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Abstract

Metal halide perovskites have attracted tremendous interest because of their unique chemical and
physical properties. Among them, organic-inorganic metal halide (OMH) perovskite solar cells
(PSCs) exhibit a rapid development with the power conversion efficiency (PCE) increased from
initially 3.8% to nowadays 25.5%. However, the inherent chemical instability of these materials
against moisture, heat and ultraviolet light hinders their commercialization. Therefore, by
replacing organic cations with inorganic cations, all-inorganic metal halide (IMH) PSCs are
regarded as promising alternatives, and their PCEs have exceeded 20% since the first report in
2015. In this review, we discuss the latest progress of IMH perovskites and their applications in
solar cells, which is followed by a summary of existent challenges in the IMH PSC field and an
outlook on future development.
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1. Introduction

For the past twelve years, organic-inorganic metal halide (OMH) perovskites have attracted much
attention because they possess unique chemical and physical properties, such as long carrier

lifetime, large carrier mobility, high optical absorption, small effective mass and exceeding 25%
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power conversion efficiency (PCE) in solar cells.[1-19] So far, typical OMH perovskites include
CH3sNHzsPbls (MAPDI3) and HC(NH2)2Pbls (FAPbIs), but the existence of organic cations makes
them suffer from poor photochemical and thermal instability issues.[20-32] In order to improve
the stability, a series of Cesium (Cs)-incorporated OMH perovskites have been developed, e.g.,
FA0.9Cs0.1Pbl3, FA0.8Cso.2PblogsBrois, Cso.05(MA0.17FA0.83)0.95Pb(lo.83Bro.17)3, and so on.[33-37]
Although these Cs-incorporated perovskites can display superior stability to OMH perovskites,
they still face challenges for the long-term stability due to the remaining organic components.

For this reason, all-inorganic metal halide (IMH) perovskites without any organic components
emerged to be alternatives since 2015 and have exhibited excellent moisture and heat
resistance.[38-44] Three basic types of IMH perovskites, including CsPbCls, CsPbBr3, and CsPbls,
were proposed according to previous literature.[45-47] Their properties and stabilities vary.
CsPbCls is not suitable for solar cell applications because of the large bandgap (about 3.0 eV).[48-
49] CsPbBrs possesses a bandgap of 2.3 eV, which is still large for solar cell applications, however,
it shows a much better stability than other perovskites.[50-53] CsPblz with a narrow bandgap of
1.7 eV [54] is a good absorber for solar energy harvesting, especially for tandem devices. However,
the black phase CsPbls is not stable and quickly degrades to a yellow non-perovskite phase at room
temperature, which basically does not absorb much sun light.[54-56] Besides the three basic types,
the mixed-halide IMH perovskite, CsPb(IxBrix)3 was also reported showing a narrower bandgap
than CsPbBr3 and better stability than CsPbls.[57-61]

In this review, we summarize the latest progress of IMH perovskites and their applications in solar
cells. We first discuss the fundamental insights of IMH perovskites, including crystal structures,
electronic structures, and photovoltaic properties. Then, we compare the IMH perovskite solar
cells (PSCs) in terms of their compositions, including CsPbBrs, CsPb(IxBrix)s and CsPbls, as well
as their structures and photovoltaic performances (Table 1). Finally, we present the challenges in
the IMH PSC field and provide an outlook on future development.

Table 1. Summary of CsPbXs-based IMH-PSCs in literature. Device configuration, power
conversion efficiency (PCE), and stability/condition are compared.
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2. All-inorganic metal halide perovskite candidates and their properties
2.1 Crystal and electronic structures

The formation of the perovskite structure (ABXs, X = CI, Br, and I) is commonly determined by
the Goldschmidt’s tolerance factor (t):[47,62-63]

_ (R4 + Rp)
V2(Rp + Ry)

where Ra, Rg, and Rx are the effective ionic radii of A, B, and X ions, respectively. A possible
perovskite candidate can be predicted when tis in the range from 0.8 to 1.0. Whent=1.0, an ideal
ABX3 perovskite structure with a cubic crystal structure will be obtained. When t is in the range
from 0.9 to 1.0, the perovskite structure is dominant by a cubic phase. When t is from 0.8 to 0.9,
the perovskite structure will be distorted, and other structures, such as an orthorhombic, tetragonal,
and rhombohedral crystal structures, will emerge. It has also been proposed that t alone is not
sufficient for the prediction of stable perovskite structure, an additional indicator of octahedral
factor (l) is needed,[33,64]

#—RX

which means the B site cation must have the appropriate size to be coordinated by six anions and
can therefore fit into the octahedral void, the minimum and maximum values of pu are 0.41 and
0.72, respectively. Based on the two factors, theoretical and experimental results identified that
inorganic Cs was the best choice for A site to form a stable all-inorganic perovskite structure.
Moreover, it is well known that the high photovoltaic performance of the PSC strongly depends
on the antibonding character of the valence band maximums of perovskites, which is resulted from
the outermost electrons of the lead (Pb) cation hybridizing with the halogen anion p orbitals. Such
a perfect structure suggests that Pb is the best choice for B-site.[40-44] Therefore, combining with
the requirements of bandgaps, three kinds of IMH perovskites, including CsPbBr3, CsPb(IxBri-x)3
and CsPbls, were studied widely previously and will be reviewed in this following part.
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Fig. 1. a, Schematic of the ABXz perovskite with the tilting angle (0), bond length, and
Goldschmidt tolerance factor. Reproduced with permission from Dutta et al. [65], Copyright (2019)
American Chemical Society. b, Schematic diagrams of the 3D arrangement of the [PbXg]*
octahedra in CsPbXs perovskites with a cubic (a), tetragonal (B), and orthorhombic (y) structure.
Reproduced with permission from Bertolotti et al. [66], Copyright (2017) American Chemical
Society. ¢, Schematic of the bonding/antibonding orbitals of CsPbX3 showing the formation of the
valence band (VB) and conduction band (CB). Reproduced with permission from Ravi et al. [67],
Copyright (2016) American Chemical Society. d, Calculated band structures of the CsPbls

perovskites with a cubic (o), tetragonal (B), and orthorhombic (y) structure. Reproduced with
permission from Wang et al. [68], Copyright (2019) AAAS.

In general, CsPbX3 (X = Br, 1, and mixed halides) possesses a characteristic [PbXs]* octahedral
structure, in which Pb?* and X" ions form a three-dimensional (3D) network of corner-sharing
PbXs octahedra, and Cs* ions occupy the octahedral voids. Owing to the high flexibility of the
[PbXe]* octahedral structure, CsPbXs has four types of crystal polymorphs, including cubic
structure (a-, Pm3m), tetragonal structure (8-, P4/mbm), orthorhombic structure (y-, Pbnm), and
non-perovskite structure (6-, Pnma). These four types of crystal polymorphs can be transferred
between one another by tilting the octahedra, implying bending of the Pb-X-Pb angle from the
ideal 180° value (Fig. 1a).[65] CsPbls has an obvious difference among the four crystal
polymorphs because of its large radius of iodine. Here, we therefore use CsPblz as an example. At
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room temperature, CsPblsz exhibits the non-perovskite 5-phase with Pb-1-Pb bond angles of 95.9°
and 91.4°, which has a large bandgap of nearly 3.0 eV and is relatively inactive as a photovoltaic
absorber, which will not be discussed in this review. Besides, CsPbls has three kinds of black
phases when the temperature rises from room temperature to the melting point, including a-, -,
and y-phases, as shown in Fig. 1b.[66] Among them, a-phase has the highest symmetry with a
cubic structure, and its Pb-1-Pb bond angle is an ideal 180° value with an undistorted lead iodide
octahedra. Transitions from the a-phase to the lower symmetry modifications (B- and y-phases)
are observed progressively upon cooling. On the one hand, B-phase CsPblz will be generated when
a tetragonal distortion is applied on the ideal cubic structure, which shows out-of-plane tilting of
the polyhedral along the c-axis, adopting the tetragonal space group. On the other hand, performing
a second distortion on the a-phase CsPblz will generate y-phase CsPbls, which is another
metastable perovskite phase with an orthorhombic structure.

Besides the crystal structure, the electronic structure of CsPbXs is also very important for its
application in PSCs. The electronic structures of CsPbXs with different halides have been
predicted by the density functional theory (DFT) calculations, which showed the similar features,
as shown in Fig. 1c.[67] The conduction band minimum (CBM) consists of antibonding mixing
of Pb 6p and X np orbitals with dominant contributions from Pb 6p, while the valence band
maximum (VBM) is mainly determined by antibonding hybridized Pb 6s and X np orbitals with
the major contribution from X np. Meanwhile, it has been demonstrated that the Cs* has little effect
on the electronic structure near the band edge, although it can affect the electronic structure
indirectly by tilting the [PbXe]* octahedra when it is replaced by other cations. In order to echo
with Fig. 1b, here, we also use CsPbls as an example. Fig. 1d shows the band structures of a-, f3-,
and y-phase CsPblz perovskites, which reveal that all of them have direct bandgaps, suggesting
their potential applications in PSCs.[68] Moreover, the relative trend of the bandgap was calculated
by the self-consistent GW approach, which yielded a gradually increasing trend with the values of
1.26, 1.70, and 2.0 eV for the a-, B-, and y-phase CsPblz perovskites, respectively. This trend has
already been demonstrated experimentally. For y-phase CsPbls, the band edge emission was
around 700 nm based on the photoluminescence (PL) spectra, which agreed with the bandgap of
1.73 eV.[54-56] For B-phase CsPbls, it showed an absorption edge of ~ 736 nm with a bandgap of
1.68 eV based on a Tauc plot.[68] For a-phase CsPbls, there is no experimental report till now
because of its phase instability at room temperature.
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Fig. 2. Experimental STM images and simulated models of CsPbBr3 with a, stripe domain and b,
armchair domain. ¢, Experimental UPS-IPES spectra and calculated PDOS of the CsPbBra.
Reproduced with permission from Hieulle et al. [69], Copyright (2020) American Chemical
Society.

Recently, the atomic and electronic structures of CsPbBrs perovskites were also studied
systemically by Hieulle and coworkers.[69] They first used the scanning tunneling microscopy
(STM) to characterize the atomic structure of the CsPbBrs perovskite film on Au(111). Two
different arrangements of Br anions, including the stripe domain and the armchair domain, were
found, which originated from a complex interplay between Cs cations and Br anions (Fig. 2a-b).
Further studies on the two kinds of domains were performed by scanning tunneling spectra (STS)
and differential conductance (dI/dV) and the results revealed relatively similar electronic
properties between them. Moreover, the electronic structure of the CsPbBr3 perovskite was also
studied by ultraviolet and inverse photoelectron spectroscopy (UPS-IPES), which showed the
same result with previous literature and their DFT calculations, as shown in Fig. 2c. In short, this
work first reported the band structure of the CsPbBr3 perovskite based on its precise surface atomic
structure obtained by STM, which may lead to a better prediction of interfacial properties of the
CsPbBr3 perovskite and a new way for the PSC engineering.

2.2 Photovoltaic properties

Except for the crystal structure and electronic structure, it is also necessary to provide a brief
review on the photovoltaic properties of CsPbXs to help us understand their applications in PSCs,
like carrier lifetime, carrier mobility, carrier diffusion length, mobility-lifetime product, electron-
hole recombination rate and so on.
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Fig. 3. Photoconductivity data from the samples of CsPbBr3 for a, electrons and b, holes. The
fitting of the data is based on the Many equation. Reproduced with permission from Stoumpos et
al. [70], Copyright (2013) American Chemical Society. ¢, Current-voltage (I-V) curve of a hole-
only device based on CsPbBrs. The inset shows the device structure of the hole-only device.
Reproduced with permission from Song et al. [71], Copyright (2017) Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. d, Time-resolved PL decay kinetics of the CsPbBrs single-crystal
microplates at different excited carrier densities. Reproduced with permission from Zhu et al. [72],
Copyright (2017) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. e, time-resolved
microwave conductivity traces for a vapor-deposited CsPbls thin film with thickness of 260 nm.
Reproduced with permission from Hutter et al. [73], Copyright (2017) American Chemical Society.
f, Transient absorption dynamics of the band edge bleach feature for CsPbls. Reproduced with
permission from Dastidar et al. [74], Copyright (2017) American Chemical Society.

In 2013, Stoumpos et al. prepared the CsPbBrs single crystal ingots by the vertical Bridgman
method and the electron lifetime and mobility were demonstrated to be ~2.5 ps and 1000 cm? V!
s%, respectively. The mobility-lifetime products for electrons and holes in CsPbBrs single crystal
ingots were also estimated by the photoconductivity measurements and the values were determined
to be 1.7 x 107 cm?/V and 1.3 x 1073 cm?/V, respectively (Fig. 3a-b).[70] Later, Song and
coworkers also fabricated the CsPbBrz single crystal ingots by a modified vertical Bridgman
method. They obtained the carrier mobility value of ~2000 cm? V1 %, and also characterized other
photovoltaic properties. For example, the CsPbBr3 single crystal showed a large diffusion length
of more than 10 um, a high visible absorbance coefficient of about 10° cm™ and a low trap-state
density of 1.2 x 10° cm™ (Fig. 3c). Furthermore, they fabricated a photodetector based on the
CsPbBrs single crystal, which exhibited high light on/off ratio of more than 10%.[71] In 2017, Zhu

and coworkers synthesized CsPbBrs microplates and demonstrated that CsPbBrs had the same
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chance with MAPbBrs and FAPbBr3 in the application of photovoltaic devices, because it showed
low carrier trapping rate constants (~107 s1), low surface recombination velocities (~10% cm s2),
low electron-hole radiative recombination rate constants (~10° cm?® st), and modest carrier
mobilities on the order of tens of cm? V! st (Fig. 3d).[72]

Besides CsPbBr3 perovskites, the photovoltaic properties of CsPbls and CsPb(1xBri-x)3 perovskites
were also studied in the last few years. For example, Hutter et al. prepared CsPbls films by the
vapor deposition method, which showed the charge carrier mobility of around 25 cm? V1 st and
the charge carrier lifetime of several us (Fig. 3e). Moreover, by fitting the experimental time
resolved microwave conductivity (TRMC) data to a kinetic model, the second-order recombination
rate constant was determined to be 1.3 x 107° cm? s.[73] Using pump-probe time-resolved
terahertz spectroscopy (TRTS), Dastidar et al. investigated the carrier mobility and recombination
kinetics of the solution-processed CsPbls perovskite film (Fig. 3f).[74] By fitting the data with a
kinetic model combining diffusion and recombination, a bimolecular recombination rate of 107°
cm?® st and a charge carrier mobility > 30 cm? V! s were determined. Moreover, the diffusion
length for CsPbls was estimated to be 1 um in this work. For CsPb(IxBri-x)3 perovskites, Kennedy
et al. also measured the recombination dynamics and transport properties of individual CsPbl.Br
microcrystals by ultrafast pump-probe microscopy.[75] By global fitting of power-dependent
Kineties, the carrier lifetime and mobility were determined to be ~1 ns and 10 cm? V! s?,
respectively.

In short, for the carrier mobility, because the excitation and recombination of electrons and
excitons were confined within the [PbXs]* octahedra,[76] it seems that the carrier mobility values
of CsPbX3 were similar and can be comparable with those of the corresponding hybrid ones. For
the carrier lifetime, it relies on the film quality, which depends on the fabrication method. As a
result, the carrier lifetime varies for CsPbX3 perovskites fabricated by different methods. This can
also be demonstrated indirectly by the example that the single crystals of CsPbXs showed higher
values than the polycrystalline films. For the carrier diffusion length, most of them were on the
order of 1 um, which was much larger than the corresponding hybrid ones. Overall, the
photovoltaic properties of CsPbXs perovskites indicate that CsPbXs perovskites are potentially
good light absorbers for the applications in PSCs.

3. All-inorganic metal halide perovskite solar cells (IMH-PSCs)

As mentioned above, typical IMH perovskites include CsPbBrs3, CsPb(IxBrix)z and CsPbls. In this
section, we give a detailed discussion on their applications in PSCs. According to their bandgaps,
we first review CsPbBrz-based IMH-PSCs, mainly focusing on some effective strategies to
improve their power conversion efficiencies (PCEs). Then we discuss CsPb(IxBri-x)3-based IMH-
PSCs, including CsPblBr2- and CsPbl.Br-based IMH-PSCs. Finally, we review CsPblsz-based
IMH-PSCs in terms of enhancing their stability and PCEs at the same time.

3.1 CsPbBrs-based IMH-PSCs

CsPbBrs has a wide bandgap of 2.3 eV, indicating that it can absorb the wavelength below 540

nm. This bandgap is a bit too high for its application in the PSC, however, CsPbBrz exhibits an

excellent stability among all kinds of perovskites so far. Therefore, it is useful for us to study
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CsPbBrsz-based IMH-PSCs, from which we can study the approaches to improving photovoltaic
performances of PSCs carefully because they are less influenced by the stability of perovskites.
Moreover, we can use it into the tandem devices by introducing some iodine into CsPbBrsz as
discussed in the next subsection. Thus, in this subsection, we mainly focus on the effective and
promising methods to enhance PCEs of CsPbBrs-based IMH-PSCs.

In 2015, Kulbak et al. first employed CsPbBrs into PSCs successfully, in which they prepared the
CsPbBrs film by a two-step method.[77] In order to obtain a high PCE and open-circuit voltage
(Voc), they fabricated various PSC architectures with different electron transport materials (ETMSs),
including mesoporous (mp)-TiO2, mp-Al20s, and without mp-layer, and distinct hole transport
materials (HTMs), including spiro-OMeTAD, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA), and 4,4'-bis(N-carbazolyl)-1,1'-biphenyl (CBP), respectively. As a result, the CsPbBrs-
based IMH-PSCs with the structure of FTO/mp-TiO2/CsPbBrs/PTAA/Au showed the highest PCE
of 5.95% with a large Voc of 1.28 eV. In order to illustrate the good stability of CsPbBrs-based
IMH-PSCs, Kulbak et al. compared MAPbBr3 and CsPbBrz directly in another work.[78] They
first prepared the two kinds of perovskites using the same method and compared their thermal
stability by thermogravimetric analysis (TGA). The result showed that CsPbBrs had a high
temperature tolerance of 580 °C, which was much higher than that of MAPbBrs. Then they
employed the two kinds of perovskites into PSCs with the same structure and compared their
photovoltaic stability. As a result, the PCE of the CsPbBrs-based IMH-PSC was slightly lower
than that of the MAPbBrs-based PSC, while the former exhibited much better stability than the
latter. Finally, the stability of the two kinds of PSCs was tested under the electron beam, which
also showed that the CsPbBrs-based IMH-PSC had a better stability than the MAPbBr3z-based PSC.
These results indicated that CsPbBr3 as a stable light absorber was promising.
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Fig. 4. a, Schematic diagram of the CsPbBrs-based IMH-PSC with the carbon electrode. b, The
champion J-V plot of the CsPbBrz-based IMH-PSC with the carbon electrode. The inset shows
corresponding photovoltaic parameters. Normalized PCEs of the CsPbBrs-based IMH-PSCs with
carbon electrodes, the MAPDbBrs-based PSCs with carbon electrodes and the MAPbBr3-based
PSCs with spiro-MeOTAD and Au electrode as a function of storage time under ¢, humid air (90—
95% RH, 25 °C), d, high temperature (100 °C), and e, cycled temperature (-22 °C to 100 °C).
Reproduced with permission from Liang et al. [84], Copyright (2016) American Chemical Society.

The two works proposed by Kulbak et al. opened a way for enhancing the stability of the PSC
dramatically, however, the structures of PSCs still contained organic HTMs and noble metal
electrodes, which increased the cost of PSCs. Moreover, some organic additives in commonly used
HTMs, such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and tert-butylpyridine (tBP),
are also hygroscopic and deliquescent, which accelerates the PSC degradation.[79-83] In order to
resolve these shortcomings, Liang and coworkers proposed CsPbBrz-based IMH-PSCs with
carbon electrodes, as shown in Fig. 4a.[84-85] In this structure, low-cost carbon electrodes with
high conductivity, stability, and processability were used to replace both instable organic HTMs
and expensive noble metal electrodes for hole collection, as it had a proper work function
compared with Au. A PCE of 6.7% and a Voc of 1.24 eV were reported (Fig. 4b). The stability of
the CsPbBrs-based IMH-PSCs with carbon electrodes was also demonstrated to be excellent under
different harsh conditions, such as high humidity, high temperature, low temperature, and a cycled
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temperature (-22 °C to 100 °C), as shown in Fig. 4c-e. Moreover, a CsPbBrz-based IMH-PSC with
a large active area (1.2 cm?) was also fabricated, which showed a minor hysteresis and a PCE of
5.0%.

Considering that the bandgap of CsPbBrs is 2.3 eV, the PCE of ~7% is still far from its theoretical
limit. Till now, three categories of effective strategies for boosting photovoltaic performances of
CsPbBrs-based IMH-PSCs were put forward according to previous literature: (1) developing novel
preparation methods to enhance the quality of the CsPbBr3 perovskite film; (2) doping the CsPbBr3
perovskite with heteroatoms to enhance the quality of the CsPbBrs perovskite film; (3) optimizing
the architecture of CsPbBrz-based IMH-PSC to facilitate carrier transport.
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Fig. 5. a, Schematic diagram of the deposition process on 1) FTO with 2) compact-TiOz, 3)
mesoporous-TiO2, and 4) PbBrz, and the multistep solution-processed deposition of CsBr.
Reproduced with permission from Duan et al. [90], Copyright (2018) Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. b, Schematic diagram of the dual-source coevaporation. Reproduced
with permission from Lei et al. [98], Copyright (2018) Elsevier. c, Schematic diagram of the PTI
method to produce CsPbBrs films. Reproduced with permission from Tong et al. [100], Copyright
(2019) Elsevier.

The quality of the perovskite film is important for the photovoltaic performance of the PSC.[86-
89] For example, a large number of defects at the interfaces and grain boundaries usually act as
charge recombination centers in PSCs, which lead to a poor performance. Moreover, in CsPbBr3-
based IMH-PSCs, a high temperature is necessary to anneal CsPbBrs, and the high temperature
will result in poor crystallinity with uneven crystal sizes, pinholes, and large traps, which will
further weaken their photovoltaic performances. Therefore, it is necessary to improve the quality
of the CsPbBrs film, such as reducing its defects and pinholes, increasing its crystallinity. Till now,
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several approaches have been put forward. Duan and coworkers developed a multi-step solution-
processing method to convert PbBr2 into CsPbBr3 by spin coating the CsBr solution onto PbBr2 in
several steps, as shown in Fig. 5a.[90] By tuning the number of deposition cycles (n) of the CsBr
solution, n = 4 was demonstrated to be the ideal cycle, which gave a good CsPbBr3 film with large
size and without pinholes. As a result, a PCE of 7.54% and a Voc of 1.308 V were obtained.
Vacuum thermal evaporation is a mature technique used in the coating industry that can easily
deposit multiple layers of thin films with large areas, good uniformity and flatness.[91-97]
Therefore, Lei et al. put forward vacuum thermal evaporation deposition of CsPbBr3 films by dual-
source coevaporation of CsBr and PbBr. powder (Fig. 5b).[98] By controlling the evaporation rate
ratio of CsBr and PbBr», high-quality CsPbBr3 films with good crystallinity and uniformity were
obtained. Finally, the CsPbBrs-based IMH-PSC showed a PCE of 6.95%. By optimizing the dual-
source thermal deposition method, Zhang et al. developed a multiple sequential vacuum deposition
method for the preparation of CsPbBr3 film, in which CsBr and PbBr, were successfully deposited
on the substrate with desired thicknesses, and followed by transformation into CsPbBr3 films by
an annealing procedure.[99] Meanwhile, by controlling the relative humidity at 30% during the
annealing process, a high-quality CsPbBrs film with pure phase and large grain size could be
achieved by this method. By employing it into the PSC with the structure of FTO/c-
TiO2/CsPbBra/carbon, a PCE of 8.86% was obtained. Fig. 5c displays a phase transition induced
(PTI) method proposed by Tong and coworkers, which produced high quality CsPbBr3 films by
utilizing the derivative phases as nucleation sites to slow down the formation of CsPbBr3 grains
and release the stress concentration.[100] Based on this approach, the CsPbBr3 films displayed
large grain sizes, good uniformity, high crystallinity, reduced trap densities, and low surface
potential barriers between the crystals and grain boundaries. As a result, the CsPbBr3-based IMH-
PSC with the carbon electrode showed the PCE as high as 9.86%. Moreover, the CsPbBr3-based
IMH-PSC with a n-i-p structure displayed a breakthrough PCE of 10.91%. In short, it is an
effective strategy to boost the photovoltaic performance of the CsPbBrs-based IMH-PSC by
developing novel preparation methods for CsPbBr3 films.
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Fig. 6. a, The enlarged comparison of (100), (110), and (111) diffraction peaks of CsPbBrs with
and without alkali metal ions. b, Typical scanning electron microscopy (SEM) image of
Cso.91Rbo.09PbBr3. ¢, J-V curves under dark conditions for the hole-only devices based on CsPbBr3
with and without alkali metal ions. Reproduced with permission from Li et al. [106], Copyright
(2018) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. d, Typical SEM image of
CsPbo.g7Smo.03Brs. €, Time-resolved PL curves of CsPbBrs with and without Yb*/Sm** ions. f, J-
V curves under dark conditions for the hole-only devices based on CsPbBrs with and without Sm®*
ions. Reproduced with permission from Duan et al. [107], Copyright (2018) Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Recently, the incorporation of a handful of additives into perovskites has also emerged as an
effective strategy to realize high-quality perovskite films, as these additives may passivate their
defects, enhance their stability, and tune their band structures.[101-104] In this fashion, three kinds
of partial substitutions can be adopted in CsPbBrs perovskites, including Cs-site substitution, Pb-
site substitution, and Br-site substitution. The Br-site substitution will be discussed in the next
subsection because it will lead to a big change in the bandgap. Therefore, we just discuss the other
two kinds of substitutions here. In OMH-PSCs, various alkali metal ions were incorporated into
A-sites of OMH perovskites to modulate their crystal structure.[105] The results showed enhanced
PCEs, which can be ascribed to the larger grain sizes, smaller non-radiative losses, and stronger
grain boundary passivation. Motivated by these works, Li et al. tried to introduce alkali metal
cations into CsPbBr3 perovskites to passivate its charge-carrier trapping.[106] According to X-ray
diffusion (XRD) characterization, the introduced alkali metal cations led to a contracted lattice
volume for the new IMH perovskites, which was beneficial for its application in the PSC (Fig. 6a).
Moreover, the grain size became large when alkali metal cations were incorporated into CsPbBr3
films, which could reduce the grain boundaries, maximize charge transportation kinetics, minimize
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non-radiative recombination rate and enhance radiative recombination rate, as shown in Figs. 6b-
c. Asaresult,a PCE up to 9.86% was achieved for Cso.91Rbo.00PbBrz-based IMH-PSCs with carbon
electrodes. Except for incorporation dopants into A-site, introducing dopants into B-site could
achieve the similar function. In the same group, Duan et al. introduced lanthanide ions into
CsPbBrz film through the multistep solution-processed method.[107] Through systematic
characterizations, the incorporation of Ln®" ions also increased the grain size of the CsPbBrs film,
prolonged the carrier lifetime and reduced charge recombination rate, as shown in Fig. 6d-f.
Therefore, the results showed the CsPbo.o7Smo.0sBrs-based IMH-PSC with the structure of FTO/c-
Ti02/m-TiO2/CsPhbo.g7Smo.03Bra/carbon gave a PCE as high as 10.14% with an ultrahigh Voc of
1594 V.
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Fig. 7. a, Typical cross-sectional SEM image of the IMH-PSC with the structure of
FTO/TiO2/CsPbBrs/TisCo-MXene/carbon. b, Energy alignment of the IMH-PSC in a. c, Carrier
transport mechanism of the IMH-PSC in a. J-V curves of devices with FTO/CsPbBrs/Au
configuration d, without and e, with TisC>-MXene. Reproduced with permission from Tong et al.
[108], Copyright (2018) The Royal Society of Chemistry. f, Time-resolved PL spectra of CsPbBr3
films with and without the Cu(Cr,M)O- layer. Reproduced with permission from Duan et al. [109],

Copyright (2019) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Although much progress has been achieved by developing new preparation methods for CsPbBr3
or doping CsPbBrs perovskites with heteroatoms, there are still some issues to be resolved in
CsPbBrs-based IMH-PSCs with carbon electrodes. One of the typical issues is the interface
between CsPbBrz perovskites and carbon electrodes, which has large recombination and energy
level mismatch, impeding the hole transfer in PSCs. In order to reduce the energy difference,
inorganic HTMs were proposed in recent years, which facilitated hole transfer from CsPbBr3
perovskites to carbon electrodes. In this respect, Chen et al. fabricated TizC>-MXene nanosheets
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by exfoliation of raw TisAIC, powder with a HF solution, and employed them into CsPbBr3-based
IMH-PSCs with carbon electrodes as efficient HTMs, as shown in Fig. 7a.[108] The improved
work function alignment ensured a lower energy barrier between the CsPbBr3 film and the carbon
electrode (Fig. 7b-c), suggesting that the TizCo-MXene layer could effectively extract hole carriers
from the CsPbBrs film and transport them to the counter electrode simultaneously (Fig. 7d-e). As
a result, the CsPbBrs-based IMH-PSC with the structure of FTO/TiO2/CsPbBra/TizCo-
MXene/carbon showed a PCE as high as 9.01%. For the same purpose, Duan and coworkers also
fabricated another HTM of Cu(Cr,M)O2 (Mg?", Ni?*, Zn?*, and Fe**) nanocrystals.[109] By tuning
the VBMs of Cu(Cr,M)O2 nanocrystals, the optimal CsPbBrz-based IMH-PSC with the structure
of FTO/TiO2/CsPbBrs/Cu(Cr,Ba)O>/carbon achieved a PCE of 10.18%. Such a good performance
can be ascribed to the bridged energy alignment from perovskite to Cu(Cr,Ba)O>, as shown in Fig.
7f. Except for the two typical HTM layers, other HTM layers were also introduced in the CsPbBrz-
based IMH-PSCs with carbon electrodes, such as MnS layer, CsMBrz (M = Sn, Bi, Cu) layer,
etc.[110-111] All of them showed enhanced PCEs, indicating that it is indeed an effective strategy
to boost the photovoltaic performance of the CsPbBrz-based IMH-PSC by introducing a HTM
layer between the CsPbBr3 film and the carbon electrode.

In the end of this section, we list a summary of the CsPbBrs-based IMH-PSCs reported in the
literature in Table 1.[77-78,84,90,98-100,106-117] Overall, the CsPbBrs-based IMH-PSCs
showed low PCEs because of the wide bandgap of CsPbBrs. However, this kind of PSCs exhibited
good stability among all kinds of PSCs so far. Moreover, the theoretical efficiency limit of the
CsPbBrs-based IMH-PSC is around 16.5%, indicating that there is still a lot of room for us to
improve its PCE in the future.

3.2 CsPb(Brxli-x)3-based IMH-PSCs

As mentioned above, the biggest shortcoming for CsPbBrs is the large bandgap, which limits its
wide applications. Therefore, reducing the bandgap of CsPbBr3 is a primary task to boost the PCEs
of IMH-PSCs. As mentioned in Section 2.1, the VBM of the CsPbX3 is mainly determined by the
orbitals of X np. Therefore, changing the composition of X-site is one of the most effective
approaches to adjust the bandgap of CsPbBrs. Till now, two typical mixed halide IMH perovskites
of CsPbBr.l and CsPbBrl, have been studied widely.

3.2.1 CsPbBr2l-based IMH-PSCs
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Fig. 8. a, J-V curves of the CsPbBr.l-based IMH-PSC with the structure of FTO/c-TiO,/
CsPbBr2l/Au under reverse and forward scan, respectively. Reproduced with permission from Ma
et al. [119], Copyright (2016) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. b, Top:
schematic diagram of the spray-assisted solution-processed method; Bottom: J-V curves of the
CsPbBr2l-based IMH-PSC under reverse and forward scan, respectively. Reproduced with
permission from Ma et al. [120], Copyright (2016) American Chemical Society ¢, Schematic
diagram of the preheating-assisted one-step spin-coating method. d, Typical cross-sectional SEM
image of the CsPbBral-based IMH-PSC with the structure of 1TO/SnO2/CsPblBra/spiro-
OMeTAD/Ag. e, J-V curves of the CsPbBrzl-based IMH-PSC with different substrate temperature.
Reproduced with permission from Ma et al. [121], Copyright (2019) The Royal Society of
Chemistry.

Replacing 1/3 bromide in CsPbBrs by iodine will form CsPbBr2l, which has a reduced bandgap of
~2.0 eV, indicating a promising potential in the application of three-junction tandem cells.[118]
Moreover, CsPbBr2l takes after the good stability of CsPbBrs and can maintain stability up to its
melting point, which is more than 460 °C. Based on these merits, in 2016, Ma et al. first employed
CsPbBral into IMH-PSCs successfully.[119] In their report, they prepared CsPbBr2l perovskite by
the dual source evaporation method. According to systematic characterizations, the CsPbBr2I film
annealed at 250 °C exhibited good quality in terms of crystallinity, thickness uniformity, and grain
size uniformity. In order to simplify the architecture and eliminate all organic components in the
PSCs, they fabricated an HTM-free IMH-PSC with the structure of FTO/c-TiO2/CsPbBral/Au. As
a result, a PCE of 4.7% was obtained under reverse scanning mode. Unfortunately, a large
hysteresis in this kind of PSC was detected and the PCE was 3.7% under forward scanning mode,
as shown in Fig. 8a.
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Obviously, the PCE of ~5% is too low for the CsPbBr2l perovskite with a bandgap of ~2.0 eV.
Therefore, similar to CsPbBrs-based IMH-PSCs, researchers also tried to improve the photovoltaic
performances of CsPbBrzl-based IMH-PSCs by the same strategies, including developing new
preparation methods of CsPbBr.l, doping the CsPbBr.l perovskite with heteroatoms, and
optimizing the architecture of the CsPbBr2l-based IMH-PSC.

As we mentioned above, the preparation methods of IMH perovskites are very important for their
applications in PSCs because the film quality depends on the preparation method strongly.
Therefore, except for the dual source evaporation method proposed by Ma et al., other approaches
were also developed to enhance the quality of the CsPbBr2l perovskite film. In the same group,
Lau et al. prepared the CsPbBr2l perovskite film by a spray-assisted solution-processed method,
as shown in Fig. 8b.[120] They used the spray method to prepare this perovskite because it is a
common technique in industrial process and it is easy for making a large area cell as well as coating
conformally. Moreover, the spray-assisted solution-processed method overcomes the issue of poor
solubility of the bromide ion in the precursor solution faced by solution processing. Based on this
method, Lau et al. fabricated dense CsPbBrzl perovskite films with small pinholes at high
annealing temperature. Meanwhile, grain sizes of CsPbBr2l perovskites were in the range from
500 nm to 1000 nm. As a result, the PCE of the CsPbBr.l-based IMH-PSC was improved to be
6.3% and the hysteresis seemed to be negligible (Fig. 8b). In another example, Guo et al.
introduced a method of preheating-assisted one-step spin-coating method to prepare the CsPbBr-lI
perovskite film, as shown in Fig. 8c.[121] This method brought CsPbBr:l perovskite films high
crystallinity, full coverage, micrometer-sized grains, and reduced defect densities. Finally, the PCE
of the CsPbBr:l-based IMH-PSC with the structure of 1TO/SnO2/CsPbIBr2/spiro-OMeTAD/Ag
was improved to 9.86%, as shown in Fig. 8d-e. Besides these novel preparation methods, other
approaches were also proposed, e.g., intermolecular exchange route and antisolvent methods, all
of which gave a high-quality CsPbBr2l film.[122-123]
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Fig. 9. a, Energy level diagram of FTO, TiOz, CsPbIBr2 (x = 0) and CsPbi—xMnxBra-a«l1+2x
perovskites (x = 0.005, 0.01, and 0.02), and carbon. b, XRD patterns and c, typical SEM images
of CsPbIBr2 and CsPbi—xMnyBr-al1+2x (X = 0.005, 0.01, and 0.02) films, respectively. All the
scale bars in c are 1 um. The areas marked by yellow dash circles are several pinholes. d, Schematic
diagram and e, cross-sectional SEM image of the IMH-PSC with the structure of FTO/c-TiO2/m-
TiO2/CsPbXa/carbon. f, J-V curves of the IMH-PSC with the structure of FTO/c-TiO2/m-TiO2/
CsPbi—xMnyBra-o«l1+2x/carbon. Reproduced with permission from Liang et al. [124], Copyright
(2018) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

As mentioned in Section 2.1, the CBM of the CsPbX3 is mainly determined by the orbitals of Pb
6p. Doping the Pb-site in the CsPbBr2l perovskite by some heteroatoms will lead to characteristic
changes on its CBM as well as bandgap and band alignment, all of which have a great influence
on its light absorption. Therefore, impurity doping has been demonstrated to be an effective
method to improve the photovoltaic performance. For example, Liang and coworkers used Mn?*
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as the dopant to modulate the properties of CsPbBr.l perovskites.[124] Because they used Mnl as
the precursor of the Mn?* dopants, the I:Br ratio varied with the change of Mn doping concentration.
The absorption spectra showed that the bandgap was reduced from 1.89 eV of CsPbBr2l to 1.85
eV of CsPbo.gesMno.00sBri.geli01, as shown in Fig. 9a. Moreover, XRD patterns and SEM images
revealed that the Mn-doped perovskite of CsPbo.gosMno.oosBri.ooli.01 €xhibited better crystallinity
and morphology than the CsPbBr2l perovskite, respectively (Fig. 9b-c). Based on these improved
properties, Liang et al. fabricated IMH-PSCs with the structure of FTO/c-TiO2/m-
Ti102/CsPbo.9esMno.00sBr1.99l1.01/carbon, which displayed an enhanced PCE of 7.36%, an increase
of 19.9% when compared with CsPbBrl-based IMH-PSCs (Fig. 9d-f). Besides Mn?* dopants,
Liang et al. also tried to use Sn?* as the dopant because Sn?* is in the same group with Pb%*.[125]
The result showed when 1/10 Pb?* was replaced by Sn?*, the bandgap of the new perovskite
CsPbo.gSno.1Br2l was reduced to 1.79 eV. With increased absorption, the IMH-PSCs based on
CsPbo.oSno.1Br2l showed a remarkable PCE up to 11.33% and a high Voc of 1.26 V. The
dramatically enhanced photovoltaic performances in the above two works suggest that impurity
doping is indeed an effective method to reduce the bandgaps of IMH perovskites and then improve
their performances in PSC applications.
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Fig. 10. a, Mott-Schottky curves of the CsPbBr.l-based IMH-PSCs with and without SmBr3
interface modification. b, Nyquist plots of the CsPbBr2lI-based IMH-PSCs with and without SmBr3
interface modification under a bias voltage of 0 V. c, J-V curves of the CsPbBr2l-based IMH-PSCs
with SmBrs interface modification. Reproduced with permission from Subhani et al. [126],
Copyright (2019) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. d, Schematic diagram of
the CsPbBrl-based IMH-PSCs with CsBr cluster layer. e, J-V curves of the CsPbBr2l-based IMH-
PSCs with CsBr cluster layer. Reproduced with permission from Zhu et al. [127], Copyright (2019)
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Besides the quality of the CsPbBr2l perovskite, the architecture of the CsPbBr2l-based IMH-PSC
is also vital for enhancing photovoltaic performance. Because the band structures of IMH
perovskites have some changes when compared with those of OMH perovskites, some energy level
mismatches can be found between IMH perovskites and traditional ETMs and HTMs, which may
hinder charge extraction and transport. Band alignment engineering is an effective method to
resolve this issue. In order to facilitate electron transfer between TiO, and CsPbBr2l, Subhani et
al. used SmBrs to enhance the TiO2/CsPbBrl interface interaction.[126] Encouragingly, a gradient
energy band was created at the interface, which suppressed charge recombination occurring at the
interface and the nonradiative recombination inside the perovskite and improved the charge
extraction, as shown in Fig. 10a-b. As a result, the SmBr3 interface modification enabled an
increase of the performance of the CsPbBr2l-based IMH-PSC by 30% in comparison with the
analogous device without this layer, as shown in Fig. 10c. In the same year, Zhu et al. also
employed CsBr cluster between TiO2 and CsPbBrl.[127] Characterizations indicated that CsBr
clusters triggered an increase in CBM from -4.00 to -3.81 eV and a decrease in work function from
4.11 to 3.86 eV for the TiO2 layer, which promoted favorable band alignment, suppressed
recombination, and improved charge carrier extraction and transport between TiO, and CsPbBr:l
(Fig. 10d). As a result, the performance of the corresponding PSC exhibited a more than 20%
enhancement in PCE (Fig. 10e).

3.2.2 CsPbBrl2-based IMH-PSCs

Furthermore, replacing 2/3 bromide in CsPbBrz by iodine will form CsPbBrl2, which has a smaller
bandgap of ~1.85 eV and is promising for inclusion in tandem devices with c-Si and copper indium
gallium selenide solar cells. Although the stability of the CsPbBrl> perovskite is poorer than that
of the CsPbBr.l perovskite, it is better than the CsPbls perovskite. In order to employ CsPbBrl
perovskites into IMH-PSCs, Sutton et al. first prepared a uniform CsPbBrl, perovskite thin film
by a one-step solution processing route.[128] PL spectra and XRD patterns demonstrated that this
material had a smaller bandgap of 1.92 eV when compared with the CsPbBr2I perovskite and better
stability when compared with the CsPbls perovskite. After assembling the CsPbBrl> perovskite
into the IMH-PSC with the structure of FTO/c-TiO2/m-TiO2/CsPbBrl2/spiro-OMeTAD/Ag, a
champion PCE of 9.84% and an average PCE of 6.02% were achieved.

Compared with OMH-PSCs, the initial PCE of the CsPbBrl>-based IMH-PSC is not very high.
Therefore, a lot of approaches were put forward to improve its photovoltaic performance. In order
to reverberate with CsPbBrs and CsPbBr2l perovskites, we also divide these approaches into three
categories, including developing novel preparation methods, doping the CsPbBrl, perovskite with
heteroatoms, and optimizing the architecture of the CsPbBrl,-based IMH-PSC.
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Fig. 11. a, J-V curves of the IMH-PSC based on the CsPbBrl; perovskite fabricated by the in situ
grain boundary functionalization approach. Reproduced with permission from Zeng et al. [131],
Copyright (2018) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. b, J-V curves of the IMH-
PSC based on the CsPbBrl, perovskite with and without the Rb dopants. Reproduced with
permission from Patil et al. [134], Copyright (2020) Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. Typical SEM images of c, the CsPbBrl> perovskite and d, the CsPbo.gsEuo.osBrl2
perovskite. Reproduced with permission from Xiang et al. [136], Copyright (2019) Elsevier. J-V
curves of the IMH-PSC based on the CsPbBrl, perovskite doped by e, Sr** and f, Mn?".
Reproduced with permission from Lau et al. [137], Copyright (2017) American chemistry society.
Reproduced with permission from Bai et al. [139], Copyright (2018) American chemistry society.

For the strategy of developing new preparation methods, Ma et al. proposed the dual source
thermal evaporation method to prepare CsPbBrl, perovskite thin films. Meanwhile, they
investigated the effect of the stoichiometry on the stability of CsPbBrl, perovskite thin films. As
a result, the PCE of the CsPbBrlz-based IMH-PSC was enhanced to 7.7%.[129] Wang and
coworkers developed a one-step method and a 100-130 °C low temperature annealing process to
synthesize CsPbBrl; perovskite thin films. By adjusting precursors, the PCE of the CsPbBrl,-based
IMH-PSC was improved to 10.56%.[130] In the same year, Zeng et al. put forward the in situ grain
boundary functionalization approach to fabricate CsPbBrl. perovskite thin films. By annealing at
high temperature, a PCE as high as 12% was achieved, as shown in Fig. 11a.[131] Moreover, Xue
and coworkers put forward a surface-induced secondary grain growth technique to prepare the
CsPbBrl, perovskite thin films.[132] In their work, they spin-coated an ammonium iodide
isopropanol solution onto the crystallized perovskite thin films. As a result, the PCE of CsPbBrl.-
based IMH-PSC was enhanced to 16.58%.[132] Recently, Wang and coworkers have proposed a
strategy of intermediate adduct (IMAT) engineering to improve the performance of the CsPbBrl»-
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based IMH-PSC.[133] In their study, they incorporated (chloromethylene)-dimethylammonium
chloride into the precursor to form an IMAT precursor via the strong bond between C=N and
perovskite compound. As a result, a high Voc of 1.26 V and a champion PCE of 16.02% were
obtained.[133] In these works, such high PCEs can be ascribed to the improved quality of CsPbBrl;
perovskite films, such as large grain size, low recombination rate, and no pinhole, created by these
new preparation methods.

For the strategy of doping the CsPbBrl perovskite with some heteroatoms, Nam et al. incorporated
potassium (K) cations into the A-site of the CsPbBrl, perovskite to form a new Cso.925K0.07sPbBrl2
perovskite. Based on various characterizations, the new film showed efficient carrier extraction,
improved carrier generation and transportation. Therefore, IMH-PSCs based on
Cso.925K0.075PbBrl2 perovskites showed an enhanced PCE of 10%, as well as extended operational
lifetime against air. Similarly, Patil and coworkers introduced rubidium (Rb) cations into the
CsPbBrl. perovskite under ambient conditions.[134] According to various characterizations, the
new Csi1xRbxPbl2Br perovskites exhibited uniform grains, pinhole-free morphology, high
crystallinity, and extremely dense. As a result, the fabricated IMH-PSCs with the
Cso.99Rbo.01PbI2Br perovskite showed a PCE of 17.16%, which was much higher than the IMH-
PSCs with the CsPbl.Br perovskite, as shown in Fig. 11b. Besides the Cs-site replacement, the
Pb-site of the CsPbBrl> perovskite can also be replaced by some dopants. In organic-inorganic
hybrid PSCs, europium (Eu) has been regarded as an efficient dopant to improve their PCEs
because its slightly smaller radium is expected to be incorporated into the perovskite lattice to
increase the tolerance factor and result in an enhancement of the perovskite stability.[135]
Therefore, Xiang and coworkers incorporated Eu cations into the CsPbBrl, perovskite to stabilize
its a-phase at room temperature.[136] In addition, the incorporation of Eu boosted the morphology
of the CsPbBrl, perovskite and reduced their non-radiative recombination, as shown in Fig. 11c-
d. As a result, the IMH-PSCs based on CsPbo.gsEuo.0sBrl2 perovskites showed a higher PCE of
13.34% and a larger Voc of 1.27 V. Moreover, the solid-state nuclear magnetic resonance and
high-angle annular dark-field scanning transmission electron microscopy revealed that Eu was
incorporated into the perovskite lattice. Besides Eu dopants, other dopants at the Pb-site, such as
Ge, Sr, and Mn, were also introduced into the CsPbBrl, perovskite to form new perovskites.[137-
141] Just like CsPbo.gsEuo.0sBrl2 perovskites, all of these new perovskites showed large grain sizes,
high effective lifetime and other improved properties, which were beneficial for their applications
in PSCs. However, the incorporation mechanisms were distinct for different dopants. Some
dopants, just like the Eu dopant, may substitute for Pb ions in the lattice without changing the
original octahedral structure, while the other dopants may insert into the interstices of the CsPbBrl;
lattice structure during the thin film growth process. Regardless of which incorporation mechanism
it is, all of them exhibited improved photovoltaic performances, as shown in Fig. 11e-f.[137-141]
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Fig. 12. a, Schematic diagram of the CsPbBrl.-based IMH-PSC with an integrated perovskite layer
based on the IMH perovskites of CsPbBrl, and CsPblz quantum dot film. b, IPCE spectrum of the
CsPbBrl>-based IMH-PSC in a. Reproduced with permission from Bian et al. [142], Copyright
(2019) Elsevier. c, Schematic diagram of the CsPbBrl,-based IMH-PSC with a 3D-2D-0D
dimension-profiled perovskite layer. Reproduced with permission from Zhang et al. [143],
Copyright (2018) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. d, Schematic diagram and
e, energy band diagram of the CsPbBrl.-based IMH-PSC with a mixed passivation layer between
CsPbBrl2 and spiro-OMeTAD. f, TRPL curves of the CsPbBrl> perovskite films with and without
the mixed passivation layer. Reproduced with permission from He et al. [144], Copyright (2021)
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

For the strategy of optimizing the architecture of the CsPbBrl,-based IMH-PSC, a number of
approaches were tried to improve their performance as well. For example, Bian et al. reported an
integrated structure based on IMH perovskites of CsPbBrl» and CsPbls quantum dot film, as shown
in Fig. 12a.[142] This kind of IMH-PSC could harvest the light from 300 nm to 700 nm, covering
most of the visible solar spectrum (Fig. 12b). The graded band structure was beneficial for
improving its carrier collection. Therefore, IMH-PSCs with this new structure showed an
improved PCE as high as 14.45%. In the same group, Zhang et al. also reported another new
structure for the CsPbBrl2-based IMH-PSC, in which CsPbBrl perovskites were distributed within
bulk-nanosheet-quantum dots or the 3D-2D-0D dimension-profiled interface structure, as shown
in Fig. 12¢.[143] Upon optimization, improved hole extraction, decreased recombination loss, and
well-matched energy levels together afforded a PCE as high as 12.39%. Moreover, similar to the
addition of the SmBrs layer in the CsPbBr.l-based IMH-PSCs as a passivation layer,[126] He and
coworkers also added a mixed passivation layer of phenylethylammonium bromide and cesium
bromide between CsPbBrl, and spiro-OMeTAD in the CsPbBrl>-based IMH-PSCs,[144] as shown
in Fig. 12d. Besides reducing the low trap density in the CsPbBrl> perovskite layer, the mixed
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passivation layer also improved the energy level alignment, facilitated the hole extraction at the
CsPbBrl./spiro-OMeTAD interface, drove the interface electron separation, and suppressed the
charge recombination, as shown in Fig. 12e-f. As a result, the CsPbBrl,-based IMH-PSCs showed
a higher PCE of 16.7%, a Voc of 1.3 V, and an excellent FF of 0.82. Moreover, this IMH-PSC
exhibited remarkable long-term stability. [144]

For comparison, the photovoltaic performances of the CsPb(Brxlix)3-based IMH-PSCs, including
CsPbBr2l- and CsPbBrl2-based IMH-PSCs, are listed in Table 1.[119,123,127-162] Although the
stability of CsPb(Brxl1-x)3 became poorer when compared with CsPbBrs, it was improved when
new preparation methods were developed or some dopants were added into their lattices.
Meanwhile, the photovoltaic performances of CsPb(Brxli-x)s-based IMH-PSCs were enhanced
when compared with CsPbBrs-based IMH-PSCs because of their narrower bandgaps. Therefore,
it is promising to study CsPb(Brxlix)3-based IMH-PSCs and their applications in tandem devices.

3.3 CsPblsz-based IMH-PSCs

CsPbl3 possesses four types of crystal polymorphs, including a-, -, y-, and 8-phases, and it prefers
the o-phase with a bandgap of 2.8 eV with respect to the a-, B-, and y-phases due to the
thermodynamic equilibrium. However, the CsPblz perovskite in -phase is not suitable for the
application in PSCs. The transition of CsPbls from &-phase to a-, -, and y-phases can be ascribed
to its own lattice structure, which can be stabilized in the perovskite structure (a-, B-, and y-phases)
under the designated temperature. At room temperature, the CsPblz perovskite film cannot
maintain its perovskite structure, and tends to form a 6-phase. In 2014, the first CsPblz-based IMH-
PSC with a PCE of 0.09% was reported by Choi et al.[35] when they tried to introduce Cs" into
MAPDI3z-based OMH-PSCs. Such a low PCE can be ascribed to the 6-phase CsPbls perovskite,
which further demonstrated that the 6-phase CsPbls is not suitable for the application in PSCs.
Therefore, it is imperative to keep CsPblz perovskite films in black phases, including a-, -, and
y-phases, to achieve a high PCE for the CsPbls-based IMH-PSC. In order to achieve this goal,
Eperon et al. prepared black CsPbls perovskite films by careful processing control and
development of a low-temperature phase transition.[163] Specifically, they added some hydroiodic
(HI) acid into the precursor solution before spin-coating, and then converted CsPbls perovskite
film from yellow to black phase at 100 °C. As a result, the first black CsPbls-based IMH-PSC with
a PCE of 2.9% was obtained. Although this PCE was much higher than 0.09%, it was still much
lower compared with the theoretical limit for a material with a bandgap of ~1.7eV. So far, a great
deal of effort has been dedicated to improving the stability and efficiency of the CsPbls-based
IMH-PSC and many of them showed promising results. Similar to CsPbBrz and CsPb(Brxli-x)3, we
also review these efforts from three aspects, including developing new preparation methods,
doping the CsPbls perovskite with heteroatoms, and optimizing the architecture of the CsPbls-
based IMH-PSC.
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Fig. 13. Typical SEM images of CsPbls perovskite films prepared by a, the common solution-
processing method and b, the solvent-controlled growth method. ¢, J-V curves of the IMH-PSCs
based on the CsPbls films prepared by the common solution-processing method or solvent-
controlled growth method. Reproduced with permission from Wang et al. [164], Copyright (2018)
Springer Nature. d, Schematic diagram of the CsPbls perovskite films prepared by the cation
exchange growth method. Reproduced with permission from Lau et al. [166], Copyright (2019)
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. e, Schematic diagram and cross-sectional
SEM image of the IMH-PSC based on the CsPbls nanocrystal film. Reproduced with permission
from Yuan et al. [167], Copyright (2018) Elsevier. f, J-V curve of the CsPbls-based IMH-PSC, in
which the CsPbls film was prepared by the thermal evaporation method. The inset is the schematic
diagram of the thermal evaporation method. Reproduced with permission from Frolova et al. [169],
Copyright (2017) American Chemistry Society. g, J-V curves of the IMH-PSCs based on the
CsPblz films prepared by the thermal evaporation method with different ratios of precursors.

Reproduced with permission from Chen et al. [170], Copyright (2017) Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim.

To deliver a higher PCE for the CsPbls-based IMH-PSCs, the quality of the CsPblzs perovskite film
is important, as the pinholes and grain boundaries usually result in serious recombination and poor
photovoltaic performance. The quality of the perovskite film mainly depends on the preparation
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method, especially for CsPbls perovskite films because their quality prepared by the initial
solution-processing method was poor, as shown in Fig. 13a.[164] Therefore, developing new
preparation methods is key to enhancing the PCE or stability of the CsPblz-based IMH-PSC. Liang
and coworkers developed a facile and scalable synthesis approach to produce CsPbls powder with
high yield and reproducibility.[165] After dissolving CsPbls powder into the DMF solution, a PCE
as high as 4.65% was obtained for the CsPbls-based IMH-PSC with the structure of FTO/c-
TiO,/CsPbls/carbon. In order to further increase the PCE, Wang et al. developed the solvent-
controlled growth method to prepare CsPbls perovskite films.[164] In their method, the CsPbls
perovskite films were free of pinholes and showed crystal size above 5 um (Fig. 13b). Moreover,
the CsPbls perovskite films showed good stability when they were stored in dry nitrogen box for
7-60 days. As a result, when Wang and coworkers fabricated the CsPbls-based IMH-PSC with the
structure of ITO/SnO2/CsPbls/spiro-OMeTAD/Au, the PCE was increased from 8.58% to 15.75%,
as shown in Fig. 13c. Meanwhile, this CsPblz-based IMH-PSC could tolerate over 500h under
constant illumination. As for the processing optimization, deposition of MAPDbI3z perovskite films
exhibited the best example among all perovskites because it has been studied extensively for more
than 10 years. Making full use of the excellent quality of the MAPDI3z perovskite film, Lau et al.
put forward a simple cation exchange growth method and then produced a high quality CsPbls
perovskite film with black phase.[166] Specifically, they used a MAPbIz perovskite film as a
template for Cs™ to replace MA™ to form CsPbls perovskite film with compact and pinhole-free
morphology, as shown in Fig. 13d. Moreover, this CsPblz perovskite film also showed better
crystallinity and longer carrier lifetime. Therefore, the IMH-PSC based on this CsPbls perovskite
film displayed a PCE as high as 14.1%.

Highly crystalline CsPbls nanocrystals were demonstrated to be stable and considered as a
powerful platform for stable optoelectronics devices because of their high surface-to-volume ratio
and high surface energy. Therefore, employing them into CsPblz-based IMH-PSCs is promising
(Fig. 13e) [167]. However, it is very difficult to make them a uniform film until Swarnkar et al.
put forward an effective method to cast electronically conductive nanocrystal films.[38] In this
method, the nanocrystals were first spin-cast on the substrate, and then dipped in a saturated
MeOAc solution of either Pb(OAc)2 or Pb(NO3)2. As a result, when they fabricated IMH-PSCs
with this CsPbls nanocrystal film, a large PCE of 10.77% and a large Voc of 1.23 V were observed.
Meanwhile, this kind of CsPbls-based IMH-PSCs showed excellent stability. However, in this
work, the thickness of the CsPblz layer was ~ 200 nm, which was thinner than traditional OMH
perovskite layers. A direct result is that although the thin CsPbls layer gave a high PCE, its current
density (Jsc) was still limited. Therefore, how to control the thickness and then obtain a high PCE
is an open question. In the same group, Sanehira et al. proposed a post-treatment to tune and
improve the electronic coupling between nanocrystals.[168] Based on the enhanced carrier
mobility in CsPbls films, the PCE of CsPbls-based IMH-PSCs was increased to 13.43% with the
thickness of CsPbls nanocrystal layer of ~ 400 nm.

Compared with solution-processing methods, it has also been reported to use the thermal
evaporation method to prepare CsPbls perovskite films. For example, Frolova et al. prepared
CsPblz perovskite films by thermal coevaporation of Csl and Pblz, as shown in Fig. 13f.[169]
Characterization results showed that this kind of CsPbls film exhibited high purity, uniform
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morphology, good crystallinity. Moreover, Frolova et al. demonstrated that this method was
reproducible, while the solution-processing method was strongly affected by the solvent properties,
wetting, and other parameters. As a result, the best IMH-PSC based on this kind of CsPbls film
showed a PCE of 10.5% (Fig. 13f). Later, in order to make CsPbls-based IMH-PSCs toward
industrial fabrication, Chen et al. developed an all-vacuum-deposited device, in which the CsPbl3
film was vacuum deposited by co-sublimation of Csl and Pbl,, combining with the vacuum-
sublimed ETMs and HTMs. In this work, they studied the stoichiometric ratio of the precursors
and demonstrated its importance for the device performance. Finally, the stoichiometrically
balanced CsPbls-based IMH-PSCs delivered the PCE as high as 9.4%, as shown in Fig 139.[170]
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Fig. 14. a, The thermodynamic stability range for the equilibrium growth of CsPbls (blue region).
The defect formation energies as a function of the Fermi level of 12 native point defects in CsPbls
calculated under b, lead-rich and c, lead-poor growth condition. Reproduced with permission from
Liang et al. [171], Copyright (2019) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. d, TA
responses of the free CsSno.ePbo.sls perovskite and CsSno.sPbo.4ls/TiO2 composite measured with a
pump light wavelength of 470 nm and probe light wavelengths of 760 nm. Reproduced with
permission from Liu et al. [172], Copyright (2017) American chemistry society. e, UV-vis spectra
of the CsPbls perovskite films with and without Gel, in their precursors. Reproduced with
permission from Liu et al. [173], Copyright (2019) American chemistry society. f, J-V curves of
the IMH-PSC based on the CsPbls perovskites with and without Mn?*. Reproduced with
permission from Yao et al. [181], Copyright (2020) American chemistry society.

In the studies on the CsPbls perovskite, it was demonstrated that there were lots of unavoidable
shallow- or deep-level defects in CsPbls perovskites during crystal formation. Liang and
coworkers investigated the distribution of native point defects in the CsPblz perovskite using the

DFT method.[171] The chemical potential chart of Pb vs. Cs and the formation energies of the 12
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native point defects in CsPbls perovskites were calculated, as shown in Fig. 14a-c. The calculation
results showed that such a large number of defects in CsPbls perovskites could be ascribed to the
elements of Pb and I. In CsPbBr3 perovskites, it has been mentioned that the incorporation of a
small number of additives into perovskites was an effective strategy to realize a high-quality
perovskite film with a low defect density. Therefore, many works on introducing a small number
of additives in CsPbls perovskites have been conducted. These additives can be divided into two
kinds, one is the inorganic component, and the other is the organic component.

As an element in the same group with Pb, Sn was introduced into CsPbls perovskites to replace
part of Pb by Liu and coworkers.[172] The new perovskite of CsSnxPbi—xI3 showed better stability
than perovskites of CsPbls and CsSnls, and was stable when exposed to ambient for a long time.
Although this perovskite was not assembled into an IMH-PSC, Liu and coworkers investigated the
exciton dynamics in the sample of CsSnxPb1—~Is/TiO2 by the ultrafast transient absorption (TA)
spectroscopy, which demonstrated that the photoexcited electrons in CsSnxPb; I3 can transfer into
TiO; at a fast rate of 1.12 X 10* s, as shown in Fig. 14d, suggesting that CsSnxPbi I3 was a
promising material in the PSC application. In the same group, Liu et al. also tried to incorporate
Ge, another element in the same group with Pb, into CsPbls perovskites.[173] Due to the different
mechanism from Sn, Ge was not incorporated into CsPblz lattice. Therefore, the intrinsic
properties of CsPbls perovskites were not affected by the incorporation of Ge, such as the bandgap,
as shown in Fig. 14e. It seems that this incorporation was an invalid method, however, introduction
of Gel, brought other significant advantages such as less toxic Pb waste, better surface passivation,
and better reproducibility. In this work, Liu et al. also fabricated an IMH-PSC based on this kind
of CsPbls perovskite and a PCE of over 12% was obtained. Except for the elements from the same
group with Pb, elements from other groups, such as Bi, Sh, Mn, and so on, were also tried to
introduce into CsPbls perovskites to enhance their photovoltaic performances.[174-181] Most of
these additives led to better morphologies, higher crystallinities, and lower defect densities in
CsPbls perovskite films. Therefore, the IMH-PSCs based on CsPblz perovskites with these
additives showed better stability and higher PCEs. Especially for the CsPbls perovskite with Mn?*
additives, its PCE reached to 16.52%, which had an enhancement of ~10% when compared with
the control sample (Fig. 14f).[181] Moreover, this kind of IMH-PSC also showed an enhanced
humidity and thermal stability.
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Fig. 15. a, The zwitterion molecules are expelled toward the grain surface and grain boundaries
during CsPbls grain growth, which leads to small grains. b, The PCE of the IMH-PSCs based on
CsPblz with the treatment of sulfobetaine zwitterion as a function of storage time. Reproduced
with permission from Wang et al. [182], Copyright (2018) Elsevier. ¢, PVP anchored at the surface
of the CsPbls perovskites via the combination between N/O and Cs. Reproduced with permission
from Li et al. [183], Copyright (2018) Springer Nature. d, Schematic showing the introduction of
PEA into CsPblz perovskites with different ratios. Reproduced with permission from Jiang et al.
[184], Copyright (2019) Elsevier. e, J-V curves, and f, UV-vis spectra of the IMH-PSC based on
the CsPblz perovskites with and without the treatment of CHI. Reproduced with permission from
Wang et al. [68], Copyright (2019) AAAS. g, TRPL spectra of the IMH-PSC based on the CsPblz
perovskites with and without the treatment of UAT. h, J-V curves of the IMH-PSC based on the
CsPblsz perovskites with the treatment of UAT under different testing modes. Reproduced with
permission from Yu et al. [185], Copyright (2021) Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

As mentioned above, the IMH-PSCs based on CsPbls nanocrystal films showed excellent stability,

because their high surface-to-volume ratio made Gibbs free energy become the dominant factor in
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the surface energy. Hence, it can effectively enhance the photovoltaic performances of CsPbls-
based IMH-PSCs by reducing the grain size and increasing the surface-to-volume ratio in the
CsPbls perovskite film. This kind of structure was also achieved by Wang and coworkers through
introducing a small amount of sulfobetaine zwitterion into the CsPbls precursor solution, in which
the average size of grain size was ~30 nm.[182] This can be ascribed to the zwitterions impeded
the crystallization of CsPbls perovskite films via electrostatic interaction with the ions and colloids
in the CsPblz precursor solution, as shown in Fig. 15a. As a result, the IMH-PSC based on the
CsPblz perovskite with the treatment of sulfobetaine zwitterion showed an PCE as high as 11.4%,
as well as excellent stability (Fig. 15b). Following the same mechanism, Li et al. achieved the
similar result by introducing polymer poly-vinylpyrrolidone (PVP) into the CsPbls perovskite.[183]
In their report, the grain size of the CsPblz perovskite film was reduced to around 100 nm.
Moreover, the acylamino groups of PVP induced the improvement of electron cloud density on
the surface of the CsPbls perovskite, and thus the decreased surface tension can be obtained to
stabilize CsPbls grains in the cubic phase even in the micrometer scale, as shown in Fig. 15c.
Meanwhile, the CsPblz perovskite treated by PVP exhibited a long carrier diffusion length of 1.5
um. After assembling this kind of CsPblz perovskite into an IMH-PSC, a high PCE of 10.74% was
obtained, as well as excellent thermal/moisture stability was demonstrated. In OMH perovskites,
2-dimentional (2D) OMH perovskites were very promising recently because they were
demonstrated to have better stability than 3D OMH perovskites. Inspired by this phenomenon,
Jiang et al. tried to add a small amount of phenylethylammonium iodide (PEA) into the CsPbls
precursor solution to induce reduced-dimensional perovskite formation, as shown in Fig. 15d.[184]
Encouragingly, the resulting quasi-2D CsPbls perovskites suppressed significantly the undesirable
phase transition and thus reduced their defect densities. Meanwhile, in order to increase the
precursor solubility, Jiang et al. used cesium acetate and hydrogen lead trihalide as the CsPbls
precursor, and thus the thickness of the CsPblz perovskite film could be increased to 500 nm.
Combining these two merits, the IMH-PSCs based on CsPbls perovskites with the treatment of
PEA showed a PCE as high as 12.4% and enhanced stability. Besides, Wang and coworkers
incorporated choline iodine (CHI) into the CsPbls perovskite to improve the corresponding IMH-
PSC performance.[68] The additives of CHI not only passivated the surface trap states of CsPbls
perovskites, but also resulted in better matching of the energy levels at the interfaces between the
CsPbls perovskite and the HTM (and the ETM). Therefore, the PCEs of IMH-PSCs based on this
kind of CsPbls perovskites were improved to 18.4%, as shown in Fig. 15e. Meanwhile, the stability
of this IMH-PSC was excellent. Besides introducing organic components into the CsPbls
perovskite to obtain a high PCE, it is worth emphasizing another contribution of this work here. It
is well known that CsPbls perovskites possess three kinds of black phases, including a-, -, and y-
phases, and it has been demonstrated that a- and B-phase CsPblsz are prone to convert to y-phase
CsPbls at room temperature. Therefore, it is hard to synthesize CsPblz perovskites in a- and f3-
phase. In this work, Wang and coworkers synthesized CsPbls perovskite in B-phase successfully
by adjusting the precursor species and ratio, which showed a narrower band gap of 1.68 eV than
the CsPbls perovskite in y-phase (1.73 eV), as shown in Fig. 15f. The results in this work indicate
that most of the previously reported XRD patterns that have been incorrectly indexed to the a-
CsPbls phase are actually the y-CsPbls phase. Although these organic additives passivated the
surface trap states and enhanced the PCE to a high level, most of them showed that the charge
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lifetime of CsPblz perovskites was in the range of 10-20 ns, suggesting that defects in CsPbls
perovskites were still severe. Therefore, in order to improve the quality of the CsPbls perovskite,
Yu et al. proposed a solution modification approach, in which the urea-ammonium thiocyanate
(UAT) additive fully exploited the coordination activity of SCN- for high-quality CsPbls
perovskite films.[185] This approach not only improved the CsPbls perovskite film morphology,
but also suppressed film defects and non-radiative charge recombination. As a result, the IMH-
PSCs based on CsPblz perovskites treated by UAT showed a PCE of over 20%. Moreover, this
kind of PSC exhibited high operational stability with almost no PCE degradation after 1000 h
working under continuous light illumination and bias voltage. In addition to the above mentioned
organic additives, other additives were also tried for incorporation into CsPbls perovskites to
enhance their photovoltaic performances in IMH-PSCs, such as ethylenediamine, poly(ethylene
glycol), etc.[186] All of them showed several advantages for high quality CsPblz perovskite films,
including uniform morphology, no pinhole, high crystallinity, low non-radiative recombination
rate, suggesting that introducing organic additives is an effective method to improve the PCEs of
CsPbls-based IMH-PSCs.

As mentioned above, the main cause for low performances of CsPblz-based IMH-PSCs is the
stability of the lattice structure of the CsPblz perovskite. Therefore, most works to study CsPbls-
based IMH-PSCs focused on the CsPblsz perovskite itself, and only a handful of works focused on
optimizing the architecture of CsPbls-based IMH-PSCs. Actually, it is also of paramount
importance to study the architecture of CsPbls-based IMH-PSCs because the band structure of
CsPbls has a large difference with previously studied OMH perovskites.[187] Hence, the band
structure of CsPbls might have a large mismatch with that of the traditional ETMS/HTMs.
Moreover, it is well known that the dopants in the traditional HTMs of spiro-OMeTAD can cause
PSC instability. In order to resolve these problems, Yuan and coworkers proposed a new dopant-
free polymer HTM of PTB7.[167] The CsPbls-based IMH-PSC with the new HTM of PTB7
showed efficient charge extraction and thus low Voc loss. As a result, this kind of IMH-PSC
showed a PCE as high as 12.55% and a Voc as high as 1.27 V. Moreover, Yan and coworkers put
forward a post-treatment process to compensate the band alignment mismatch.[188] In their
method, they employed guanidine hydrobromide (GABr) to treat the CsPbls layer and then formed
a passivation layer on its surface. The characterization results indicated a lower nonradiative
recombination rate and better band alignment between CsPbls layer and the interface layer, which
resulted in the decreased electron transport barrier for electron collection and superb hole contact
for creating a driving force in hole transfer and preventing electrons from flowing in the opposite
direction. As a result, the GABr-treated CsPblz-based IMH-PSCs exhibited a high PCE of 18.02%,
which was significantly better than the original one (16.58%).

In order to make a clear comparison, the photovoltaic performances of the CsPbls-based IMH-
PSCs are also listed in Table 1.[35,68,163-185,189-197] Clearly, this kind of IMH-PSC showed
the highest PCE among all the IMH-PSCs due to the narrower bandgap of the CsPbls perovskite.
It is therefore promising to study it in the future, especially regarding its application in tandem
cells.
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As we mentioned in the Section 2.1, Pb is the best choice for B-site in perovskites so far, because
the outermost electrons of the lead (Pb) cation hybridizing with the halogen anion p orbitals form
the antibonding character of the valence band maximums of perovskites, which is important to
achieve the high photovoltaic performance of PSCs. However, Pb is toxic. On the one hand, the
maximum allowed Pb?* concentration in air and water is set as 0.15 pg/L and 15 pg/L, respectively,
according to the U.S. Environmental Protection Agency.[198-200] In addition, the harm of Pb?*
to the earth and human being is irreversible [198-200]. Therefore, researchers have explored Pb-
free IMH-PSCs as environmentally-friendly alternatives.

Up to date, the Pb-free IMH perovskites can be divided into three categories, including group V-
based perovskites (e.g., CsSnlz, CsSnBr3), double perovskites (e.g., CsAgBiBrs, CsAgSbBrz), and
perovskite derivatives (e.g., CssBizls, Cs3Shzlo).[201-204] CsSnls is considered as the most
promising candidate among them because of its isoelectronic structure with Pb, suitable bandgap,
high intrinsic charge carrier mobility, and highest photovoltaic performance among all kinds of
Pb-free perovskites. However, when compared with the Pb-based IMH perovskites, all the reported
CsSnlz solar cells in the literature have so far shown inferior photovoltaic performances. The main
reason can be ascribed to the low formation energy of Sn vacancies, which leads to excessive p-
doping in Sn-based perovskites.[205] Recently, several works have reported the performance
improvement of the CsSnls-based IMH PSCs. Composition engineering is an effective method to
improve photovoltaic performance in organic-inorganic lead halide perovskites, and Chen and
coworkers employed this method into CsSnls perovskites to propose the cesium tin-germanium
triiodide (CsSnosGeosls) perovskite film as the light absorber in the IMH-PSCs.[206] When the
Ge element was introduced into CsSnlz films, a native-oxide layer was formed on the surface of
CsSnosGeosls, which exhibited enhanced stability. Meanwhile, the carrier lifetime and carrier
diffusion coefficient of CsSnosGeo sl were also increased when compared with the pristine CsSnla.
As aresult, the PCE of CsSnosGeosls-based PSCs was improved to 7.11%, which was much higher
than the CsSnls-based control PSCs (1.7%). Besides the addition of inorganic cations into the
precursor solution, incorporation of some organic functional groups also helps enhance the
photovoltaic performance of the IMH-PSC. These functional groups can make strong coordination
interaction with defects, which enhances the electron density around Sn?* and protects it from
oxidation to Sn**, leading to a better film morphology, lower defect density, and higher optical
absorption. In another recent study, Ye and coworkers incorporated N,N-
methylenebis(acrylamide) (MBAA) into the CsSnls layer.[207] The lone electron pairs of -NH and
-CO units of MBAA were designed to form coordination bonding with Sn?* in the CsSnls layer,
leading to a reduced Sn** density and better stability, and finally the PCE of the CsSnls-based
IMH-PSC was improved to 7.5%. Overall, the PCE of the CsSnlz-based IMH-PSC exhibits a
marked enhancement when compared with its initial performance. The study on the CsSnlz-based
IMH-PSCs is still in its infancy, and it can be expected that the performance of the CsSnls-based
IMH-PSC will be further enhanced in the near future.

4 Conclusion and outlook

PSCs have experienced an unprecedent success in the past twelve years. The record PCE of the
OMH-PSC has increased from an initial value of 3.8% to the recent value of 25.5%. However, the
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stability of OMH perovskites is still a challenge for their commercialization. IMH perovskites are
considered as promising candidates to resolve this issue, especially the stability at high temperature.
With the investigation of IMH perovskites, several challenges emerge and need to be resolved,
e.g., improving the PCE, narrowing the bandgap, preparing novel ETMs/HTMs, etc. Below, some
vital aspects are listed.

CsPbBrs-based IMH-PSCs exhibited the best stability property among all kinds of IMH-PSCs so
far. However, their photovoltaic performances were still lower than other kinds of IMH-PSCs
although the PCE has almost been doubled to 10.91% by Jiang, Qi and coworkers [100] since the
first report emerged in 2015 [77]. The main challenge and critical issue faced by CsPbBrs-based
IMH-PSCs is still the large bandgap of CsPbBrz of 2.3 eV. In order to push CsPbBrs-based IMH-
PSCs to commercialization, three possible options can be adopted in future. First, according to the
Shockley-Queisser efficiency limit (S-Q limit) mode, the highest PCE and Voc of the CsPbBrs-
based IMH-PSCs can reach ~16.5% and ~1.9 V, respectively.[208] Therefore, there is still plenty
of room to improve for enhancing the PCE of the CsPbBrs-based IMH-PSC. The strategies include
reducing the defect density, boosting the uniformity of the CsPbBrs perovskite film, decreasing
the non-radiative recombination rate and so on. Second, as mentioned above, the CBM of CsPbBr3
consists of antibonding mixing of Pb 6p and Br 5p orbitals, and the VBM is mainly determined by
antibonding hybridized Pb 6s and Br 5p orbitals. Therefore, it is possible to narrow the bandgap
of the CsPbBrs perovskite by composition engineering at the Pb-site and Br-site. As we know,
narrowing the bandgap by adjusting the Br-site composition has already been realized so far, e.g.,
CsPb(Brxl1x)3 perovskites. However, there is no report on changing the bandgap by adjusting the
Pb-site composition. Therefore, it is an opportunity to narrow the bandgap of CsPbBrz by this
method. Finally, CsPbBrs-based IMH-PSCs can only utilize the sunlight below 540 nm because
of the large bandgap of CsPbBrs (2.3 eV). In order to enhance its light harvesting ability, a possible
way is to assemble the CsPbBrs-based IMH-PSC into a three-junction tandem cell. Till now, there
is no report on this kind of device. Therefore, developing three-junction tandem solar cells based
on CsPbBrs-based IMH-PSCs with other solar cells, such as the other kinds of PSCs, Si-based
solar cells, CIGS solar cells, and so on, may be worth further investigations in the future.

As for CsPb(Brxli-x)s-based IMH-PSCs, the better light harvesting ability than CsPbBrs-based
IMH-PSCs and the better stability property than CsPbls-based IMH-PSCs make them a promising
candidate in large-scale applications. However, their photovoltaic performances are not
satisfactory when compared with OMH-PSCs. For CsPbBrzl-based IMH-PSCs, the bandgap of
CsPbBrz2l (~2.0 eV) is much smaller than that of CsPbBrs, while the highest efficiency of
CsPbBr2l-based IMH-PSCs (11.53%) is slightly higher than that of CsPbBrs-based IMH-PSCs.
For CsPbBrl;-based IMH-PSCs, the bandgap of ~1.85 eV can result in a highest PCE of ~22% in
theory, while the highest PCE that has been obtained so far is ~17%.[134,209] Therefore,
enhancing the PCE of the CsPb(Brxli-x)3-based IMH-PSC is a primary task in the near future.
Moreover, different from the CsPbBrs perovskites, it is easier to change the bandgap of the
CsPb(Brxl1-x)3 perovskite by adjusting the Pb-site composition. For example, the bandgap of the
CsPbBr2l perovskite was reduced to 1.85 eV when partial Pb®* was replaced by Mn?*.[124]
However, the efficiency was still relative lower considering such a low bandgap. Thus it is
necessary to make further efforts on enhancing the PCE of the CsPb(Brxli-x)3-based IMH-PSCs.
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Finally, similarly to the CsPbBrs-based IMH-PSCs, in order to maximize the utilization of sunlight,
CsPb(Brxl1x)3-based IMH-PSCs can also be integrated into a tandem cell as the front cell.

CsPbls-based IMH-PSCs showed the highest possibility in the commercialization because they
exhibited the lowest bandgap and highest PCE of exceeding 20% among all kinds of CsPbXz-
based IMH-PSCs. Compared with the early studies in which CsPblz perovskite converted to
yellow-phase immediately when exposed to air, the stability of the CsPbls perovskite in recent
studies has made a big advance. However, it is still far from the required stability for
commercialization. Therefore, stabilizing the CsPbls perovskite, especially stabilizing it from the
intrinsic lattice structure, is still the primary task in the near future. Moreover, according to the S-
Q limit, the ideal bandgap for a light absorber is ~1.3 eV, which is still smaller than that of the
CsPbls perovskite.[210] Therefore, it is also necessary to make efforts to narrow the bandgap of
the CsPbls perovskite. As mentioned above, it is possible to achieve the narrow bandgap by
composition engineering on the Pb-site and/or I-site. However, only a handful of reported works
can achieve this on the CsPbls perovskite till now.[172] Therefore, similar to CsPbBrs perovskites,
narrowing the bandgap and then obtaining a bandgap close to 1.3 eV for CsPbls perovskites is of
importance. Meanwhile, as mentioned above, the CsPbls perovskite in a-phase had the lower
bandgap than the other two black phases, however, it has not been achieved experimentally up to
date. Therefore, achieving the CsPbls perovskite in a-phase is also a future task . Certainly, similar
to the CsPbBrs- and CsPb(Brxli-x)3-based IMH-PSCs, the CsPbls-based IMH-PSCs can also be
employed into tandem cells to maximize the utilization of sunlight.

In general, the studies of the three kinds of IMH-PSCs are still in the early stage. Although a big
advance has been made on improving the film synthesis methods, most of the mechanisms
concerning their electronic structure and photovoltaic properties are still lacking, which are of
importance for their applications in solar cells as this information can give us rational guidelines
to improve their PCEs. Therefore, much more experimental and theoretical research efforts should
be devoted in future to understand the electronic structure, interfacial charge recombination and
the relationship between the lattice structure and stability in CsPbXs-based IMH-PSCs. Moreover,
all of CsPbX3 perovskites display different band structures from traditional OMH perovskites. This
implies that their CBMs and VBMs have a large shift when compared with OMH perovskites. It
is well known that the current ETMs and HTMs are optimized for OMH perovskites. Therefore,
they are not the best choices for the CsPbXs perovskite. For example, the Vocs for all of the
reported CsPbBrs-based IMH-PSCs were in the range of 1.2-1.5 V, with Ejess (Eloss = Eg - €Voc)
higher than 0.8 eV. However, Ejoss has been reduced to ~0.4 eV in OMH-PSCs. One of the main
reasons is the band structure mismatch between CsPbX3 perovskites and ETMs/HTMs. Therefore,
exploring new ETMs and HTMs with better energy level alignment with IMH perovskites is vital
as well for the development of CsPbX3-based IMH-PSCs. Last but not the least, the research of
Pb-based IMH perovskites is still the mainstream currently, which, however, is toxic and harmful
for our health and environment. Non-toxic lead-free IMH perovskites with good properties are
preferable. Recently, PSCs based on lead-free IMH perovskites have been studied, however, the
performance was not high and more efforts are still needed in future.
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Overall, although the photovoltaic performances of CsPbXs-based IMH-PSCs are still lower than
those of OMH-PSCs, the development of the CsPbXs-based IMH-PSC is spectacular in the past
few years. More future theoretical and experimental research efforts will help realize more
efficient and stable CsPbX3-based IMH-PSCs.
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