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A B S T R A C T   

A comparable power conversion efficiency (PCE) to that of commercial Si solar cells (over 23%) has been 
achieved by organic–inorganic hybrid perovskite solar cells (OIH-PSCs) within several years. As OIH-PSC ma
terials have hygroscopic organic cations that limit their thermal and long-term stability (i.e. operational lifetime 
of about 1 year, much shorter than commercial Si of 20–25 years), significant research efforts have been directed 
to the development of all-inorganic PSCs to overcome this limitation. These studies have demonstrated that 
cesium lead halide (CsPbX3) and Pb-free cesium tin halide (CsSnX3) perovskites are promising materials for the 
fabrication of thermally stable and efficient solar cells. This work reviews recent progress on versatile CsPbX3 and 
CsSnX3 inorganic PSCs. Remarkable PCE values over 17% and 4% have been achieved by employing CsPbX3 and 
CsSnX3 perovskites, respectively, in a short development time. In addition, we evaluate the materials engineering 
methods and film deposition techniques for producing such inorganic perovskite materials. Several strategies 
including surface and interfacial passivation are discussed to alleviate hysteresis and instability of inorganic 
PSCs. Furthermore, future research directions including device engineering using inorganic metal oxide charge 
transport layers are suggested to further reinforce this innovative advances in the inorganic PSCs.   

1. Introduction 

The global energy requirements for urbanization and use of elec
tronic products is increasing rapidly. However, most of the required 
electric energy is full filled by exhaustible non-renewable fossil fuels 
which have detrimental effects on human health and environment. 
Therefore, renewable energy such as wind energy, water energy and 
solar energy have been found to be the best sources to produce electrical 
energy. Among these renewable energy sources solar energy attracts 
more attention due to the abundant availability of sunlight. Therefore, 
in last few decades the development of solar cells has been considerably 
grown because a solar cell can directly convert the solar energy to 
electric energy and can solve the energy crisis problem and global 
warming due to carbon emission in a greater extent. Generally, the solar 
cells have been classified into three generations, i.e. (1) first generation: 
mono- and multi-crystalline wafer based Si solar cells, (2) second 

generation: a-Si, CdTe, GaAs, CIGS, CuGaSe thin film based solar cells, 
and (3) third generation: multijunction, CZTs, CZTSe, CZTSSe, quantum 
dot, organic, dye-sensitized and perovskite solar cells. However, current 
photovoltaic market is dominated by Si based solar cells due to their 
mature technology, superior stability over 20 years and high PCE of 
26.7% [1]. Despite the well-established technology, various studies on 
fabricating solar cells using solution processing at low temperature have 
been made for the development of low cost and flexible solar cells. 

Over the last decade, organic-inorganic hybrid perovskites have 
attracted great attention due to their potentials of low-cost and easy 
fabrication, excellent intrinsic properties, such as a very long carrier 
diffusion length [2], high carrier mobility [3], tunable bandgap [4], and 
high optical absorption coefficient [5]. The general chemical formula of 
the organic–inorganic perovskite material is ABX3, where A is a mono
valent organic cation (e.g., CH3NH3

þ (MAþ), HC(NH2)2)þ (FAþ), or Csþ), 
B is a divalent metal cation (e.g., Pb2þ, Sn2þ), and X is a halide anion (e. 
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g., I� , Br- Cl� or a mixture of these). Methylammonium lead iodide 
(CH3NH3PbI3), also referred to as MAPbI3, is the most commonly studied 
perovskite due to its bandgap of 1.5 eV that allows absorption of a wide 
range of the solar spectrum, and ambipolar characteristics [2], which 
are essential for solar cells. The excellent optical and electrical proper
ties of ABX3 materials allowed the development of PSCs with a power 
conversion efficiency (PCE) that significantly increased from 3.8% to 
24.2 % within a decade, making them highly competitive to traditional 
Si-based solar cells [6,7]. Recently, along with the development of 
OIH-PSCs, some other ABX3 PSCs with super-alkali cations and 
super-halogen anions have also been reported [8–11]. 

Furthermore, the PSCs can be made using common metals and in
dustrial chemicals. Also, the simple, low-temperature and common 
solution-processed low-cost spin- or spray-coating techniques are very 
attractive for prospective low-cost production of PSCs. Several deposi
tion techniques, such as a multi-step methods [12], or single-step 
methods using antisolvent washing [13], thermal evaporation [14], 
and chemical vapor deposition (CVD) [15] have been developed and 
achieved high-quality pinhole-free polycrystalline perovskite films with 
large grains that facilitate efficient PSCs. However, MAPbI3 perovskites 
are very sensitive to moisture, and show poor thermal and 
photo-stability, which limits their commercialization [16,17]. 

Formamidinium lead triiodide (FAPbI3) has been developed as an 
alternative to MAPbI3 as it shows longer and broader light absorption 
with better photostability [18]. However, FAPbI3 shows an unwanted 
phase transition at room temperature, where the black perovskite-type 
trigonal structure (α-phase) transforms to a yellow non-perovskite hex
agonal structure (δ-phase). Therefore, to enhance the stability of the 
perovskite compounds, various strategies for tailoring the composition 
have been demonstrated, in particular, the introduction of mixed cations 
and/or halides. For example, MAPbBr3 was incorporated into FAPbI3, 
which stabilized the FAPbI3 perovskite phase and enhanced the PCE up 
to 18% [19]. It has been further reported that the partial replacement of 
FA by Cs (resulting in a perovskite composition of FA0.9Cs0.1PbI3) or the 
mixture of triple-cation perovskites in Csx(MA0.17FA0.83)(1-x)Pb 
(I0.83Br0.17)3 significantly improved the photo- and moisture stability, 
PCE, and more importantly, phase stability [20,21]. Although organ
ic–inorganic PSCs have shown good efficiency, the processing temper
ature of the solar cell device is limited by the poor stability of volatile 
organic cations, such as MAþ and/or FAþ that are thermally unstable at 
high temperature. 

In an effort to address the stability problems, much research is being 
devoted to developing materials with alternative organic cations that 
improve the stability without decreasing the PCE. Therefore, all- 
inorganic perovskites, such as cesium lead halide (CsPbX3 where 
X ¼ Cl, Br, and I) have recently attracted a lot of interest due to their 
remarkably high stability under high humidity and high temperature 
(without requiring any encapsulation), and excellent optoelectronic 
properties [22,23]. The first inorganic PSC based on CsPbBr3 was re
ported by Kulbak et al.; they demonstrated that the PSCs processed 
under ambient atmosphere generated high open circuit voltages 
(Voc ¼ 1.3 V), with an efficiency of 5.95% and good stability. However, 
CsPbBr3-based inorganic perovskites exhibit a wide bandgap of 2.3 eV 
and can only absorb light below a wavelength of 540 nm, which limits 
the PCE. Similarly, the first CsPbI3-based inorganic PSCs were reported 
by Eperon et al., with a stable PCE of 2.9%. The CsPbI3-based inorganic 
perovskites have a bandgap of 1.73 eV, which makes them more suitable 
for solar cells than CsPbBr3. However, the black cubic phase of CsPbI3 
(α-CsPbI3) is unstable at room temperature under ambient conditions, 
where transformation to δ-CsPbI3 phase occurs [24]. 

Such dedicated research efforts have quickly achieved materials with 
excellent stability and a record PCE of 17.06% [25]. However, most 
OIH-PSCs contain a large fraction (�35%) of Pb, which is highly toxic. 
Due to this toxicity, most Pb-containing substances used in electronic 
devices are strictly banned by the European Union and other countries, 
which has motivated the fabrication of Pb-free PSCs [26,27]. The most 

feasible replacement for Pb in PSCs is tin. Thus, several recent studies 
focused on the development of lead-free PSCs, such as MASnI3 [28] and 
FASnI3 [29]. However, these PSCs also suffer from instability problems 
due to their hygroscopic organic cations (MAþ or FAþ) that limit outdoor 
applications [30,31]. Therefore, compounds containing inorganic cat
ions and lead-free perovskites, such as cesium tin halide (CsSnX3) pe
rovskites, have been developed. 

In this paper, we review the recent progress in fabricating inorganic 
PSC devices with high PCE and stability. In particular, we discuss 
various strategies that have been proposed for increasing the efficiency 
and stability of perovskite materials and their corresponding solar cells; 
these include modifying the composition of lead-based and lead-free 
inorganic perovskites, solvent engineering, deposition techniques, and 
surface and interfacial passivation. 

2. Basic concepts of PSCs 

2.1. Crystal structure of inorganic perovskites 

It is well known that the general formula of a typical perovskite is 
ABX3, where A is the monovalent cation (Csþ, MAþ, FAþ), B site is a 
bivalent cation (Pb2þ, Sn2þ) and X site is a halide (I� , Br� , and Cl� ) [32]. 
Moreover, the phase stability of the halide perovskites can be deter
mined by its octahedral factor (μ) and the Goldschmidt’s tolerance factor 
(t): 

μ¼ RB=RX (1)  

and 

t ¼
RA þ RX
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðRB þ RXÞ

p (2)  

where RA, RB and RX are the radius of the A-site and B-site cation, and X- 
site anion, respectively [33]. A stable black phase of the inorganic 
perovskite can be obtained when 0.8 � t � 1 and 0.44 < μ < 0.9. How
ever, a perfect cubic symmetry of perovskite requires t-factor in between 
0.9 and 1; lowering or exceeding the upper limit of the t-factor can result 
non-perovskite yellow phase of the perovskite due to lattice distortion 
[24] which causes worse optical absorption, wider bandgap and results 
in low PCE. Depending on the t-factor and temperature, CsPbX3 inor
ganic perovskites have four different crystal structures such as cubic 
phase (α), tetragonal phase (β), orthorhombic phase (γ) and 
non-perovskite phase (δ). Some perovskite derivatives such as A2BX6, 
A2B3þX6, A3B2X9, and A3B2X7 have been also reported, but a very low 
PCE has been achieved by utilizing these perovskite derivatives for PSCs 
because of the formation of low dimensional crystal structure and 
multiple polymorphs [34]. 

2.2. Working principle and device physics of PSCs 

A PSC is composed of multilayers such as a transparent conducting 
metal oxide as front electrode, the perovskite absorber sandwiched be
tween and ETL and HTL, and a metal back electrode. When light in
cidents on the PSC, it will get absorbed by the perovskite absorber and 
give rise to electron-hole pairs. These electrons and hole will drift and 
diffuse due to the built-in electric fields and get collected on the contacts 
of the solar cell. However, the bandgap of the perovskite absorber shows 
a trade-off relation for the output current i.e. a low bandgap absorber 
can absorb more light and generate higher current. But the low bandgap 
absorber also affects the output voltage of the PSC because of the quasi- 
fermi level difference of the electrons and holes [35]. On the other hand, 
a high bandgap perovskite absorber suffers from the poor absorption of 
light and results low output current though it generates high output 
voltage. Therefore, it has been theoretically predicted that a single 
junction solar cell with an optimal bandgap between 1.1 eV and 1.4 eV 
can produce a maximum PCE of 33% [36]. 
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The PCE can be obtained from the current density-voltage (J-V) 
characterization, measured under a standard AM 1.5 solar simulator 
with light intensity of 100 mW/cm2. Generally, the PCE is defined as the 
ratio of maximum power output (Pout)to the incident light power input 
(Pin) or can be determined by the short circuit current density (Jsc), Voc 
and fill factor (FF) as: 

PCE¼
Pout

Pin
¼

Voc � Jsc � FF
Pin

(3)  

FF¼
VMP � JMP

Voc � Jsc
; (4)  

where VMP and JMP are the maximum voltage and current density at the 
maximum power. 

Apart from the tolerance factor dependent stability issues, the J-V 
hysteresis has been found to be a common problem in all type of PSCs. 
Hysteresis happens when a mismatch of the J-V curves of the same solar 
cells occurs under the reverse and forward scan measurement [37,38]. 
To date, the reason for the origin of hysteresis in PSCs is not clear 
although few reports have been reported including, (1) Ferroelectric 
polarization [39,40], (2) ion migration [41,42], (3) charge trapping 
[43], (4) capacitive effect [44], (5) phase segregation [45,46]. Conse
quently, the hysteresis in PSCs can be overcome by improving the 
quality of perovskite film, passivating the interfaces for faster charge 
transport process and passivating the surface or grain boundary defects. 

3. Compositional modification of lead-based and lead-free 
inorganic perovskites 

Modification of the composition of PSCs has played a major role in 
optimizing both structural and optical properties of these materials, 
which greatly affect the device performance and stability. For example, 
the bandgap of the halide perovskite can be tuned using mixed-cation 
and mixed-halide compositions, resulting in optical absorption over a 
broad range of wavelengths [4,47,48]. As we discussed above that a 
stable perovskite crystal (ABX3) can be obtained when the Goldschmidt 

t-factor is 0.8 � t � 1 [33,49]. However, Cs-based inorganic perovskites 
have low t-factor values, which indicate poor phase stability, and their 
wide bandgap limits further improvements of the PCE [50]. Some 
selected compositional modifications of inorganic perovskites that have 
been demonstrated to improve their structural stability and device 
performance are discussed in this section. 

3.1. CsPbBr3 PSCs 

Cesium lead halide base inorganic PSCs were reported for the first 
time by Kulbak et al., in 2015 [51]. They fabricated CsPbBr3-based 
inorganic PSCs with a device structure of glass/
FTO/mp-TiO2/CsPbBr3/spiro-OMeTAD or PTAA/Au (Fig. 1a) and pro
posed that the organic cation (MAþ) of the organic–inorganic hybrid 
perovskites (MAPbX3) can be replaced by inorganic cations (e.g., Csþ) to 
increase the stability and Voc of the solar cell. The Voc is an important 
metric for solar cells as it is a measure of the maximum voltage available 
from the device. In 2016, this group further reported that CsPbBr3-based 
PSCs exhibited higher efficiency and thermal stability than MAPbBr3 
PSCs and were stable over two weeks under dry air with Room humidity 
(RH) of 15–20%, constant illumination, and electron beam irradiation 
without encapsulation (Fig. 1b, and c) [51]. However, the organic hole 
transport layers (O-HTLs) used in these devices are quite expensive, and 
unstable against humidity and heat, which hinders the mass production 
and practical deployment of the PSCs. 

In an attempt to increase the O-HTL stability, Chang et al. replaced 
the O-HTL with a carbon electrode and fabricated a CsPbBr3 PSC device 
in an air atmosphere, which showed a PCE of 5% and significant thermal 
stability of 250 h at 80 �C [53]. Meanwhile, Liang et al. developed the 
first generation of all-inorganic PSCs by employing CsPbBr3/carbon 
layers [52] with a similar approach to a previous study [53]. Interest
ingly, these non-encapsulated all-inorganic PSCs showed a remarkable 
PCE of 6.7% and operated well under extreme operating conditions of 
high humidity (90–95%) and temperature (100 �C) for over three 
months without any performance degradation (Fig. 1d–f). Both these 
works demonstrated that CsPbBr3 inorganic perovskites have higher 

Fig. 1. (a) Cross-sectional SEM image of CsPbBr3 PSCs. Reproduced with permission [22], copyright 2015, American Chemical Society. (b) J–V curve of a CsPbBr3 
PSC and (c) time-dependent PCE of unencapsulated CsPbBr3 PSCs. Reproduced with permission [51], copyright 2016, American Chemical Society. (d) Device 
structure of an all-inorganic PSC with a carbon electrode, (e) J–V curve and PCE of CsPbBr3 PSC, and (f) normalized PCE stability of unencapsulated CsPbBr3 and 
MAPbI3 PSCs at 100 �C. Reproduced with permission [52], copyright 2016, American Chemical Society. 
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stability than that of organic–inorganic hybrid PSCs. The use of carbon 
electrodes in these PSCs demonstrated a new direction for fabricating 
cheap and stable PSCs. 

Furthermore, a significant advance was made by Akkerman et al. by 
tuning the optical and electronic properties of optoelectronic devices 
using colloidal semiconductor nanocrystals. They synthesized CsPbBr3 
nanocrystals using small low-boiling-point ligands like propionic acid 
(PrAc) and butylamine (BuAm), and environmentally friendly solvents 
like 2-propanol and hexane, at room temperature (Fig. 2a and b) [54]. 
Such CsPbBr3 nanocrystals exhibited a photoluminescence quantum 
yield (PLQY) of 58 � 6% in solution and 35 � 4% in the film after 
coating. The PLQY of these nanocrystals in film form was 30% higher 
than those of long alkyl chains, which remained insulating. The film also 
exhibited an amplified spontaneous emission threshold as low as 
1.5 μJ cm� 2 (Fig. 2c), which is the lowest value ever reported for 
CsPbBr3 nanocrystals. When these nanocrystal films with optimized 
thickness were used to fabricate PSC devices with a structure of 
FTO/c-TiO2/CsPbBr3/spiro-MeOTAD/Au, a PCE of 5.4% and a very high 
Voc of 1.5 V were measured (Fig. 2d). This Voc was the highest value 
reported for Cs-based inorganic PSCs. The CsPbBr3 perovskite exhibits a 
bandgap of 2.3 eV. It has been reported that the theoretical Voc of the Br 
perovskite-based wide bandgap PSCs is limited to 1.85 V due to the 
nonradiative recombination induced by the large work function differ
ence between the HTL and electron transport layer (ETL) [55,56]. Thus, 
it is expected that the Voc of CsPbBr3 PSCs can be further improved by 
proper design of the HTLs and/or ETLs. 

The use of PbCl2 has been shown to improve both the microstructure 
and photophysics of PSCs [57]. Li et al. were the first to incorporate 
PbCl2 into CsPbBr3 perovskites (via a sequential deposition technique) 
and investigate its effect on the morphological, structural, optical, and 
device performance of CsPbBr3-based PSCs [58]. They observed two 
major functions of PbCl2 in CsPbBr3 perovskites. Firstly, PbCl2 

controlled the crystal structure by promoting the phase transition of 
CsPbBr3 from orthorhombic to cubic (Fig. 3a). Secondly, PbCl2 passiv
ated the interface between the ETL and perovskite, which increased the 
electron extraction rate, electron and hole lifetimes, and carrier diffu
sion lengths (Fig. 3b). As a result, the PbCl2-induced CsPbBr3 PSCs 
showed a PCE of 6.21%, which was higher than that of undoped CsPbBr3 
PSCs with a PCE of 3.78% (Fig. 3c). Recently, several strategies for 
interface passivation of all-inorganic PSCs using inorganic quantum dots 
have been published, which produced devices with excellent perfor
mance, including a PCE of 9.72% for CsPbBr3-based inorganic PSCs; the 
thermal stability of this device will be discussed in Section 5 [59–61]. 

Despite the reported improvements in device performance, the car
rier recombination in CsPbBr3 perovskite films is still high due to the 
presence of grain-boundary-related defect states and low carrier lifetime 
in the film. To overcome such issues, increasing the grain size of the 
crystals and ensuring long carrier lifetime in the film are crucial factors 
for maximizing the power output. Therefore, Duan et al. doped CsPbBr3 
films with lanthanide ions (Ln3þ ¼ Sm3þ, Tb3þ, Ho3þ, Er3þ, and Yb3þ) 
via a multistep solution-processing method [62]. The grain size and 
density of the perovskite films gradually increased with decreasing 
atomic number of Ln3þ ions, where the perovskite film doped with Sm3þ

ions resulted in an average grain size of 1 μm (Fig. 4a). The proposed 
mechanism for the formation of large grains involved Ln3þ ions being 
expelled to the surface and grain boundaries, which resulted in highly 
oriented crystal domains due to changes in the surface energy of crystal 
growth. The large grains of the Ln3þ-doped CsPbBr3 perovskite film both 
increased carrier lifetime and reduced carrier recombination within the 
film. Using these Ln3þ-doped CsPbBr3 perovskite films with an opti
mized stoichiometry in HTL-free PSCs with a device structure of 
FTO/c-TiO2/mp-TiO2/CsPb0.97Sm0.03Br3/carbon, a PCE of 10.14% and 
an ultrahigh Voc of 1.594 V were achieved (Fig. 4b). Furthermore, these 
devices without encapsulation showed excellent moisture and thermal 

Fig. 2. (a) Schematic diagram of the synthesis of CsPbBr3 nanocrystals and fabrication of CsPbBr3 nanocrystal films; (b) photograph of scaled-up (2-gram) synthesis 
of CsPbBr3 nanocrystal solution; (c) ASE spectra under increasing fs-pulsed excitation fluence with (λexc ¼ 405 nm) recorded from a spin-coated film of CsPbBr3 film. 
(d) Jsc (dark green dots) and Voc (light green dots) as a function of CsPbBr3 nanocrystal deposition cycle dependent an all-inorganic PSC with a carbon electrode. 
Reproduced with permission [54]; copyright 2016, Nature Publishing Group. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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stability; the initial PCE of the devices was maintained over 95% and 
90% at room temperature under conditions of 80% RH for over 100 d, 
and 80 �C at 0% humidity for 60 d, respectively (Fig. 4c). 

3.2. CsPbI3 PSCs 

All-inorganic PSCs provide a new strategy for fabricating low-cost, 
efficient, and highly stable next-generation solar cells. However, 

inorganic CsPbBr3 devices show lower PCE values than organ
ic–inorganic hybrid PSCs due to their wide bandgap (Eg ¼ 2.3 eV). 
Inorganic CsPbI3 perovskites are more suitable for PSC applications as 
they have a narrower bandgap of 1.73 eV; however, it is impossible to 
fabricate and operate these materials in an ambient atmosphere due to 
the rapid degradation of the perovskite cubic phase (α-CsPbI3) to the 
non-perovskite orthorhombic phase (δ-CsPbI3). According to Eperon 
et al., the addition of a small amount of HI to the CsPbI3 precursor 

Fig. 3. (a) Schematic diagrams of molecular models of orthorhombic- and cubic-phase CsPbBr3 perovskites with and without PbCl2 doping. (b) Carrier lifetime 
measured from TRPL spectra of a CsPbBr3/mp-TiO2 layer. (c) J–V curve of orthorhombic and cubic CsPbBr3 inorganic PSCs. Reproduced with permission [58]; 
copyright 2017, Elsevier. 

Fig. 4. (a) Top and cross-sectional SEM images of as-prepared Lnþ-doped CsPbBr3 films on FTO/c-TiO2/mp/TiO2 substrates (left to right: CsPbBr3, Yb3þ-CsPbBr3, 
Er3þ-CsPbBr3, Ho3þ-CsPbBr3, Tb3þ-CsPbBr3, and Sm3þ-CsPbBr3). (b) J–V curves of all-inorganic PSCs with CsPbBr3 films doped with various Lnþ contents. (c) 
Stability of the normalized PCE of Sm3þ-doped unencapsulated CsPbBr3 PSCs under humid (25 �C and RH ¼ 80%) and high-temperature (80 �C, RH ¼ 0%) conditions. 
Reproduced with permission [62]; copyright 2018, Wiley-VCH. 
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solution stabilizes the cubic phase of the CsPbI3 perovskite [23], which 
showed pronounced crystallinity at a low temperature of 100 �C (Fig. 5a 
and b). They also suggested that these inorganic perovskites had high 
carrier diffusion lengths and speculated that hysteresis in the cur
rent–voltage curves of the PSCs was not due to the ferroelectric prop
erties, as CsPbI3 does not exhibit ferroelectric polarization behavior. The 
main role of HI was forming the stable black phase of CsPbI3 at a low 
temperature, which was characterized by the formation of small crys
tals. These smaller CsPbI3 crystals induced a phase transition at low 
temperature due to the generation of lattice strain, which partially sta
bilized the α-CsPbI3 phase. 

Phase stabilization by small nanocrystals of CsPbI3 is an excellent 
strategy for fabricating stable and efficient CsPbI3 inorganic PSCs. 
Swarnkar et al. reported that the nanocrystal surface could be used to 
stabilize the α-CsPbI3 phase at room temperature [63]. They synthesized 
highly stable α-CsPbI3 quantum dots (QDs) via a synthesis route using 
Cs-oleate and PbI2 precursors and processing temperatures ranging from 
60 �C to 185 �C to obtain different sizes of QDs. The QDs were purified 
using methyl acetate (MeOAc), which acted as an antisolvent to remove 
excess unreacted precursors without inducing agglomeration, resulting 
in QDs that were stable in the cubic phase for several months in an air 
atmosphere. They fabricated CsPbI3-based inorganic PSCs using these 
QDs by spin coating, followed by dipping in a MeOAc solution for ligand 
removal. The CsPbI3-based inorganic PSCs with a device structure of 
FTO/c-TiO2/CsPbI3 QD film/Spiro-OMeTAD/MoOx/Al showed a high 
PCE of 10.77% and Voc of 1.23 V (Fig. 5c). However, when these PSCs 
without encapsulation were stored in an air atmosphere with 40–60% 
humidity for 2 d, their PCE decreased to 2.55% due to the slow trans
formation of the QD films into bulk CsPbI3 film. Later, the same group 
reported treatment of the CsPbI3 QDs with A-site cation halide salts (AX, 
where A¼ FAþ, MAþ or Csþ and X¼ I� or Br� ), which significantly 
increased the film mobility and photocurrent, resulting in the highest 
reported PCE of 13.43% for QD-based PSC [64]. 

A similar approach was used by Wang et al. to stabilize the cubic 

phase of CsPbI3 by reducing the grain size [65]. They added a small 
amount (1.5 wt%) of sulfobetaine zwitterion in the CsPbI3 precursor 
solution, which reduced the average grain size to 30 nm due to the 
electrostatic interaction between the zwitterion and the ions and col
loids; this helped increase the grain surface area and stabilize the 
α-CsPbI3 phase (Fig. 6a). The zwitterions in the precursor solution 
interacted with the PbI2-DMSO complex, breaking its layered structure 
and preventing rapid grain growth, which resulted in an amorphous 
phase after spin coating. During thermal annealing of these films, the 
zwitterions were thought to migrate to the grain boundaries and hinder 
further grain growth, which resulted in small grains (Fig. 6b). The 
inorganic PSCs fabricated using these small α-CsPbI3 grains with a de
vice structure of ITO/PTAA/CsPb(I0.98Cl0.02)3/PCBM/C60/BCP/metal 
achieved a PCE of 11.4% (Fig. 6c) and maintained 85% of its initial 
performance over 30 d in air without encapsulation. 

These studies indicated that the use of additives for grain size engi
neering has great potential for enhancing the structural and thermal 
stability of inorganic perovskites. Therefore, several further studies were 
conducted to increase the PCE and stability of the inorganic PSCs using 
additives such as ethylenediamine (EDA), oleylammonium (OA), and 
phenylethylammonium (PEA) acetate [66,67]. These additives showed 
good moisture and thermal stability and increased the PCE values 
compared to control samples without additives. Fu et al. introduced 
long-chain ammonium additives (OA and PEA) into CsPbI3 to achieve 
phase stabilization. They formed two different metastable CsPbI3 poly
morphs, α-CsPbI3 and β-CsPbI3 (the less-common orthorhombic phase), 
using a one-step spin-coating process with OA and PEA additives, 
respectively (Fig. 6d). These additives resulted in highly stable bulk 
CsPbI3 perovskites, which were stable at room temperature for four 
months. As there are few reports of β-CsPbI3 perovskite-based devices 
and their performance, they fabricated β-CsPbI3-based PSCs, which 
showed efficient charge transport properties due to electron and hole 
diffusion lengths of 350 nm and 94 nm, respectively in β-CsPbI3 (Fig. 6e 
and f). Heterojunction PSCs based on the β-CsPbI3 perovskite films 

Fig. 5. (a) Schematic diagram of the crystal structure of yellow- and black-phase CsPbI3. (b) XRD patterns of CsPbI3 perovskite films deposited from solution with 
and without HI addition. Reproduced with permission [23]; copyright 2015, Royal Society of Chemistry. (c) Schematic diagram and cross-sectional image of the 
structure of PSCs based on CsPbI3 QD layers, and their PCE values (without encapsulation) as a function of storage period. Reproduced with permission [63]; 
copyright 2016, Science Publishing Group. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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demonstrated a PCE of 6.5%. 
Wang et al. recently reported that the organic cations (PEAþ) of 

phenylethylammonium iodide (PEAI) could be used to enhance the 
phase stability of CsPbI3 perovskites [68]. They showed that PEAþ could 
not intercalate into the crystal lattice of CsPbI3, as PEAI cannot react 

with the bulk CsPbI3 to form a new crystal phase or 2D perovskite layer 
by either solid cation exchange or subsequent cation exchange reactions. 
Therefore, it was hypothesized that PEAþ cations terminated on the 
surface of CsPbI3 perovskites by occupying the cation sites of CsPbI3 via 
the NH3

þ functional group (Fig. 7a). The PEAþ and I� ions passivated Csþ

Fig. 6. (a) Schematic diagram of the proposed mechanism of zwitterion-induced phase stabilization in CsPbI3 films. (b) SEM and (c) J–V curves of PSC with NDSB- 
201-added CsPbI3 film. Reproduced with permission [65]; copyright 2017, Elsevier. (d) Schematic of the OA and PEA induced phase stabilization mechanism of 
CsPbI3 films and their (e, f) photophysical properties. Reproduced with permission [66]; copyright 2017, American Chemical Society. 

Fig. 7. (a) Schematic of the PEAþ-induced stabilization of CsPbI3 films, and the (b) stability under moisture, and (c) J–V curves of CsPbI3 and PEAþ-CsPbI3 PSCs. 
Reproduced with permission [68]; copyright 2018, Elsevier. (d) Schematic of the unit cell structure, (e) calculated band structures, (f) PCE, and (g) normalized PCE of 
HPbI3-treated α-CsPbI3 films and unencapsulated solar cells. Reproduced with permission [69]; copyright 2018, Elsevier. 
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and I� vacancies or defects on the surface of CsPbI3 and blocked the 
formation of a 2D perovskite capping layer, which has been observed for 
organic–inorganic hybrid perovskites. The organic PEAþ cations formed 
a functional organic group layer on the surface to stabilize the crystal 
structure of CsPbI3, which enhanced the phase stability, moisture 
resistance (Fig. 7b), and passivated the surface, resulting in an increase 
in Voc and the FF. PSCs based on the PEAþ-CsPbI3 perovskite showed a 
stable and reproducible PCE of 13.5% (Fig. 7c) and excellent stability 
after storing in a dry box with RH < 20% at RT and thermal stability at 
50 �C under continuous illumination for 200 h without encapsulation. 

Similarly, Zhang et al. incorporated a small amount of EDA cations 
into CsPbI3, which facilitated the formation of highly stabilized α-CsPbI3 
and prevented the formation of the δ-phase upon exposure to air [66, 
67]. The two terminal NH3

þ groups of EDA occupied two A cation sites 
and resulted in the formation of 2D A2BX4 perovskites. When these 2D 
perovskites of EDAPbI4 were added to CsPbI3, the intercalated EDA 
cations prevented the undesirable phase transition to the δ-phase by 
cross-linking the CsPbI3–EDAPbI4. Furthermore, it was hypothesized 
that the EDAPbI4 both regulated the grain size and acted as a surface 
passivation layer in CsPbI3. These perovskite films were stable, even 
after annealing at 100 �C for 150 h and retained their stability at room 
temperature for months. In addition, no EDA impurities were observed 
from X-ray diffraction (XRD) patterns, indicating that the EDA cations 
were successfully incorporated into the perovskite lattice. Using an 
optimized concentration of EDAPbI4 (0.025 M) in the CsPbI3 precursor, 
they achieved a highest PCE of 11.86% with high stability after storing 
in dry box without encapsulation. These findings encourage further 
investigation of combinations of 2D and 3D perovskites, which are ex
pected to facilitate the fabrication of PSCs with enhanced structural 
stability. 

Furthermore, QDs and additive-induced nanocrystals have been 
widely employed to increase the stability of the cubic phase of CsPbI3 at 
room temperature [63]. However, these films contain many grain 
boundaries, which induce carrier recombination and hinder carrier 
transport. To overcome these issues and obtain a highly stable cubic 
phase of CsPbI3 at room temperature, Xiang et al. replaced PbI2 with 
HPbI3 in a one-step deposition solution process in dry air (20–30 �C and 
10–20% relative humidity) [69]. During annealing of the film after spin 
coating, CsI diffused into HPbI3 crystals to induce the nucleation and 
growth of α-CsPbI3 crystals with the generation of lattice strain (Fig. 7d). 
The lattice strain in the HPbI3-processed CsPbI3 perovskite film played a 
major role in stabilizing the large α-CsPbI3 crystals and narrowing the 
bandgap to 1.68 eV, resulting in increased light absorption (Fig. 7e). 
These films also showed a higher carrier lifetime than a PbI2-processed 
CsPbI3 perovskite film, implying that HPbI3 can effectively reduce car
rier trap densities. The PSC fabricated using this highly stable α-CsPbI3 
perovskite film with a device structure of FTO/TiO2/α-CsPbI3/carbon 
resulted in a PCE of 9.5%, Voc of 0.79 V, Jsc of 18.5 mA/cm2, and FF of 
65% (Fig. 7f). Most importantly, the device exhibited excellent 
long-term stability and retained 90% of the initial PCE over 3000 h of 
storage in dry air with temperature: 20–30 �C, RH: 10–20% (Fig. 7g) 
without encapsulation. These results indicate that the combination of 
the HPbI3 precursor and carbon electrode can be effectively used to 
fabricate highly stable and efficient α-CsPbI3-based inorganic PSCs. 

In addition to the incorporation of organic ions to achieve phase 
stabilization of the CsPbI3 perovskites, partial substitution of Pb on the 
B-site of the ABX3 perovskite lattice has been proposed by several 
groups. Hu et al. reported the incorporation of Bi in CsPbI3 and inves
tigated the effect of Bi on the crystal structure of CsPb1-xBixI3 [70]. The 
complete phase stability of the CsPbI3 perovskite was obtained with 
4 mol% Bi3þ content, which was confirmed by the characteristic α-phase 
peaks of (100), (110), (111), and (200) in the XRD spectra. Hence, it was 
suggested that several factors contributed to the enhanced phase sta
bility of CsPbI3 after Bi incorporation (Fig. 8a). First, the smaller ionic 
radii of Bi3þ resulted in a higher t value of the CsPb1-xBixI3 (0.84) 
perovskite film than that of CsPbI3 (0.81). Secondly, the Bi doping 

effectively induced the formation of microstrain in the perovskite crystal 
lattice, which contributed to the long-term phase stability of 
α-CsPb1-xBixI3 (Fig. 8b). Notably, 4 mol% of Bi was optimal for distorting 
the CsPbI3 cubic lattice, resulting in a reduction in the grain size that 
stabilized the α-CsPbI3 and narrowed the bandgap from 1.73 eV to 
1.56 eV. In addition, Bi effectively reduced the carrier trap densities and 
defect concentration in the α-CsPbI3 perovskite film. The fabricated PSC 
with the optimized CsPb0.96Bi0.04I3 perovskite layer sandwiched be
tween a compact TiO2 ETL and CuI HTL had an excellent PCE of 13.2% 
(Fig. 8c) and high stability at 25 �C and 55% humidity without any 
encapsulation (Fig. 8d). 

Similarly, the doping of CsPbI3 with Ca and Sb was also reported [71, 
72]. Lau et al. investigated the partial replacement of Pb2þ ions with 
Ca2þ in a CsPbI3 precursor and reported its multiple benefits. Firstly, the 
doping of Ca2þ reduced the size of the colloids in the precursor solution, 
producing uniform films with larger grains than the undoped film 
(Fig. 8e), which enhanced the interfacial contact between the perovskite 
and HTL. Secondly, with increasing Ca content, the bandgap increased 
from 1.72 eV to 1.93 eV (Fig. 8f), which is the opposite effect to Bi 
doping. Finally, Ca doping resulted in the formation of a Ca-rich oxide 
layer on the surface of the CsPbI3 film, which acted as a surface 
passivation layer and increased the carrier lifetime (Fig. 8g). An optimal 
concentration of 5% Ca2þ in the precursor solution resulted in a 
perovskite CsPb0.95Ca0.05I3 film which was used to achieve a stabilized 
PCE of 13.3% with a device structure of glass/
FTO/c-TiO2/mp-TiO2/CsPb0.95Ca0.05I3/P3HT/Au (Fig. 8h). The encap
sulated PSCs with 5% Ca maintained 85% of their initial PCE for over 
two months of storage at RT with a relative RH of 60–70%. Furthermore, 
Xiang et al. showed that Sb doping of CsPbI3 in an air atmosphere at a 
low temperature of 110 �C was very effective for stabilizing the α-CsPbI3 
phase. The fabricated carbon-based HTL-free CsPb0.96Sb0.04I3 PSC 
showed a promising PCE of 5.18%, and the device retained 93% of its 
initial PCE value over 37 d after storage in an air atmosphere (RH: <
20%, RT) without any encapsulation. 

The thermodynamic instability of inorganic CsPbI3 perovskites is a 
major challenge. A new black orthorhombic γ-CsPbI3 perovskite phase 
was developed by Zhao et al. in late 2018 [73] in an attempt to increase 
the stability of CsPbI3 perovskites. A small amount of H2O was added to 
the CsPbI3 precursor solution containing equimolar amounts of CsI and 
PbI2 in a mixture of dimethylformamide (DMF) and HI; a facile one-step 
deposition method was used, followed by low-temperature annealing at 
100 �C to obtain the CsPbI3 perovskite film. H2O fractions (x) of 0, 0.01, 
0.02, and 0.04 vol% in DMF were used. XRD patterns of the x ¼ 0.02 
sample showed diffraction peaks at 2θ ¼ 28.5� and 14.1�, corresponding 
to the (004) and (002) reflections, respectively, which were indexed to 
the black orthorhombic phase of CsPbI3. They proposed a two-stage 
mechanism i.e. initially the PbI2 and ions solvated in the DMF/HI sol
vent mixture in the presence of DMF.xHI molecular complexes formed 
the precursor solution. At the second stage, when H2O was added into 
the precursor solution, it provided a strong ionization medium for DMF 
and HI to promote the proton transfer reaction in the precursor solution 
as described by the following equation: 

DMF:xHIþ xH2O→DMF þ xH3Oþ þ xI� (5) 

The increase in activity of the Hþ and I� ions concentration facili
tated the size reduction of PbI2 colloids in the precursor as a result the 
crystal size of the perovskite film also reduced. During spin-coating, I�

ions in the solution coordinated to form corner sharing [PbI6]4- octa
hedra intercalated by the Csþ. The octahedral framework converted to 
the stable γ-CsPbI3 perovskite structure with a small crystal size 
(100 nm) upon annealing at 100 �C (Fig. 9a and b). Based on the DFT 
calculations, the low Miller-index surface of the perovskite-structured 
γ-CsPbI3 exhibited a lower surface energy (0.13 J/m2) than the 
δ-CsPbI3 (2.57 J/m2) and higher surface area (over 8600 m2/mol). It has 
been reported that, when the materials size decreases, the surface/vol
ume ratio increases, and the materials tend to convert to a more 
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symmetric crystal structure because symmetrical crystal structures have 
smaller surface energy [74]. Thus, the low surface energy and high 
surface area made the γ-CsPbI3 perovskite thermodynamically stable 
(Fig. 9d). A PSC fabricated with the γ-CsPbI3 inorganic perovskite 
showed excellent performance, with a PCE of 11.3% (Fig. 9e). In addi
tion, reliable performance was observed, where no noticeable perfor
mance loss of the unencapsulated devices was observed under an 
ambient environment with RH 10�5% for over 40 days. 

3.3. CsPbI2Br PSCs 

To further overcome the structural and thermal instability of CsPbI3 
PSCs, a simple approach of mixing halides has attracted much attention 
from researchers. In early 2016, Sutton et al. reported modified CsPbI3 
inorganic perovskites and fabricated CsPbI2Br by varying the ratio of I 
and Br [75]. The partial incorporation of Br into CsPbI3 stabilize the 
cubic phase, even in ambient air. Absorption and PL spectra of the 
CsPbI2Br showed that the bandgap could be appropriately tuned by 

Fig. 8. (a) XRD patterns of CsPb1-xBixI3 perovskites. (b) Schematic distorted stabilized crystal structure of CsPb0.96Bi0.04I3 perovskites. (c) J–V curves and (d) time- 
dependent PCE of CsPb0.96Bi0.04I3-based PSCs without encapsulation. Reproduced with permission [70]; copyright 2017, American Chemical Society. (e) XRD 
patterns, (f) absorbance spectra, and (g) TRPL decay curves of CsPb1-xCaxI3 perovskite films, and (h) J–V curves of their PSCs. Reproduced with permission [71]; 
copyright 2018, The Royal Society of Chemistry. 

Fig. 9. (a) Schematic diagram of H2O-induced formation and stabilization, and (b) crystal structure of γ-CsPbI3 perovskites. (c) Storage-dependent XRD patterns and 
(d) surface area of the γ-CsPbI3 films. (e) J–V curves and PCE of the γ-CsPbI3-based PSCs. Reproduced with permission [73]; copyright 2018, American Chemi
cal Society. 
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varying the I and Br ratios (Fig. 10a and b). The optical bandgap of the 
CsPbI2Br inorganic perovskite was 1.92 eV, making it suitable for 
tailoring tandem devices with c-Si and copper indium gallium selenide 
solar cells. At that time, the highest PCE of 9.8% was obtained from a 
cesium-lead-halide-based inorganic PSC with a planar device structure 
(Fig. 10c) and the devices were measured in ambient atmosphere 
without any encapsulation. At the same time, Beal et al. used a similar 
approach to form uniform compositions of CsPb(BrxI1-x)3 perovskites 
with low Br concentrations [76]. They also tuned the bandgap of the 
inorganic perovskites to 1.9 eV by substituting the CsPbI3 lattice with 
33% of Br. The addition of Br also significantly improved the optical and 
thermal stability. 

The durable stability and adequate performance of CsPbI2Br perov
skites have inspired the development of many different approaches for 
preparing films of this material. Achieving void-free perovskite films 
with uniform grains and high crystallinity is a key strategy for devel
oping inorganic CsPbX3 PSCs. Notably, CsPbX3 inorganic perovskites 
require high temperature processing, which restricts their application in 
multilayer or flexible solar cells. Rao et al. developed the room tem
perature solvent annealing (RTSA) technique to control the perovskite 
crystallization dynamics using DMSO, which resulted in highly uniform 
and void-free CsPbI2Br films at a low temperature of 120 �C [77]. This 
method effectively removed the high boiling point DMSO and induced 
the formation of uniform void-free perovskite films. According to their 
plausible mechanism, the DMSO molecules continuously coordinate 
with PbI2 or PbBr2 arrays consisting of layered octahedral (PbI6)4- and 
are embedded into interlamellar interstices of the layered PbI2; this 
resulted in an increase in the PbI2 interlayer distance along the c-axis, 
and subsequently, longer PbI2 interplanar distances. The longer inter
planar distances in PbI2 assist subsequent intercalation of CsI into the 
PbI2 lattice, leading to the formation of the PbI2-CsI-DMSO intermediate 
phase. The intercalation of CsI into the PbI2 removed the DMSO mole
cules and formed the cubic phase of the CsPbI2Br perovskite. 
CsPbI2Br-based PSCs (with an inverted planar structure) fabricated 
using the RTSA technique achieved a maximum PCE of 6%. When an 

additional annealing step was employed after RTSA treatment of these 
films, the perovskite grain size increased with increasing temperature 
(from 50 �C to 300 �C) (Fig. 10d, and e). A relatively low annealing 
temperature of 120 �C was optimal for producing uniform grain growth, 
resulting in the highest device performance of 10.4% (Fig. 10f). Due to 
the low-temperature processing, efficient, flexible CsPbI2Br-based PSCs 
were achieved, which showed a maximum PCE of 7.3%. 

The stoichiometric ratios of the precursors in the CsPbI3-xBrx films 
need to be accurately controlled by carefully considering the hygro
scopic nature of CsI and CsBr. Using this strategy, Chen et al. successfully 
co-deposited stoichiometrically balanced PbI2 and CsBr to form high- 
quality CsPbI2Br perovskite films [78]. By controlling parameters such 
as post-annealing temperature and time, a large grain size of 3 μm was 
achieved. The fabricated PSCs with a device structure of ITO/
Ca/C60/CsPbI2Br/TAPC/TAPC:MoO3/Ag resulted in a PCE of 11.8% 
(Fig. 11a). Similarly, Nam et al. investigated the effect of annealing 
temperature on the crystal growth of CsPbI2Br perovskite films [79]. A 
pinhole-free surface morphology with a uniform and dense crystal 
structure was formed at an optimal moderate annealing temperature of 
280 �C (Fig. 11b). At this temperature, the surface and bulk defects of 
the perovskite films were passivated, which enhanced both the phase 
stability and device performance. The PSCs fabricated using the optimal 
conditions exhibited a PCE of 10.7% and Voc of 1.23 V (Fig. 11d), which 
were higher values than previous reports [75,76]. 

Additionally, several doping strategies were employed to promote 
crystal growth in an attempt to increase the phase stability, and modify 
the structural and optoelectronic properties of CsPbI2Br perovskites. 
Nam et al. reported the partial substitution of Csþ ions with Kþ ions in 
CsPbI2Br [80]. The partial incorporation of Kþ ions in Cs1-xKxPbI2Br 
improved the structural stability and electron lifetime, without affecting 
the light absorption; this resulted in a clear increase in the PCE to 10%, 
and the unencapsulated devices were more stable in air (RH: 20%, 
Temperature: 20 �C) with under continuous operation than that of 
pristine CsPbI2Br PSCs (Fig. 12a-c). Lau et al. reported the incorporation 
of Sr into CsPbI2Br with a low-temperature annealing process to form 

Fig. 10. (a) Photographs, and optical absorption and PL spectra of CsPbI2Br films with various Br contents, and J–V and PCE curves of the respective PSCs. 
Reproduced with permission [75]; copyright 2016, Wiley-VCH. (d) SEM images and (e) XRD spectra of CsPbI2Br films after post-annealing treatment. (f) J–V curves 
and PCE of CsPbI2Br-based PSCs and Reproduced with permission [77]; copyright 2018, Wiley-VCH. 
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CsPb1-xSrxI2Br perovskites and investigated their structural properties, 
carrier lifetime behavior via time-resolved photoluminescence (TRPL), 
and device performance [81]. The surface morphology of the perovskite 
films had snowflake-like structures due to the enrichment of Sr on the 
surface (Fig. 12d); this formed SrO, which played a major role in 
passivating surface defects. The surface passivation reduced 
non-radiative surface recombination and effectively increased the car
rier lifetime, which increased the PCE from 7.7 to 11.3% for PCSs with a 
device structure of FTO/c-TiO2/mp-TiO2/CsPb1� xSrxI2Br/P3HT/Au 
(Fig. 12e). 

3.4. CsPbIBr2 PSCs 

Although mixed-halide-like CsPbI2Br has shown better stability than 

CsPbI3, it still degenerates to the yellow phase when exposed to air due 
to its high iodine content. To further enhance the stability of iodine-rich 
Cs-based lead halide inorganic perovskites, Br-rich Cs-based inorganic 
PSCs have been proposed as an alternative compositional modification. 
In early 2016, Ma et al. reported a non-stoichiometric approach to 
fabricate HTL-free CsPbIBr2 inorganic PSCs via thermal evaporation of 
CsI and PbBr2 precursors [82]. The Br-rich CsPbIBr2 inorganic perov
skite film showed a typical bandgap of 2.05 eV and PL emission at 2 eV 
with high thermal stability (Fig. 13a). The CsPbIBr2 film showed better 
thermal stability in both a N2 environment and ambient conditions than 
equivalent CsPbI3 and CsPbI2Br films; no changes in the morphology and 
optical properties of the CsPbIBr2 films were observed (Fig. 13b). 
However, inorganic PSCs based on CsPbIBr2 films showed poor perfor
mance (PCE ¼ 4.7%) and large hysteresis because of the absence of the 

Fig. 11. (a) J–V characteristics, EQE spectra, time-dependent Jsc, and PCE of CsPbI2Br-based PSCs. Reproduced with permission [78]; copyright 2017, Wiley-VCH. 
(d) SEM images of CsPbI2Br films annealed at various temperatures. (e) Schematic diagram of the device structure and (f) J–V characteristics and PCE of 
CsPbI2Br-based PSCs. Reproduced with permission [79]; copyright 2017, American Chemical Society. 

Fig. 12. (a) SEM, (b) optical absorbance, and (c) TRPL decay curves of K-doped CsPbI2Br-based films. Reproduced with permission [80]; copyright 2017, American 
Chemical Society. (d) SEM images of CsPbI2Br and CsPb1-xSrxI2Br films and (e) J–V, PCE, and EQE curves of CsPbI2Br- and CsPb1-xSrxI2Br-based PSCs. Reproduced 
with permission [81]; copyright 2017, Wiley-VCH. 
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HTL, resulting in severe interfacial recombination (Fig. 13c). Lau et al. 
overcame this problem using a Spiro-OMeTAD layer as HTL and ob
tained a PCE of 6.3% [83]. In addition, to tune the bandgap of CsPbIBr2 
and enhance structural stability, partial substitution of Sn with Pb was 
reported by Liang et al. [84]. The addition of Sn into the CsPbIBr2 
perovskite (CsPb0.9Sn0.1I Br2) reduced the bandgap to 1.79 eV, close to 
that of CsPbI3, and increased the stability (Fig. 13d). A PSC device with a 
structure of FTO/m-TiO2/CsPb0.9Sn0.1IBr2/C60 showed a PCE of 11.33% 

and Voc of 1.26 V, which is an exceptional record for a device without an 
HTL layer (Fig. 13e and f). Furthermore, the PSCs (without any encap
sulation) showed extremely high stability under continuous operation in 
the presence of heat (100 �C for two weeks) and moisture (60% RH for 
50 h). In particular, no degradation was observed for the encapsulated 
PSCs at room temperature, and the devices maintained their initial 
performance over three months. 

Fig. 13. (a) XRD patterns and photographs of CsPbIBr2 films with and without thermal treatment. (b) SEM images of the PSC structure and (c) J–V curves of 
CsPbIBr2-based PSCs. Reproduced with permission [82]; copyright 2016, Wiley-VCH. (d) Optical absorption and (e) energy level band diagrams of CsPbBr3, CsPbIBr2, 
and CsPb0.9Sn0.1IBr2 films and (f) J–V curves of their respective PSCs. Reproduced with permission [84]; copyright 2017, American Chemical Society. 

Fig. 14. (a) Schematic crystal structure of CsSnI3 perovskites, J–V curve and photocurrent of DSSCs based on CsSnI3 liquid electrolyte. Reproduced with permission 
[90]; copyright 2012, Nature Publishing Group. (d) Device structure, band alignment, and J–V curve of CsSnI3-based Schottky solar cells. Reproduced with 
permission [91]; copyright 2012, American Institute of Physics. 
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3.5. CsSnI3 PSCs 

Despite the exciting progress in Pb-based PSCs, concerns regarding 
the toxicity of Pb have motivated the development of alternative Pb-free 
halide PSCs. For example, Pb was replaced by Sn ions in CsPbI3, 
resulting in the formation of CsSnI3 perovskites, which generally form 
two polymorphs: a black orthorhombic phase (B-γ-CsSnI3) with a 3D 
perovskite structure; and a yellow phase with a 1D double-chain struc
ture (Y-CsSnI3) (Fig. 14a) [85]. The γ-CsSnI3 phase has a bandgap of 
1.3 eV, with a high optical absorption coefficient of 104 cm� 1 and low 
exciton binding energy of 18 meV, which makes CsSnI3 perfectly suited 
for PSC applications [86–88]. Furthermore, a CsSnI3 structure deficient 
in Sn produces a good p-type conductor with a carrier concentration of 
~1017 cm� 3 and hole mobility of ~585 cm2V� 1s� 1 [89]. Due to its good 
p-type conductivity, Chung et al. first used CsSnI3 as a solid electrolyte in 
dye-sensitized solar cells (DSSCs), where CsSnI3 was synthesized by a 
vacuum melt process at 450 �C, and obtained a PCE of 10.2% with high 
photocurrent. (Fig. 14b, and 14c) [90]. They observed that CsSnI3 had 
good light absorption over the long wavelength range and was able to 
convert the absorbed light into photocurrent, which makes it suitable for 
the fabrication of tandem solar cells. Following this, Schottky-type solar 
cells based on a CsSnI3 light absorber were reported by Chen et al., with 
a device structure of ITO/CsSnI3/Au/Ti (Fig. 14d, and 14e) [91]. The 
CsSnI3 layer was synthesized by sequentially depositing the CsI and 
SnCl2 layers, followed by a thermal annealing process with a tempera
ture of 175 �C. The PCE of the device with this type of perovskite layer 
was about 0.88% (Fig. 14f). 

The demonstration of the promising bandgap, good light absorption 
properties, and acceptable photovoltaic performance of CsSnI3 perov
skites led to several further studies of CsSnI3-based PSCs. Kumar et al. 
first reported PSCs using CsSnI3 as the active light absorber layer with a 
device structure of FTO/mp-TiO2/CsSnI3/HTL/Au (Fig. 15a) [92]. The 
perovskite layer was deposited using a one-step solution method and a 
low annealing temperature (70 �C). In addition, SnF2 was added in order 

to reduce the number of intrinsic defects associated with Sn vacancies 
(VSn) that generate high background carrier concentration and high 
charge recombination in CsSnI3 perovskites [89,93]. The addition of 
SnF2 reduced VSn without entering the CsSnI3 perovskite lattice 
(Fig. 15b). The photovoltaic performance was considerably enhanced 
with an optimal concentration (20%) of SnF2, which resulted in a PCE of 
2.02%, Jsc of 22.70 mA/cm2, Voc of 0.24 V, and FF of 0.37 (Fig. 15c). 
However, it was proposed that the low photovoltaic performance was 
due to trap-assisted recombination, rather than any significant energy 
barrier in the device. 

The poor film quality, high VSn, and lack of understanding of the 
physics of CsSnI3 perovskite materials limit the performance of CsSnI3 
PSCs. To address these issues, Wang et al. developed a simple solution- 
based method where CsSnI3 was dissolved in a mixture of different 
solvents, such as methoxyactonitrile, DMF, and acetonitrile [94]. 
Various post-annealing temperatures were also used to control the film 
quality and the VSn. The grain size increased with increasing 
post-annealing temperature and the grains were coarsened over an 
annealing temperature of 250 �C (Fig. 15d). Several device structures, 
such as mesoporous scaffolds (TiO2 or Al2O3), and n-i-p and p-i-n planar 
PSCs, were fabricated and their performance was evaluated (Fig. 15e 
and g). The PCE values of the PSCs with mesoporous structures were 
very low (Fig. 15f) (0% for TiO2 and 0.3% for Al2O3), which could have 
been due to: (i) insufficient pore filling; (ii) constrained crystallization 
environment in the mesoporous scaffolds; and (iii) low crystallinity 
impurities (Y-CsSnI3 and Cs2SnI6). To overcome these issues, a planar 
device structure of ITO/c-TiO2/CsSnI3/Spiro-MeOTAD was fabricated, 
and an improved PCE of 0.77% was achieved. However, the device 
performance was still low due to the low conductivity of undoped 
Spiro-MeOTAD, which limited the hole conductivity and carrier trans
port. The Spiro-MeOTAD was undoped here to avoid the degradation of 
γ-CsSnI3 induced by the oxidation steps required to dope 
Spiro-MeOTAD. To avoid the challenges related to the use of 
Spiro-MeOTAD in γ-CsSnI3-based PSCs, a compact NiOx HTL and PCBM 

Fig. 15. (a) Cross-sectional FESEM images, calculated variation in VSn formation energy, and J–V curves of CsSnI3-based PSCs with different concentrations of SnF2. 
Reproduced with permission [92]; copyright 2014, Wiley-VCH. (d) SEM images of the B-γ-CsSnI3 perovskite thin films annealed at different temperatures, (e), (f) 
device structure and J-V curves of the perovskite solar cells, and (g), (h) device structure and J–V curves of an inverted planar device with NiOx as HTL and PCE of 
CsSnI3-based PSCs. Reproduced with permission [94]; copyright 2016, Wiley-VCH. 
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ETL were used, which significantly increased the PCE to 3.0% (Fig. 15h). 
The annealing temperature had a significant impact on the device per
formance; a temperature of 150 �C was optimal for producing a smooth 
surface and uniform crystals, which resulted in improved device per
formance. Annealing at higher temperatures produced larger crystals, 
but increased the VSn content and film roughness, which reduced the 
carrier lifetime and degraded the interfacial contact, respectively. 

The susceptibility of Sn-based perovskites to oxidation, their low 
energy of defect formation, and difficulties in producing pinhole-free 
films limit the performance and stability of CsSnI3-based PSCs. To 
address these challenges, Marshall et al. systematically studied the 
addition of Sn halides (e.g., SnI2, SnBr2, SnCl2, and SnF2) to CsSnI3 so
lutions [95]. First, they added an excess of SnI2 to CsSnI3 precursor so
lutions and investigated the effect on the CsSnI3 film morphology and 
device performance. The addition of 10% of SnI2 increased the PCE of 
the CsSnI3 PSCs. A plausible mechanism for PCE enhancement was 
described in terms of suppression of carrier recombination due to the 
reduced VSn content in the Sn-rich perovskite films. As a result, a PCE of 
2.76% and Voc of 0.55 V were achieved using CuI and ICBA as HTL and 
ETL, respectively. Among the Sn halide additives, the use of SnBr2 and 
SnF2 produced PSCs with poor device performance (PCE of only 0.4%). 
However, SnCl2 was a beneficial additive and showed the most signifi
cant effects on CsSnI3 perovskite film and PSC performance. The addi
tion of SnCl2 did not improve the morphology of the CsSnI3 perovskite 
film (pinholes were still observed; Fig. 16a) compared to those prepared 
with SnI2, SnBr2, and SnF2 additives; however, the photovoltaic per
formance did not seem to be degraded by the poor morphology. Further 
analysis indicated that a SnCl2 layer was formed on the CsSnI3 film, 
instead of forming CsSnCl3 or CsSnI3-xClx, which may have occurred due 
to a large difference between the ionic radii of Cl (1.81 Å) and I (2.2 Å). 
This SnCl2 layer was sacrificed to form a stable hydrate and SnO2 that 
protected the underlying CsSnI3 layer from oxidation upon exposure to 
air. This work provided further evidence for the hypothesis that the 
presence of excess SnCl2 at the surface of CsSnI3 crystallites resulted in 
moderate n-doping of the fullerene layer, resulting in the formation of a 
Schottky barrier that prevents unwanted extraction of electrons from the 
fullerene into the ITO at the pinhole sites (Fig. 16b). Therefore, carrier 
recombination at the exposed ITO sites was significantly reduced, and 

the PCE of the CsSnI3 device increased to 3.56% without an electron 
blocking layer (Fig. 16c). Consequently, the stability of the unencapsu
lated CsSnI3 PSC devices tested in ambient air at a humidity of ~25% 
under constant 1 sun simulated solar simulation also increased with the 
addition of the SnCl2 layer (Fig. 16d). 

3.6. CsSnBr3 PSCs 

Similar to CsPbX3 (X¼ I, Br, Cl) perovskites, the bandgap of CsSnX3 
perovskites can be tuned by changing the X elements. The bandgap of 
CsSnX3 can be varied from 1.3 eV to 1.75 eV by substituting I with Br, 
resulting in a significant increase in Voc of the PSCs (Fig. 17a). Gupta 
et al. investigated CsSnBr3 PSCs [96], where the perovskite absorber 
layer was prepared using a one-step solution method using mp-TiO2 and 
Spiro-MeOTAD as an ETL and HTL, respectively. In addition, the effects 
of SnF2 incorporation on the CsSnBr3 film properties and PSC perfor
mance were investigated. The addition of SnF2 reduced the background 
carrier density by neutralizing carrier traps induced by VSn and reduced 
the work function of CsPbBr3, resulting in conduction band (CB) and 
valence band (VB) energies closer to the CB of the ETL and VB of the 
HTL, respectively, which facilitated carrier transport at the interfaces 
(Fig. 17b). As a result, the PCE increased from 0.01% to 2.1% (Fig. 17c). 
In addition, the oxidation of Sn from X-ray radiation was prevented, and 
the stability of the perovskite in an inert atmosphere increased with the 
addition of SnF2 and without any encapsulation. 

To prevent the oxidation of Sn2þ ions to Sn4þ ions in CsSnX3 pe
rovskites, the addition of excess SnF2 or SnCl2 in CsSnX3 perovskites 
results in poor film morphology, which hinders the device performance. 
To solve this problem, Song et al. designed a novel and effective method 
in which an atmosphere with a reducing vapor of hydrazine (N2H4) was 
introduced during spin coating of the CsSnBr3 and CsSnI3 perovskite 
precursors, as shown in Fig. 17d [97]. The proposed reaction path in the 
reducing atmosphere during film formation was 2SnI62� þ N2H4 → 
2SnI42� þ N2 þ 4HI (Fig. 17e), which resulted in more than 20% 
reduction in the Sn4þ/Sn2þ ratio, which dramatically suppressed the 
carrier recombination induced by the undesirable p-type electrical 
conductivity of VSn. As a result, PCE values of 1.83% and 3.04% for the 
CsSnI3- and CsSnBr3-based PSCs were achieved, respectively. Later, the 

Fig. 16. (a) SEM images of CsSnI3 perovskite films with and without 10 mol% SnCl2 added, along with a schematic diagram of SnCl2-capped CsSnI3 crystallites. (b) 
High-resolution XPS spectra of SnCl2 and SnCl2-doped PCBM films used to investigate n-type doping. (c) J–V curves of fresh CsSnI3-based PSCs, (d) the stability of 
PCE after storing in nitrogen atmosphere, and (e) time-dependent normalized PCE of the devices tested under a 1 sun solar simulator in ambient air without 
encapsulation. Reproduced with permission [95]; copyright 2016, Nature Publishing Group. 
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same group reported that excess SnI2 was dispersed uniformly in the 
perovskite film (instead of using SnF2 to reduce the VSn) under a 
reducing atmosphere of N2H4. The excess SnI2 in the perovskite film 
decreased p-type conductivity by compensating Sn2þ vacancies [98]. 
The CsSnI3 PSCs (optimal concentration of 0.4 M CsI and 1.0 M SnI2) 
fabricated using this approach demonstrated a highest efficiency of 
4.81% (Fig. 17f). 

3.7. CsSnI3-xBrx PSCs 

CsSnI3 is a widely investigated lead-free halide inorganic perovskite 
that functions as an efficient light absorber with high photocurrent. 
However, the PCE of CsSnI3 inorganic PSCs is limited by the low Voc. To 
overcome this, Sabba et al. proposed increasing the Voc by chemically 
doping Br in CsSnI3 to form CsSnI3-xBrx (0 � x � 3) [99]. Br doping 
transformed the crystal structure from the orthorhombic to cubic phase, 
from CsSnI3 to CsSnBr3, respectively. The optical bandgap transitions 

Fig. 17. (a) Reflection-corrected normalized transmittance spectra of CsSnBr3, CsPbBr3, and MAPbBr3 films. (b) Band diagram of CsSnBr3 with and without 20 mol% 
SnF2 added. (c) J–V curves of CsSnBr3-based PSCs with and without added SnF2. Reproduced with permission [96]; copyright 2016, American Chemical Society. (d) 
Schematic diagram of reducing atmosphere process for preparation of (top) MASnI3, (middle) CsSnI3, and (bottom) CsSnBr3. (e) Proposed mechanism of hydrazine 
vapor reaction with Sn-based perovskite materials. (f) J–V curves of CsSnBr3 PSCs with and without various hydrazine vapor concentrations. Reproduced with 
permission [97]]; copyright 2017, American Chemical Society. 

Fig. 18. (a) Tauc plots of CsSnI3-xBrx with different concentration of Br, (b) bandgap variation with-respect-to Br concentration, (c) J-V curves of CsSnI3-xBrx PSCs. 
Reproduced with permission [99]. Copyright 2015, American Chemical Society. (d) Mott-Schottky plots of CsSnIBr2 PSCs used to calculate the carrier density. (e) J–V 
curves, and (f) normalized PCEs of encapsulated CsSnIBr2 PSCs with and without HPA additives under ambient conditions. Reproduced with permission [100]; 
copyright 2016, The Royal Society of Chemistry. 
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increased with increasing Br concentration from 1.27 eV for CsSnI3 to 
1.37, 1.65, and 1.75 eV for CsSnI2Br, CsSnIBr2, and CsSnBr3, respec
tively (Fig. 18a and b). Br doping also significantly reduced the struc
tural disorder of the CsSnI3-xBrx perovskite (deduced from the Urbach 
energy), decreased the charge carrier density (6.32 � 1015 cm� 3), and 
increased the charge recombination resistance, which increased the Voc 
of CsSnI3-xBrx PSCs. Further addition of SnF2 (20 mol%) into CsSnI2Br 
significantly suppressed the VSn concentration, which reduced carrier 
recombination and increased the photocurrent densities. As a result, the 
PCE was consequently enhanced, with a value of 1.67% (Fig. 18c). In 
addition, they achieved the PCE with a highest value of 1.76% for the 
CsSnI2.9Br0.1 inorganic base PSCs. 

To further overcome the instability and bulk recombination induced 
by VSn defects in Sn-based inorganic PSCs, Li et al. introduced hypo
phosphoric acid (HPA) into the CsSnIBr2 perovskite precursor solution 
[100]. The HPA additive worked as a complexant to enhance the 
nucleation process with inhibiting the formation of Sn4þ ions during 
formation of the CsSnIBr2 film; this remarkably reduced the carrier 
mobility and carrier density in the perovskite film (Fig. 18d). When the 
perovskite film with the HPA additive was applied in PSCs, the Voc and 
FF were significantly increased; a PCE of 3.2% was achieved with a 
mesoporous PSC architecture, which was two times higher than the 
equivalent device without HPA addition (Fig. 18e). Furthermore, the 
PSC with HPA-doped CsSnIBr2 film combined with a carbon electrode 
resulted in impressive stability, with no efficiency loss over 77 d. The 
encapsulated devices also exhibited superior thermal stability, main
taining 98% of the initial PCE after 9 h continuous power output at 
473 K (Fig. 18f). 

It is clear from these studies that the efficiency and stability of the Pb- 
and Sn-based inorganic PSCs have dramatically improved in a short 
period. The efficiency values of CsPbX3 and CsSnX3 PSCs have been 
increased to over 17% and 4%, respectively, under rigorous experi
mental conditions. The bandgap and structural stability of CsPbX3 and 
CsSnX3 PSCs have been optimized by the partial substitution of metal 
cations or halide anions. In addition, the incorporation of several ad
ditives, including ligands, polymers, and ammonia salts, effectively 

enhanced phase stabilization of these perovskites. 

4. Solvent engineering and deposition techniques 

Several deposition techniques have been demonstrated for prepara
tion of organic–inorganic hybrid PSCs, such as a two-step sequential 
method [12], antisolvent-washing [13], evaporation [14], and chemical 
vapor deposition (CVD) [15], which have been widely implemented to 
overcome the poor solubility between the organic (MAI, MABr, FAI, 
FABr) and inorganic (PbI2, PbBr2) elements. However, in the case of the 
CsPbX3-and CsSnX3-based inorganic perovskites, the major challenge is 
related to the poor solubility of the Cs and Br precursors that limits the 
deposition of a sufficiently thick and pinhole-free perovskite film for 
solar cell applications. Therefore, well-controlled solvent engineering 
and optimized deposition methods are critical for producing 
high-quality films. In this section, we thoroughly review recent 
achievements in solvent engineering for solution-based processing 
techniques, along with vacuum deposition methods for the fabrication of 
high-quality inorganic perovskite films and their PSC applications. 

The large concentration difference between PbBr2 and CsBr solution 
forms CsBr-rich Cs4PbBr6 insulating phase in CsPbBr3 perovskites which 
significantly limits the PCE of CsPbBr3 based all inorganic PSCs. To 
overcome the formation of Cs4PbBr6 insulating phase in CsPbBr3 
perovskite films, a multistep solution-processing method was developed 
by Duan et al. They fabricated high-purity CsPbBr3 inorganic perovskite 
films by multiple times (n) of CsBr spin-coating on PbBr2-coated sub
strates (Fig. 19a) [101]. A monolayer with vertically aligned CsPbBr3 
grains was achieved with an optimized number of CsBr coating. For 
example, for n � 3, CsPb2Br5 phases were observed which further tran
sitioned to CsPbBr3 for n ¼ 4, and Cs4PbBr6 for n � 5, as shown in 
Fig. 19b. The multiple times of CsBr coating on the PbBr2 devolved a 
transformation mechanism: phase fusion and separation of perovskite i. 
e. PbBr2→CsPb2Br5→CsPbBr3→Cs4PbBr6, as shown in Eqs. (6)–(8).  

2PbBr2 þ CsBr → CsPb2Br5 (n � 3)                                                   (6)  

Fig. 19. (a) Schematic of the deposition process and SEM images of a CsPbBr3 film. (b) Atomic ratios of Cs/Pb for different deposition cycles. (c) Schematic of the 
crystal structure of cesium lead bromide halide. (d) J–V curves of the CsPbBr3-based PSCs made at different coating cycles. Reproduced with permission [101]]; 
copyright 2018, Wiley-VCH. 
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CsPb2Br5 þ CsBr → 2CsPbBr3 (n ¼ 4)                                               (7)  

CsPbBr3 þ 3CsBr → Cs4PbBr6 (n � 5)                                               (8) 

At n ¼ 4, the film coverage and grain sizes were better than for n < 4, 
n > 4 and the film showed a highly phase-pure crystal structure 
(Fig. 19c). The all-inorganic PSCs fabricated with this CsPbBr3 (n ¼ 4) 
perovskite film and a carbon electrode showed a PCE of 7.54% and Voc of 
1.308 V (Fig. 19d), whereas the PCE of the devices fabricated for n<4 
and n>4 was deteriorated due to the formation of CsPb2Br5 and 
Cs4PbBr6 phases, respectively. These results indicate that this multistep 
solution-processing method was very effective for producing high- 
quality CsPbBr3 inorganic perovskite films for PSC applications. 

In order to overcome the solubility limit of Br in conventional 
solution-based processing, Luo et al. developed a Br2-vapor-assisted CVD 
method and investigated the fast anion exchange from CsPbI3 to CsPbBr3 
[102]. The Br2 vapor was injected into a hot quartz chamber containing 
a CsPbI3-coated FTO/TiO2 substrate and reacted at 150 �C for a certain 
time (Fig. 20a). Under this Br2 vapor, CsPbI3 reacted to form CsPbBr3 via 
the following reaction:  

CsPbI3 þ Br2 ¼ CsPbBr3 þ I2 (g)                                                      (9) 

The transition from CsPbI3 to CsPbBr3 was confirmed by both XRD 
and absorption spectra of the perovskite film. The plausible mechanism 
proposed by the authors was that the α-CsPbI3 phase changed to 
δ-CsPbI3 at 150 �C, which reacted with the Br2 vapor to form the highly 
pure cubic phase of CsPbBr3, which exhibited optical absorption at 
523 nm. The CsPbBr3 perovskite film maintained the highly stable cubic 
phase under further heating to 300 �C, indicating excellent thermal 
stability (Fig. 20b). The PSCs fabricated using this CVD-grown CsPbBr3 
film and a carbon electrode under ambient conditions showed a PCE of 
5.38% (Fig. 20c) and showed excellent stability. The Br2-vapor-assisted 
CVD method is a novel approach for developing a stable inorganic 
perovskite film. 

Notably, a high temperature of 250 �C is required to crystalize 
CsPbBr3 thin films, which results in a high fabrication cost and makes it 
unsuitable for preparation of flexible devices. To address this problem, 
Tang et al. developed a two-step process to fabricate inorganic PSCs at 

low temperature by treating PbBr2 films with pyridine (Py) vapor [103]. 
They proposed that Py could act as a ligand to form intermediate phases 
with PbBr2 films by reducing the activation energy; this facilitated the 
formation of the CsPbBr3 perovskite film at low temperature through an 
alternative reaction pathway (Fig. 20d). The average grain size of a 
CsPbBr3 film after treatment with Py annealing at 160 �C was 450 nm, 
which was similar to that of the perovskite film annealed at 250 �C; 
hence, Py treatment successfully reduced the annealing temperature of 
the CsPbBr3 film, while large grains were obtained (Fig. 20e). PSCs 
fabricated with the Py-treated CsPbBr3 films showed great potential for 
practical applications, with a PCE of 6.05% and Voc of 1.34 V (Fig. 20f), 
along with excellent stability in ambient air (RH: 40–70%, RT) without 
any encapsulation. 

To overcome the limitations of conventional spin-coating processes, 
Ramadan et al. investigated the effect of different solvents (DMF, DMSO, 
and mixtures of these) on the structural, morphological, and electronic 
properties of the CsPbI3 perovskite films [104]. An optimal solvent 
mixture of 2:1 vol% DMF:DMSO produced higher quality CsPbI3 films 
than the use of only DMF or DMSO solvents, which resulted in low 
surface coverage, the presence of crystalline PbI2, and rough surfaces 
with pinholes (Fig. 21a). The depth profile analyzed using secondary ion 
mass spectroscopy (SIMS) showed a gradual slope for the Cs, Pb, and I 
ions throughout the film, indicating an even distribution of elements 
(Fig. 21b). Similarly, the low-energy ion sputtering (LEIS) intensity of 
the CsPbI3 film obtained using the DMF and DMSO solvent mixture 
showed that Cs, Pb, and I ions were stoichiometrically balanced (molar 
ratio of 1:1:3 for Cs:Pb:I) (Fig. 21c). Hence, the SIMS and LEIS results 
strongly indicated that the DMF-DMSO solvent mixture produced highly 
crystalline CsPbI3. Furthermore, this report argued that a thorough un
derstanding of the fundamental structure of CsPbI3 and good control of 
the solvent system are required in order to further improve its photo
voltaic performance. 

The stabilization of the black α-CsPbI3 phase in ambient air remains a 
difficult challenge. Luo et al. achieved stable operational CsPbI3 PSCs 
fabricated via a sequential solvent engineering and low-temperature 
processing method involving addition of HI to the CsPbI3 perovskite 
precursor solution and treatment with isopropyl alcohol (IPA) [105]. 

Fig. 20. (a) Schematic of the process for fabricating CsPbBr3 films using Br2-vapor-assisted CVD and its crystal structure. (b) Raman spectra of CsPbBr3 films 
processed at different temperatures. (c) J–V curves of CsPbBr3 PSCs and (inset) schematic of the device structure. Reproduced with permission [102]; copyright 2018, 
Elsevier. (d) The reaction coordinate diagram of the conversion from Py-assisted PbBr2 to CsPbBr3 perovskite. (e) SEM images of CsPbBr3 films with and without 
pyridine treatment. (f) J–V curves of pyridine-treated CsPbBr3-based PSCs after annealing at various temperatures. Reproduced with permission [103]; copyright 
2018, Wiley-VCH. 
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XRD analysis suggested that the addition of HI resulted in an interme
diate Cs4PbI6 phase that reacted completely to form the stable cubic 
phase of CsPbI3 when treated with hot IPA solution and annealed at 

100 �C (Fig. 22a). Hence, the intermediate Cs4PbI6 phase played a sig
nificant role in developing the phase stability of the CsPbI3 film, which 
was stable for 72 h upon continuous exposure to air (RH: <30%) and 

Fig. 21. (a) SEM images, (b) SIMS results, and (c) LEIS spectra of CsPbI3 films prepared using DMF and DMSO solvents. Reproduced with permission [104]; copyright 
2017, American Chemical Society. 

Fig. 22. (a) Photographs and XRD patterns of the IPA-treated CsPbI3 films with and without exposure to air. (b) J–V and PCE curves of IPA-treated CsPbI3-based PSC. 
Reproduced with permission [105]; copyright 2016, American Chemical Society. (c) Schematic and photographs of the SCG CsPbI3 films before and after annealing; 
(d) absorption spectra and (e) XRD patterns of CsPbI3 films with and without SCG; (f) J–V curves of the unencapsulated CsPbI3 PSCs under continuous light soaking 
for several hours in a nitrogen atmosphere. Reproduced with permission [106]; copyright 2018, Nature Publishing Group. 
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achieved a PCE of 4.13% without any encapsulation (Fig. 22b). 
It is imperative to form highly crystalline, pinhole-free perovskite 

films of the highly stable α-phase of CsPbI3 to improve the PCE of PSCs. 
A solvent control growth (SCG) method was reported by Wang et al. for 
producing high-quality α-phase CsPbI3 thin films (Fig. 22c) [106]. They 
suggested that the DMSO solvent could not be completely removed from 
the precursor film due to its high boiling point (189 �C). Residual DMSO 
in the film could enhance mass transport and diffusion processes and 
improve the film quality by reducing the evaporation rate. The CsPbI3 
films were dried in a nitrogen-filled glovebox for several tens of minutes 
before annealing, which resulted in gray films with an absorption peak 
at the wavelength of 720 nm similar to that of the α-phase CsPbI3 
(Fig. 22d). The XRD pattern revealed that the SCG process exhibited a 
partial phase change from the δ-phase to β-phase CsPbI3 due to diffusion 
of the perovskite materials and reconstruction of the perovskite film 
(Fig. 22e). This process enhanced mass transport and resulted in 
high-quality films that were uniform and free of pinholes. The optimal 
CsPbI3 perovskite film (with an SCG time of 50 min) was used to fabri
cate PSC devices with a structure of ITO/SnO2/CsPbI3/Spir
o-OMeTAD/Au, which showed a high PCE of 15.71%. The SCG method 
was also used to fabricate high-quality CsPbI3-xBrx and CsPbBr3 films, 
and excellent PCE values of 16.14% and 9.8% were achieved, respec
tively. Interestingly, the PSCs (without encapsulation) showed excellent 
photostability under continuous illumination in a nitrogen atmosphere 
at RT (Fig. 22f). Similar approaches using DMSO-controlled solvent 
engineering methods have also been recently reported, where highly 
crystalline, pinhole-free, and defect less CsPbI2Br films with improved 
device performance and stability were fabricated [107,108]. 

To further overcome the solubility limits, Frolova et al. investigated 
the fabrication of CsPbI3 films by thermal co-evaporation of CsI and PbI2 
precursors under vacuum, followed by annealing at 60–320 �C (Fig. 23a) 
[109]. The temperature-dependent structural evolution was quantified 

by in situ grazing incident wide-angle X-ray scattering (GIWAXS) mea
surements. The film annealed at high temperature (320 �C) showed a 
high-quality cubic-phase with preferred orientation of the crystal 
structure (Fig. 23b). Scanning Kelvin probe microscopy measurements 
showed that high-temperature annealing of the vacuum-deposited 
perovskite film increased the surface potential to 645 mV, indicating a 
reduction in the surface defect density. Using this co-evaporation 
method with an optimal annealing temperature of 320 �C, stoichio
metrically balanced CsPbI3 PSCs were fabricated, which exhibited the 
highest PCE of 10.5% (Fig. 23c). In addition, similar vacuum deposition 
methods have been recently reported for the fabrication of CsPbI3 and 
CsPbI3-xBrx films [78,110]. 

The evaporation of organic/inorganic and metal halides under high 
vacuum is difficult to monitor and control the rate of evaporation 
because of the gas like behavior or the poor-sticking problem of the 
organic halides which hinders the device performance [111]. Thus, the 
evaporation methods raise a question mark on the feasible fabrication of 
PSCs. To overcome these issues and the solubility limit, another strategy 
was developed by Lau et al., which combined solution-based spin-
coating and spray deposition methods [83]. CsPbIBr2 films were fabri
cated using a two-step process in ambient air. A PbBr2 film was first 
spin-coated on a TiO2/FTO substrate followed by spray coating a CsI 
solution dissolved in methanol. A post-deposition annealing treatment 
was performed at 275–350 �C in air for 10 min to achieve sufficient 
crystallinity of the perovskite film. Perovskite films with well-balanced 
stoichiometry (Pb/Cs ¼ 1, Br/I ¼ 2) were achieved at room tempera
ture. Furthermore, a pinhole-free surface morphology and high charge 
carrier lifetime was achieved for a film annealed at 300 �C, as confirmed 
by scanning electron microscopy (SEM) and TRPL measurements 
(Fig. 23d and e). The fabricated PSCs with device structure of FTO/c-
TiO2/mp-TiO2/CsPbIBr2/Spiro-OMeTAD/Au exhibited a PCE of 6.3% 
(Fig. 23f). 

Fig. 23. (a) Schematic diagram the thermal evaporation method and photographs of the CsPbI3 films without and with annealing. (b) GIWAXS spectra of CsPbI3 films 
before and after annealing at various temperature. (c) J–V curve and device structure of CsPbI3 PSCs. Reproduced with permission [109]; copyright 2017, American 
Chemical Society. (d) SEM images, (e) TRPL of spray-coated CsPbI2Br films, and (f) J–V curves of CsPbI2Br PSCs. Reproduced with permission [83]; copyright 
2016, Wiley-VCH. 
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It is still challenging to produce high-quality all-inorganic perov
skites using conventional solution processing due to the high phase 
transition temperature and low solubility of cesium halides. To over
come these issues, Zhang et al. reported a wide solution-processing 
method using a combination of DMSO solvent and a subsequent heat
ing process [112]. The CsPbI2Br films were fabricated by varying the 
solvent components and solute concentration. The solubility of the 
precursors was completely dependent on the DMSO, i.e., the solubility 
increased with increasing DMSO fraction in the solution, which is 
important for controlling the thickness of the film. Under additional 
heating in a hot air flow (HAF), the DMSO acted as a capping agent to 
facilitate molecular self-assembly and uniform crystal growth of the 
CsPbI2Br film (Fig. 24a). XRD and SEM analyses indicated that 50% 
DMSO was optimum (for all solute concentrations), resulting in 
high-quality perovskite crystals and uniform, pinhole-free perovskite 
films (Fig. 24b and c). PSCs fabricated with perovskite films prepared 
using 50% DMSO and a solution concentration of 1 M had a PCE of 12.52 
% and a remarkably high Voc of 1.315 V. The wide solution-processing 
windows with enhanced processability indicate that this method is 
potentially suitable for industrial fabrication of tandem solar cells. 

Antisolvent treatment methods can be very effective for producing 
perovskite films with dense surface morphology, large grains, and low 
defect density; however, such methods have not been widely adopted for 
fabricating inorganic PSCs. Dong et al. demonstrated the preparation of 
CsPbI2Br films using a green solvent, ethyl acetate (EA)-based anti
solvent process [113]. The SEM images revealed that the EA 
anti-solvent-processed CsPbI2Br film had full dense surface coverage 
with large grains, which could effectively reduce the trap densities and 
recombination losses (Fig. 24d). XRD patterns and optical absorption 
spectra of the EA-treated CsPbI2Br films showed strong α-phase peaks 
and direct bandgap values close to 1.91 eV, respectively, indicating a 
highly crystalline film with few defects (Fig. 24e). The improved 

morphology and crystallinity were attributed to the low boiling point 
(77 �C) of EA, which resulted in low residues in the precursor film that 
produced high-quality pinhole-free perovskite films after annealing. The 
performance of EA-treated PSCs was significantly improved (with a PCE 
of 10%), which was attributed to enhanced carrier extraction and 
transport (Fig. 24f). In addition, the devices without encapsulation 
exhibited excellent long-term stability with retaining 94% of their initial 
PCE when stored in ambient air (RH: 15–30%, RT) for 39 days. 

In addition, an intermolecular exchange method was introduced by 
Zhu et al. for fabricating CsPbIBr2 films [114]. This method consisted of 
spin coating an optimized methanol-based CsI solution on a CsPbIBr2 
precursor film in a conventional one-step solution process. The authors 
suggested that some CsI-PbBr2-DMSO complexes were transformed into 
CsPbIBr2 by intermolecular exchange of DMSO with CsI, which resulted 
in the formation of well-crystallized polygonal grains with an average 
size of 650 nm (Fig. 25a). SEM images showed that the intermolecular 
exchange method produced CsPbIBr2 films with full uniform surface 
coverage. The (100) orientation of the CsPbIBr2 perovskite grain (ob
tained from XRD analysis) seemed to be perpendicular to the substrate, 
which could enhance carrier transport and injection in the solar cell. The 
two most significant benefits of the intermolecular exchange method 
were highlighted: (1) full coverage of the CsPbIBr2 film could only be 
obtained by spin coating the CsI solution; and (2) the grain size of the 
CsPbIBr2 film depended on the concentration of the CsI solution. 
Furthermore, the valence-band maximum (VBM) and the work function 
(WF) of such CsPbIBr2 films were 5.29 eV and 4.80 eV, respectively 
(Fig. 25b). The high WF of CsPbIBr2 films formed using the intermo
lecular exchange method indicated that a high built-in-potential and 
wide depletion region could be developed between the CsPbIBr2 and 
c-TiO2, which enhances dissociation and transfer of photogenerated 
carriers, while suppressing the electron-hole pair recombination in the 
cell, respectively. The effect of intermolecular exchange was further 

Fig. 24. (a) Schematic of heat-assisted process and photographs of the processed film after HAF and annealing treatments; solubility of the precursor solution as a 
function of DMSO content; and PCE and Voc curves of the CsPbI3 PSCs as a function of DMSO content. (b) XRD and (c) FESEM images of the CsPbI3 films. Reproduced 
with permission [112]; copyright 2018, American Chemical Society. (d) SEM images of CsPbI2Br films obtained using conventional spin-coating process, and 
chlorobenzene or EA anti-solvent treatment processes, and their corresponding (e) absorption spectra and Tauc plots. (f) J–V curves and Mott-Schottky plots of 
CsPbI2Br PSCs. Reproduced with permission [113]; copyright 2018, Wiley-VCH. 
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Fig. 25. (a) Schematic of the intermolecular exchange process used to form CsPbIBr2 perovskites; photographs of the CsPbIBr2 films before and after annealing; 
comparison of SEM images and XRD spectra of the CsPbIBr2 perovskite films obtained by intermolecular exchange and conventional routes. (b) UPS spectra of the 
CsPbIBr2 films used to calculate the VBM. (c) J–V curves of the CsPbIBr2 PSCs. Reproduced with permission [114]; copyright 2018, Wiley-VCH. 

Fig. 26. (a) XRD patterns of the CsSnBr3 perovskite films. (b) J–V curves of the CsSnBr3 PSCs. (c) XPS depth profile of CsSnBr3 perovskite films. Reproduced with 
permission [115]; copyright 2016, Elsevier. (d) Schematic of the evaporation-assisted solution method for fabricating CsSnI3 films. (e) SEM images of CsSnI3 films 
with different CsI thickness (0, 40, 52, 66, 80, and 100 nm). Reproduced with permission [116]; copyright 2018, Wiley-VCH. 
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investigated in terms of the device performance and stability. The 
HTL-free carbon-electrode-based all-inorganic PSCs with these 
high-quality CsPbIBr2 films yielded a PCE of 9.16% (Fig. 25c) and 
excellent long-term stability against both moisture and heat without 
encapsulation because these devices retained 90% and 97% of their 
initial PCE over 60 and 7 days when stored in an ambient air (RH: 45%, 
T: ~25 �C) and in glovebox at temperature of 85 �C, respectively. 

In an attempt to fabricate air-stable CsSnBr3 films and devices, 
Moghe et al. developed a thermal vapor deposition method, where SnBr2 
and CsBr thin films were sequentially deposited for immediate reaction 
[115]. The CsSnBr3 perovskite films obtained using this method showed 
a stable optical bandgap of 1.8 eV by smoothly varying the molar ratio of 
CsBr and SnBr2, and optimizing the annealing process. However, no 
clear diffraction peaks were observed from vapor-deposited CsPbBr3 
films, suggesting that they were either amorphous or nanocrystalline 
(Fig. 26a). Furthermore, doping CsSnBr3 with an optimal concentration 
of 2.5 mol.% SnF2 increased the Jsc by reducing Vsn and trap densities, 
resulting in a 50% increase in PCE (Fig. 26b). XPS analysis indicated the 
uniform diffusion of the dopant throughout the film (Fig. 26c). This 
study demonstrated that thermal vapor deposition is an effective alter
nate method for doping and depositing lead-free perovskite films. 

In traditional solution methods, it is challenging to form smooth 
pinhole-free CsSnI3 films with high coverage due to the uncontrollable 
fast crystallization of the Sn-based perovskite. To overcome this prob
lem, Zhu et al. developed an evaporation-assisted solution method (EAS) 
[116], which combines spin coating the SnI2þSnF2 solution and thermal 
evaporation of CsI onto the coated substrates (Fig. 26d). SEM images 
showed that the thickness of the thermally evaporated CsI film played a 
major role in crystal growth; thinner CsI films resulted in the formation 
of pinholes, while thicker ones produced CsI impurities. The optimal CsI 
thickness of 66 nm formed smooth pinhole-free CsSnI3 films with large 
dense grains (Fig. 26e). PSCs with a device structure of FTO/c-
TiO2/mp-TiO2/CsSnI3/Spiro-OMeTAD/Au showed a PCE of 2.3% for the 
optimized CsI thickness of 66 nm. This report indicated that the EAS 
method is suitable for fabricating perovskite films for optoelectronic 
device applications. 

In this section, we thoroughly discussed various deposition methods, 
including spray-assisted coating, thermal evaporation, intermolecular 
exchange, anti-solvent treatment, SCG, and vapor-assisted CVD. These 
methods were demonstrated at the laboratory scale; however, they show 
promise for industrial-scale fabrication of both CsPbX3-and CsSnX3- 
based inorganic PSCs. Solution-based spray coating is a simple method 
for scalable fabrication of high-quality perovskite films under controlled 
humidity and temperature conditions. Techniques such as thermal 
evaporation, antisolvent and intermolecular exchange methods are 
limited by their high cost, limited coating area, and difficulty in con
trolling the stoichiometry of each precursor, respectively. Otherwise, the 
thermal evaporation method is highly recommended, as it is a well- 
established industrial production technology. It is clear from the liter
ature that several efforts have been made to develop and optimize highly 
efficient and scalable inorganic PSCs, which are expected to be further 
developed in the near future. 

5. Surface and interfacial passivation 

Due to the inherent properties of both organic–inorganic hybrid and 
inorganic perovskites, along with a device architecture consisting of 
several interfaces, many interfacial defect centers or charge transport 
barriers can exist at the interfaces and grain boundaries. Specifically, 
under illumination, the mixed halide perovskites cause phase segrega
tion due to the formation of iodide-rich CsPbI(1þx)Br(2-x) phases at the 
grain boundaries which generate a high density of mobile ions. These 
mobile ions accumulate at the interface of carrier transport layer and 
perovskite and form large injection barriers which hamper the carrier 
extraction and lead to the formation of strong current density-voltage 
dependent hysteresis [45]. These defects and the phase segregations 

are the main cause of hysteresis and instability in the PSCs. To overcome 
this, several strategies have been developed, including surface and 
interface passivation [117]. In PSCs, the interfacial defects can be 
passivated by chemical methods, whereas physical passivation can be 
used to isolate specific functional layers from the external environment 
in order to prevent degradation of the device [118]. Therefore, in this 
section, we summarize recent achievements in the surface and interfa
cial passivation of CsPbX3-and CsSnX3-based PSCs with improved PCE 
and stability. 

The undesired α-to-δ phase transition in Cs-based inorganic perov
skite films has not yet been prevented by solution-chemistry processes. 
To overcome this unwanted phase transition and obtain a stable CsPbI3 
film, Li et al. recently developed a polyvinylpyrrolidone (PVP)-induced 
surface passivation method [118]. It was hypothesized that the acyla
mino group of PVP donates lone pairs related to oxygen and nitrogen 
atoms, which provides a large number of coordination centers. These 
coordination centers coordinate the polymer molecules on the surface of 
CsPbI3 with strong N–C bonds and weak C––O bonds. The long backbone 
chain and electronegative acylamino group of the PVP attract cations of 
the CsPbI3 precursors. The positive and negative ions of CsPbI3 tend to 
assemble and bond to form cubic-phase CsPbI3 around the N–C––O co
ordination of PVP. With increasing reaction time, more CsPbI3 nuclei 
attach to the PVP, which prevents aggregation of CsPbI3 nanocrystals. 
With increasing growth rate, CsPbI3 was stabilized with PVP; the surface 
tension decreases to stabilize the cubic phase of CsPbI3; this occurs even 
at the microscale due to an enhancement in the electron cloud density on 
the surface of CsPbI3 originating from the chemical bonding between the 
acylamino in PVP and CsPbI3 (Fig. 27a). The PVP-induced α-CsPbI3 films 
exhibited excellent photoelectronic properties, such as extra-long carrier 
lifetime of 338.7 ns (Fig. 27b), and a high diffusion length >1.5 μm, 
which was more than ten times higher than that of the orthorhombic 
phase of CsPbI3. This ultra-long carrier diffusion length indicated that 
the carrier transport capability of the CsPbI3 films increased, and the 
carrier recombination due to surface defects was passivated by the PVP. 
It should be noted that all of the PVP-induced CsPbI3 were treated with 
IPA to remove residual PVP, which acts as an insulator. Based on these 
excellent electrical properties, the fabricated CsPbI3 PSCs without 
encapsulation showed a PCE of 10.74% (Fig. 27c) and good moisture (R. 
H. 45–55%, RT) and thermal stability (60 �C, N2 atmosphere) over three 
months. Without removing the residual PVP, the PCE of the PSC was 
only 4.7 %. The improved CsPbI3 phase stability achieved with the 
addition of PVP demonstrated significant progress towards the fabrica
tion of efficient and highly stable PSCs on a large scale. 

Recently, Wang et al. developed a simple post-treatment method of 
CsPbI3 films with phenyltrimethylammonium bromide (PTABr) solution 
to improve the phase instability under high humidity [25]. The 
PTABr-CsPbI3 perovskite film exhibited a dense and pinhole-free surface 
morphology with large grains (average grain size of 510 nm). The EDS 
results revealed that the PTABr treatment resulted in a gradient of Br 
doping in the CsPbI3 perovskite film, which formed a PTABr-CsPbI3 film 
with a Br-rich perovskite surface. Furthermore, the PTAþ organic cations 
were terminated on the CsPbI3 perovskite surface. Based on these find
ings, this report suggested that graded Br doping enhanced crystal 
growth and phase stability, while the organic PTAþ cations passivated 
the CsPbI3 perovskite surface (Fig. 27d), which enhanced the carrier 
lifetime and carrier transport, while reducing the contact resistance of 
the device (Fig. 27e). The PSCs fabricated with this PTABr-treated 
CsPbI3 film exhibited a PCE of 17.06%, Voc of 1.104V, Jsc of 
18.76 mA/cm2, and FF of 80.6% (Fig. 27f). The high Voc and FF were 
attributed to the Br doping and surface passivation by the PTAþ cations. 
Furthermore, the PTABr-treated CsPbI3 inorganic PSCs retained 91% of 
their initial PCE after stored in nitrogen filled glovebox for 500 h indi
cating showed high photostability and moisture stability due to the high 
moisture resistance of PTA. Similarly, as discussed in Section 2, addi
tives such as EDAPbI4, zwitterions, Sr, Bi, and Ca also acted as surface 
passivation layers for the CsPbX3 inorganic PSCs, which significantly 

B. Parida et al.                                                                                                                                                                                                                                  



Solar Energy Materials and Solar Cells 204 (2020) 110212

23

improved the device performance and thermodynamic stability [65,67, 
70,71,81]. 

The electron-hole carrier recombination due to the presence of sur
face defect states in PSCs results in energy losses (Eloss) which degrade 
device performance. Zeng et al. reported the electronic passivation of 
these surface defect states in CsPbI2Br films by P3HT polymer [119]. In 
this report, spin coating of CsPbI2Br nanocrystals was used to fabricate 

the perovskite film, followed by a ligand removal process by soaking in 
Pb(OAc)2 IPA solution; next, a Li-doped P3HT HTL was spin coated on 
the CsPbI2Br film, then annealed at 200 �C for 5 min. A Stokes shift in the 
PL spectra of the Pb-rich CsPbI2Br film showed the presence of surface 
defects. The P3HT coating on the top of the CsPbI2Br film effectively 
passivated surface defects, as well as the interface between CsPbI2Br and 
P3HT; this was confirmed by the quenching of PL peaks and increased 

Fig. 27. (a) Schematic of the mechanism of PVP-induced phase stability of CsPbI3 perovskites. (b) TRPL spectra of PVP-induced CsPbI3 perovskite film. (c) J–V curve 
and device stability of the CsPbI3 PSCs. Reproduced with permission [118]; copyright 2018, Nature Publishing Group. (d) Schematic diagram of gradient doping and 
surface passivation of CsPbI3 films by PTA organic cations. (e) Nyquist plot, and (f) J–V curves of CsPbI3 and PTABr-CsPbI3 PSCs. Reproduced with permission [25]; 
copyright 2018, American Chemical Society. 

Fig. 28. (a) TRPL spectra of CsPbI2Br perovskite film with P3HT layer. (b) Transient absorption spectral maps of CsPbI2Br/P3HT bilayers before and after annealing. 
Reproduced with permission [119]; copyright 2018, Wiley-VCH. (c) dark J–V curves of the electron-only devices showing VTFL points for the non-passivated and 
Pb2þ-passivated CsPbI2Br PSCs. Reproduced with permission [120]; copyright 2018, Wiley-VCH. (d) Steady PL spectra and TRPL decay of the CsPbBr3 perovskite 
films with and without interfacial modifications using PQD and/or CQD. Reproduced with permission [60]; copyright 2018, Elsevier. 
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carrier lifetime (from 6.91 to 14.8 nm) observed from TRPL measure
ments (Fig. 28a). The plausible mechanism suggested that the sulfur 
atoms in P3HT played a major role in the surface and interfacial 
passivation of CsPbI2Br perovskite film. The S atom first bound to the Cs 
atoms on the CsPbI2Br (110) surface and passivated the positively 
charged under-coordinated Csþ ions at the interface. Similarly, the S 
atoms further bonded to Pb atoms and passivated antisite defects 
(known as deep-level defects). Furthermore, P3HT efficiently passivated 
both the surface and interface of the CsPbI2Br films, which significantly 
reduced the number of trap states. The TRPL decay of the 
CsPbI2Br/P3HT films reduced from over 1300 to around 400 ps after 
annealing at 200 �C, indicating that P3HT enhanced hole extraction and 
transport in the devices due to the improved band alignments (Fig. 28c). 
These P3HT-passivated PSCs exhibited a PCE of 12.02%, with a high Voc 
of 1.32 V and low Eloss of 0.5 eV. Similarly, organic hole transport ma
terials, including BT-BTH ([2-(3,5-bis(5-(5-hexylthiophen-2-yl)thio
phen-2-yl)thiophen-2-yl)-3,5-bis(5-(5-hexylthiophen-2-yl)thiophen-2- 
yl)thiophene]), PEDOT, PANi, and PPy have been used as HTLs in 
CsPbBr3-based inorganic PSCs [121]. Among these small organic HTLs, 
the use of BT-BTH significantly reduced the carrier recombination at the 
CsPbBr3/BT-BTH interface due to the low energy level difference which 
enhanced hole extraction and improved device performance. The 
CsPbBr3 inorganic PSCs fabricated with BT-BTH HTL exhibited a PCE of 
9.32% and improved stability (maintained 94% of the initial PCE) under 
high R.H. of 70% over 80 d without encapsulation. 

It has been reported that two types of defects, namely Pb vacancies 
(VPb) and I interstitials (Ii), can easily form on the surface of perovskite 
films due to their low formation energy [122,123]. These defects in 
CsPbX3 films form deep trap states at the surface that lead to severe 
charge recombination. Yuan et al. presented a Pbþ solution 
post-processing strategy to passivate these deep trap states at the surface 
of the CsPbI2Br film [120]. The Pb2þ ions from the Pb(NO3)2 methyl 
acetate solution effectively combined with excess halide ions on the 
perovskite surface to reduce the density of deep trap states of VPb and Ii, 
which enhanced the carrier lifetime and effectively reduced the trap 
densities from 8 � 1016 to 6.64 � 1016 (Fig. 28c). PSCs prepared with 
CsPbI2Br films treated with Pbþ ions showed a PCE of 12.34% with a 
high Voc of 1.29 V. 

A critical disadvantage of interfacial defects is that the PSCs suffer 
from severe charge carrier recombination and efficiency loss; therefore, 
such defects need to be passivated by interface passivation or interfacial 
engineering strategies. Since the energy difference at the TiO2/CsPbBr3 
interface is 0.9 eV and CsPbBr3/carbon interface is 0.6 eV, severe charge 
carrier recombination can occur at these interfaces. To minimize these 
losses, Yuan et al. fabricated all-inorganic CsPbBr3 PSCs by modifying 
the TiO2/CsPbBr3 and CsPbBr3/carbon interfaces with carbon QDs 
(CQDs) and phosphorous QDs (PQDs), respectively. Both QD systems 
introduced intermediate energy levels at the respective interfaces, 
which suppressed charge recombination (Fig. 28d) and resulted in a 
high Voc of 1.45 V, Jsc of 7.24 mA/cm2, and PCE of 7.93% with excellent 
long-term stability (99% of initial PCE at R.H. of 80%, RT 25 �C) over 
1400 h without encapsulation [60]. A similar approach was demon
strated by Ding et al. [124] to reduce recombination at the interfaces of 
TiO2/CsPbBr3 and CsPbBr3/carbon by introducing intermediate energy 
levels using graphene QDs (GQDs), PQDs, and CInS2/ZnS alloy QDs 
(CISZ-QDs). These QDs also effectively suppressed interfacial recombi
nation and enhanced device performance and stability [59,61,124]. 

To reduce the interfacial trap density, Liu et al. inserted an ultra-thin 
(4 nm) MoOx cathode buffer layer at the interface between CsPbIBr2 and 
the electrode [125]. They have annealed the thermal deposited MoOx 
(thickness ¼ 4 nm) film by in nitrogen ambient at 160 �C for 10 min 
which increased the oxygen vacancy and lowered the work function of 
MoOx to 4.30 eV. In this case the MoOx thin film worked as an ETL for 
the CsPbIBr2 PSCs because it has been found that the conduction band 
discontinuity (ΔECB) between the CsPbIBr2 and MoOx is < 0.1 eV and 
valence band discontinuity (ΔEVB) 1.8 eV. The low work function of the 

n-type MoOx resulted in reducing the energy barrier from the CB of 
CsPbIBr2, as the surface energy bands bend downwards and significantly 
facilitated the extraction of electrons. The thin (4 nm) MoOx layer not 
only enhanced the Jsc of the CsPbIBr2 inorganic PSCs by enhancing the 
electron extraction but also increased the built-in potential which 
further enhanced the Voc. In this report the authors have presented that 
if the thickness of the MoOx film increased the work function and bulk 
resistance would increase which could hinder the electron trans
portation and the device performance. The low WF of the MoOx cathode 
buffer layer significantly reduced the Schottky barrier, contact resis
tance, and interfacial recombination (Fig. 29a-c), which improved the 
device performance. Moreover, the unencapsulated devices also main
tained 100% and 88% of their initial PCE for 150 d in a nitrogen ambient 
and thermal stability at 85 �C for 90 min in air ambient, respectively. 

The same group further fabricated CsPbI2Br-based all-inorganic PSCs 
using a ZnO@C60 bi-layer ETL [126]. The driving force (ΔG), defined as 
the difference between the conduction band minimum of the perovskite 
and the ETL, was 0.04 eV and 0.32 eV for the ZnO and C60 ETLs, 
respectively, indicating that the C60 ETL could extract more electrons 
than the ZnO ETL (Fig. 29d). A C60 coating on the ZnO layer passivated 
the ZnO pinholes, while reducing interfacial recombination (Fig. 29e), 
which consequently increased the multiple pathways for electron 
extraction. The CsPbI2Br-based all-inorganic PSCs fabricated with this 
bilayer ZnO@C60 ETL exhibited a high PCE of 13.3% and were ther
modynamically stable (Fig. 29f). Similarly, many efforts, such as 
increasing the film thickness [127], introducing PbO [128], and poly
ethylene glycol (PEG) [129], have been made by several research groups 
to reduce the bulk and surface recombination of CsPbIBr2 based inor
ganic PSCs, respectively. However, very few efforts have been made to 
passivate CsSnX3-based lead-free inorganic perovskites, apart from the 
addition of, e.g., SnF2, SnCl2, and SnI2, which significantly reduced the 
surface and bulk recombination, as discussed in Section 2. 

6. Conclusions and outlooks 

We have reviewed the recent progress in CsPbX3 and Pb-free CsSnX3 
inorganic perovskite-based solar cells, which have shown promising 
optoelectrical and thermodynamic properties. The PCE values from the 
studies discussed here are compared in Table 1. First, we discussed 
various compositional modifications used in the development of lead- 
based and lead-free inorganic PSCs. In the early stage of development, 
lead-based inorganic PSCs exhibited low device performance due to the 
phase instability of CsPbI3 and wide bandgap of CsPbBr3 films. There
fore, numerous studies have developed mixed-halide (CsPbI3-xBrx) ma
terials to stabilize the perovskite film, which achieved efficiencies over 
10%. Similarly, various additives were used to stabilize the cubic phase 
of CsPbI3, which effectively produced high-quality stable CsPbI3 films, 
even at a low temperature of 100 �C in an ambient atmosphere. PTABr- 
treated CsPbI3 inorganic PSCs showed the highest efficiency of 17.06% 
among all inorganic-based PSCs. Furthermore, the partial replacement 
of Pb with Bi, Sr, Sn, Ca, Sm, and lanthanide metals significantly 
enhanced both device performance and structural stability. Several ap
proaches have been demonstrated for stabilizing the CsSnX3-based pe
rovskites in PSCs. Most commonly, Sn halide precursors have been 
added to improve the structural stability and device performance. In 
particular, optimal CsSnI3 films were formed using excess SnI2 addition 
under an N2H4 atmosphere, resulting in a device with the highest PCE of 
4.8%. 

Second, several solvent engineering and deposition methods have 
been discussed. Solution methods with RT drying and PTABr treatment 
of the inorganic perovskite films showed promising phase stability and 
device performance. However, spray-coating and thermal co- 
evaporation methods are thought to be the optimal for fabricating 
perovskite films, as they can overcome the solubility limits of perovskite 
precursors and provide a feasible benchmark for large-scale fabrication. 
However, only a few methods, including the conventional solution, 
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thermal evaporation, and EAS methods have been developed for CsSnX3 
film fabrication. Finally, methods for passivating surface and interfacial 
traps were discussed, as such traps cause severe carrier recombination 
and inhibit device performance. In general, the use of additives in the 
perovskite precursors and the polymer/organic carrier transport layers 
is very effective for passivating both surface and interface traps. In 
addition, QDs are beneficial for interfacial passivation by forming in
termediate levels between the carrier transport layer and perovskite 
film, which reduces recombination at the interfaces and improves 
extraction of charge carriers. 

Although these impressive developments have been achieved in a 
very short time, the stability and device performance of inorganic-based 
PSCs remain inferior to those of organic–inorganic hybrid PSCs and 
require further improvement. Since inorganic perovskites are insensitive 
to light-induced ion migration, their photostability is higher than that of 
organic–inorganic hybrid perovskites. However, inorganic perovskites 
still have low stability due to the α-to-δ phase change related to the low t- 
factor of Cs in CsPbI3 in the ambient atmosphere, which is a major 
impediment to their commercialization. These stability problems may 
be carefully investigated and resolved by replacing the A-site alkali 
cation (Cs) with super alkali cations like Li3O, LiF2 and H5O2 [9–11]. 
The reduction of grain sizes (< 100 nm) makes the inorganic perovskites 
thermodynamically stable, however, their device performance is not 
that much comparable to that of devices made with large grains because 
these nanostructured perovskite possess severe surface recombination 
issues [130]. Therefore, effective phase stabilization methods producing 
larger grains with low surface recombination could be developed to 
further improve the PCE of the inorganic PSCs. Similarly, the favorable 
oxidization of Sn2þ to Snþ4 ions in CsSnI3 results in the formation of 
SnO2 and VSn in air, which hinders device performance. Therefore, to 
produce viable CsSnI3 PSCs, further methods should be developed, or 
the devices should be carefully encapsulated. The PCE of inorganic PSCs 
is still below that of organic–inorganic PSCs, although various additive 
and doping strategies were used to significantly stabilize the cubic 
phases of inorganic PSCs and increase the PCE. Further efforts are 
required to deposit high-quality perovskite films to enhance device 
performance. The lead-based inorganic PSCs have achieved remarkable 

PCE improvement as compared to the lead-free inorganic PSCs. How
ever, the inherent toxicity of lead is a major concern for environment 
and human health. Therefore, lead-free high-quality inorganic perov
skites should be developed for the fabrication of lead-free inorganic 
PSCs. 

The highest PCE of 17.06 % was obtained from an inorganic PSC with 
using Spiro-OMeTAD as an organic HTL. In addition, most of the liter
ature report the use of Spiro-OMeTAD as an HTM in the inorganic PSCs. 
However, Spiro-OMeTAD suffers from thermal stress and hinders the 
device performance and stability of the PSCs due to its low glass tran
sition temperature (125 �C) [131]. Therefore, further research is 
required to develop organic HTLs with high glass transition tempera
ture, low HOMO energy level and high carrier mobility in order to 
improve the device stability, carrier transportation and boost the device 
performance. Furthermore, inorganic HTLs including carbon or C60 
electrodes showed low PCE values compared to organic HTLs due to the 
large energy barrier between the perovskite and HTL, which increases 
charge carrier recombination. In this scenario, inorganic HTLs such as 
NiO [132], Li-Mg-NiO [133], Cu-NiO [134], CuSCN [135], and CuI [70] 
and ETLs including, SnO2 [136], ZnO, [27], Al-ZnO [137] and In2S3 
[138] are better choices over organic HTLs, ETLs, and inorganic carbon 
base transport layers because of their excellent moisture and thermal 
stability. In addition, these inorganic metal oxides are capable of pro
ducing more compact film than the organic molecules and perfectly 
matching band alignment with the perovskite for significant carrier 
transportation which can reduce the carrier recombination and enhance 
the PCE of the PSCs. Therefore, more research efforts should be drawn 
towards the fabrication of all inorganic perovskite solar cells by 
employing these inorganic metal oxides instead of the above organic 
charge transport layers. Though thermal annealing temperatures for 
preparing the metal oxides are relatively high compared with those for 
organic charge transport materials, constructing whole device would be 
more feasible as underlying inorganic perovskites are much thermally 
stable than organic-inorganic hybrid perovskites. 

Solvent engineering, compositional modifications, new deposition 
methods, and surface/interface passivation techniques are gradually 
overcoming the structural instability in ambient conditions, phase 

Fig. 29. (a) Cross-sectional FESEM image of the CsPbIBr2 PSC, (b) energy band diagram, and (c) TRPL decay curves of complete devices. Reproduced with 
permission [125]; copyright 2017, Elsevier. (d) Schematic of the bandgap alignment of ZnO and C60 ETLs, (e) TRPL spectra of CsPbI2Br films with different ETLs, and 
(f) J–V curve and stabilized PCE of CsPbI2Br PSCs. Reproduced with permission [126]; copyright 2018, American Chemical Society. 
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instability, and carrier recombination in perovskite materials. Facile 
solution-based and vacuum deposition methods were successfully 
demonstrated for the fabrication of both CsPbX3 and CsSnX3 inorganic 
perovskite film. Finally, surface and interface recombination has been 
suppressed using QDs, inorganic metal oxide nanoparticles, and polymer 
carrier transport layers. Apart from these developments, the high Voc 
(due to the wide bandgap of inorganic perovskites) and the outstanding 
photo- and thermal stability of inorganic-based PSCs makes them 
beneficial for the fabrication of tandem solar cells or other energy 
conversion cells. The large open circuit voltages of the halide perovskite 
solar cells make them the potential candidates as the photovoltaic 
components of the photoelectrochemical devices [139–141]. Because, 
the single semiconductor photoelectrode, such as silicon, thin film 
chalcogenides, in photoelectrochemical devices like water splitting and 
solar redox flow batteries cannot generate enough photovoltage to drive 
the chemical reactions due to the thermodynamic and recombination 
losses associated with the insufficient redox potential of 1.23 V. Thus, 
additional voltage (0.4–0.6 eV) is required to overcome these thermo
dynamic and recombination losses for the photoelectrochemical devices 
as previously reported by Hu et al. and Bae et al. [142,143] Therefore, 
these perovskite light absorbers can be integrated onto other photo
electrodes of the photoelectrochemical systems to harvest significant 
portion of the solar spectrum and generate enough photovoltage to 

overcome the overpotential and thermodynamic potential for water 
splitting and solar redox flow batteries. 
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