, the photocurrent
was increased by several orders of magnitude with the increase
in light intensity, which resulted in a high on/off ratio of more
than 10° (Figure 14c—d). In addition, the PDs based on CsPbls
nanocrystals exhibited fast rise time and decay time of 24 and
29ms, respectively (Figure 14e—f).
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PDs based on CsPbBrs nanowires under a constant bias of 2.0V.l"** Copyright 2016, American Chemical Society.
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Figure 14. (a) TEM and (b) HRTEM images of CsPbl; nanocrystals. (c) Schematic diagram of the PDs based on CsPbl; nanocrystals. (d) -V
characteristics of PDs based on CsPbl; nanocrystals as a function of incident light intensity. (e) Photoresponse of PDs based on CsPbl; nanocrystals
under different voltages. (f) Photocurrent rise time and decay time of PDs based on CsPbl; nanocrystals.['*] Copyright 2016, Royal Society of Chemistry.
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Figure 15. (a) Fabrication process of photodetectors based on CsBisl;o perovskite films. (b) Photoresponse of CsBislqo based photodetectors under
periodical light illumination of 650 nm wavelength at a bias voltage of 1.0V. (c) Photoresponse of CsBisl;o based photodetectors before and after

3 months."?¥! Copyright 2017, American Chemical Society.

It is well known that Pb element is toxic and hazardous,
therefore photodetectors based on lead-free inorganic halide
perovskites has attracted great interests. For example, Tong et al.
developed red-light sensitive photodetectors based on CsBislyq
films, as shown in Figure 15a.'26) Because CsBisl;o has a
relatively narrow bandgap, the as-prepared photodetectors are
sensitive to the light of 650 nm wavelength, with the rise and

Table 3. Performance comparison of the IMH perovskite based PDs.

decay time of 0.33 and 0.38ms, respectively (Figure 15b).
Notably, the CsBi3l;( based photodetectors exhibited a very good
stability even after storage for 3 months under ambient
atmosphere (Figure 15c).

For comparison, the performances of the PDs based on IMH
perovskites are listed in Table 3. Briefly, IMH perovskites have
become on class of promising photo-sensing materials, owing to

Device structure Responsivity (AW ™") On/off ratio Rise time (ms) Decay time (ms) Stability References
Au/CsPbBrs/Au 0.18 8 x 10° 1.8 1.0 >2 months e
Au/CsPbBrs/Au 2.1 4.6 x 107 ~300 ~300 - el
Au/TiO,/CsPbBrs/Au 3.5 10* ~ 10,000 ~ 5000 - 1120
Au/CsPbBrs/Au - - 17.8 14.7 - 21
ITO/CsPbBr;/ITO 0.64 >10* 0.019 0.024 12h 122
ITO/CsPbBr;-CNTs/ITO 311 >10° 0.016 0.38 - 1123]
Au/CsPbBr;/Au - - - - _ 124]
Au/CsPblz/Au - >10° 24 29 - 0z
Au/CsBislo/Au 21.8 10° 0.33 0.38 >3 months [126]
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Figure 16. (a) TEM image of monodispersed perovskite nanocrystals. (b) Composition-tunable PL spectra of CsPbX; nanocrystals with different halides.
(c) Schematic diagram, (d) cross-sectional SEM image and (e-g) Photographs of LEDs based on CsPbX; nanocrystals.®”! Copyright 2015, Wiley-VCH.

the large absorption coefficient, high charge carrier mobility,
good stability, and so on. Therefore, it is valuable to make more
efforts on the research of the PDs based on IMH perovskites.

3.3. Light-Emitting Diodes

Recently, IMH perovskites were also applied in the LED devices
as light emitting materials.[”7%1?"713¢ Song et al. first reported

Sol. RRL 2017, 1, 1700086

the LEDs based on CsPbX; nanocrystals (Figure 16a—d).”! In
this work, three kinds of LEDs emitting blue, green, and organ
light were fabricated with emission wavelength peaks at 455,
516, and 586 nm (Figure 16e—g). However, the performances of
LEDs based on IMH perovskites are still inferior to those based
on OMH perovskites, owing to low charging transporting
resulted from the poor configuration of the LEDs and a mass of
long ligands on the surface of CsPbX; nanocrystals. Therefore, to
further improve the performances of LEDs based on IMH
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Figure 17. (a) Schematic structure, (b) cross-sectional SEM image and (c) band diagram of LEDs based on CsPbBr; nanocrystals. (d) Current density
and brightness vs driving voltage (J—-I-V) of LEDs with and without PFI. (e) PL spectrum of a CsPbBr3 nanocrystal film, and EL spectra of LEDs with PFl at
different voltages. (f) EQE and current efficiency vs current density of LEDs with and without PFI.["*”) Copyright 2016, American Chemical Society.

perovskites, one possible way is to improve the charge transport
properties by optimizing the configurations of LEDs, and
another possible way is to improve the charge transport
properties by reducing the amount of organic ligands on the
surface of CsPbX; nanocrystals.

For the configurations of high-performance LEDs, one of the
main obstacles is the existence of charge injection barrier
between the charge-transporting layer and the emitter. To

n*-GaN

facilitate charge transportation, designing accordant charge-
transporting layer and emitters is crucial, which can be
addressed by introducing interfacial layers. Zhang et al
incorporated a perfluorinated ionomer (PFI) interlayer between
the hole-transporting layer (poly TPD) and the CsPbBrs
nanocrystal layer in the LEDs with ITO/poly TPD/CsPbBr;/
TPBI/LiF/Al structure.*”) The PFI interlayer led to a 0.34eV
increase of VBM of poly TPD, providing a more matching band
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Figure 18. (a) Schematic structure and cross-sectional SEM image of CsPbBr; based LEDs. (b) J-/-V plots, (c) EQE and current efficiency vs current
density plots of CsPbBr; based LEDs. (d) Emission intensity of the four kinds of LEDs as a function of running time under a continuous bias of 10.0 V.[*8

Copyright 2016, American Chemical Society.
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structure with CsPbBr; (Figure 17a—c). The PFI layer was also
beneficial to maintain the charge balance of CsPbBr3 nanocrystal
layer and preserve the emissive properties. As a result, bright
green emission could be observed from the modified LEDs, and
exhibiting improved parameters, such as low turn-on voltage,
strong peak luminance, and high EQE compared to those
without PFI layer (Figure 17d—f). Unfortunately, the LEDs still

Sol. RRL 2017, 1, 1700086

1700086 (19 of 24)

showed unstable electroluminescence, and the signal decayed to
50% of its initial value after 10min. It indicates that for
optimizing the configuration of IMH perovskite LEDs, both the
matching of band structures and the stability of emitting layer
should be considered. To address these two issues, Shi et al.
proposed an all-inorganic LED with the structure of c-Al,03/n -
GaN/MgZnO/CsPbBr;/PMMA/MgNiO/Au, in which MgZnO
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Figure 22. (a) Schematic diagram of the LEDs based on CsSnl; films. (b) J-I-V plots, (c) EQE plots, and (d) EL plots of the LEDs based on CsSnl;
films."*" Copyright 2016, Wiley-VCH.

Table 4. Performance comparison of the LEDs based on IMH perovskites.

Materials EL Amax (nm) Von (V) Max. EQE (%) Max. CE (cd A7) Max. PE (ImW™") Max. L (cdm™?) References
CsPbBr; 517 5.8 0.35 1.2 - 2938 127
CsPbls 698 - 5.7 - - 206 (28]
CsPbly 55Bro 75 619 - 1.4 - - 1559 1128
CsPbBr; 523 - 0.19 - - 2335 1128
CsPbBrysClys 430 - 0.0074 - - 8.7 1128
CsPbBr;-CsBr 524 2.8 0.15 0.57 - 7276 1131
CsPbBrxl;_, - 4.0 - 0.027 0.021 21.7 [133]
CsPbBrs - 5.0 - 0.308 0.16 51.7 [133]
CsPbBr,Cls_, - 4.0 - 0.025 0.019 15.2 1133
CsPbBr;-CsPb,Brs 527 4.6 221 8.98 3.4 3853 (68]
CsPb(Br/l)s 586 46 0.09 0.08 0.06 528 (671
CsPbBr; 516 4.2 0.12 0.43 0.18 946 (671
CsPb(Br/Cl); 455 5.1 0.07 0.14 0.07 742 (67
CsPbBrs 516 3.5 0.06 0.19 - 1377 1137
CsPbBr; 522 3.0 2.39 2.25 - 3809 [138]
CsPbBrs 515 3.0 3.0 - - 330 11391
CsPbBr,Cls_, 490 3.0 19 - - 35 (139]
CsPbBr; 512 3.4 6.27 13.3 5.24 15,185 72
CsPbBr; 521 2.5 4.26 15.67 - 53,525 1140]
CsSnls 950 - 3.8 - - - 1141
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and MgNiO were used as the electron and hole injectors,
respectively (Figure 18a)."*®! The band structures of MgZnO and
MgNiO can be engineered by adjusting the ratios of Mg?*" ions.
As a result, the LEDs exhibited the luminance, luminous
efficiency, and EQE as high as 3809cdm ™2, 2.25cdA™", and
2.39%, respectively (Figure 18b—c). Moreover, the LEDs can
retain nearly 80% of the initial efficiency when operated
continually for 10h under 10.0V, indicating a significantly
improvement on operation stability (Figure 18d).

For the amount of long ligands, they have double side effects in
the application of LEDs. The long ligands on the surface of CsPbX3
nanocrystals can provide sufficient surface passivation and result
in high PLQYs and ink stability. However, insulating long ligands
capped on CsPbX; nanocrystals may hinder the charge transport.
Therefore, controlling the amount of long ligands on CsPbX;
nanocrystal surface can balance the surface passivation and charge
transport. Pan et al. demonstrated the replacement of long ligands
with shorter ligands, such as di-dodecyl dimethyl ammonium
bromide (DDAB), to enhance the charge transport of CsPbBrs
films (Figure 19a)."** The results showed the treated CsPbBr;
nanocrystals can preserve the original particle sizes and shapes,
and the PLQY increased from 49% to 71% (Figure 19b—d). When
used in LEDs, the treated CsPbBr; nanocrystals exhibited a sharp
EL peak with high luminance and high EQE. Simply, Li et al.
pointed out that the ligand density can be controlled just by
washing the CsPbBr; nanocrystals with hexane/ethyl acetate
mixed solvent (Figure 20a).”? By adjusting the washing times, the
CsPDbBr; nanocrystals can persevere the initial shapes and sizes,
and exhibit a high PLQY (Figure 20b—c). When the CsPbBr;
nanocrystals washed for two times were employed into LEDs, a
high EQE of 6.27% and current efficiency of 13.3 cdA™" were
achieved.

To completely avoid the negative effect of capping ligands,
preparing CsPbXj thin film using the one-step solution process
is a possible method, however, the low solubility of CsBr
precursor makes it difficult to obtain high-quality CsPbBr; thin
films. To resolve this problem, Ling et al. proposed a new
synthetic method by dissolving poly(ethylene oxide) (PEO) and
CsPbBr; in DMSO to fabricate microcrystalline CsPbBr; films
followed by washing in chlorobenzene (Figure 21a),!"*” showing
higher PLQY and better morphology than pristine CsPbBrs; films
(Figure 21b—c). In this work, four different kinds of LEDs based
on modified CsPbBrj; films were fabricated (Figure 21d). Among
them, the device IV exhibited the maximum luminance, EQE,
and current efficiency of 53525 cd m™2, 4.26%, and 15.67 cd A™%,
respectively (Figure 21d—e). This study proved once again that
besides the amount of long ligands, the configuration of LED is
also crucial for the performances.

LEDs based on other IMH perovskites, such as CsSnX;, were
also fabricated. Hong et al. fabricated infrared LEDs based on
uniform, dense CsSnl; films prepared via a low-temperature
solution process (Figure 22a)."*! The infrared LEDs displayed
high performances with an EL peak at 950nm, maximum
radiance of 40 W/srm™2 at a current of 364.3mAcm 2 and a
maximum EQE of 3.8% at 4.5V, respectively (Figure 22c-d).

For comparison, a summary of the LEDs based on IMH
perovskites are listed in Table 4. Owing to the remarkable
optoelectronic properties, the LEDs based on IMH perovskites
are developing rapid. As mentioned above, the EQE of LEDs
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based on CsPbBr; has raised from 0.12% to 6.27% in less than 2
years. Similar to PSCs and PDs, the LEDs based on IMH
perovskites have a promising future as well.

4, Conclusions and Outlook

In summary, here we reviewed the recent advances of IMH
perovskites, especially the synthesis methods, modification
strategies and the potential applications in varied optoelectronic
devices, including PSCs, PDs, and LEDs. However, compared
with OMH perovskites, the performances of IMH perovskite
based devices are still not very desirable. Just like a coin has two
sides, the relative low performances and the short developing
time indicate there is still plenty of room for the research of IMH
perovskites.

Compared with OMH perovskites, the IMH perovskites, such
as CsPbBrs3, exhibited higher stability. However, the bandgaps of
IMH perovskites usually are not very appropriate for the
application in PSCs, therefore the engineering of bandgap is
necessary. Recently, the PCE of IMH perovskite based PSCs has
raised from 6% to ~11%. Unfortunately, although the modified
IMH perovskites exhibited higher PCEs, their stability was
usually poorer than CsPbBrj3, especially in humid atmosphere.
This drawback was also found in the applications of PDs and
LEDs. Therefore, it is required to find more optimized solutions
to adjust the bandgaps and improve the stability simultaneously.

On the other hand, IMH perovskites are more appropriate to be
utilized in silicon-perovskite tandem solar cells, which is very
promising for industrial application. The bandgap of crystalline Si
is about 1.1 eV. To obtain an optimized overall PCE for the silicon-
perovskite tandem solar cells, abandgap of ~1.75 eVisrequired for
the IMH perovskites to absorb light as much as possible. *°” For
example, the bandgaps of CsPbBr; and CsPbl;are2.3and 1.73 eV,
respectively, which indicates the bandgap of CsPbI,Br;_, can be
tuned between 1.73-2.3 eV by adjusting the halide compositions.
Therefore, employing IMH perovskites into the silicon-perovskite
tandem devices is possible.

Meanwhile, strengthening the basic theoretical research of
IMH perovskites is necessary as well. To date, many experimental
results on IMH perovskites have been reported, however,
systematic theoretical simulations on them are not enough. For
example, the PSCs based on CsPbI,Br exhibited rising device
performance under continuous illumination,'* which was
ascribed to the enhancement of hole collection by a series of
experimental characterizations, however, no theoretical clarifica-
tion was developed to explain this result. Therefore, it is desirable
to establish suitable theoretical models for IMH perovskites.

Similar with OMH perovskites, the research of Pb-based IMH
perovskites is still the mainstream, which are toxic and harmful.
Non-toxic lead-free IMH perovskites with good properties are
more preferable. Optoelectronic devices based on lead-free IMH
perovskites (e.g., CsSnXj3) have been studied recently. However,
the performances were usually lower than those based on Pb-
based IMH perovskites, and more systematic researches are
required. Overall, the IMH perovskites have had rapid progress
within recent 2 years and exhibited great potential for
optoelectronic applications, while more efforts are still needed
to optimize the properties.
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