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high defect tolerance, long carrier diffu-
sion length, and compatibility toward scal-
able manufacturing processes to name a 
few.[2–7] However, hybrid perovskites face 
severe degradation issues under operative 
conditions, which stem from the (photo)
chemical instability when exposed to 
moisture, oxygen, UV light, and heat.[8–12] 
Among other reasons, the presence of the 
hydrophobic organic cation, e.g., methyl-
ammonium, can accelerate the degrada-
tion path.[12–14] For this reason, a greater 
focus has been devoted to exploring inor-
ganic elements to replace the organic 
cations, for instance, using cesium to 
form CsPbX3 all-inorganic perovskites. 
This system has been revealed of par-
ticular interest especially for the improved 
thermal stability of the material and, con-
sequently, the enhanced device lifetime.[13] 
CsPbI3 and CsPbBr3 are the most studied 
materials within this class, with a rapid 
boost of their use for highly efficient solar 
cells, reaching 19.03% in 2019.[15]

However, the PCE of CsPbX3-based 
devices are still lower than their organic–inorganic counterparts 
and far from the Shockley–Queisser limit calculated for their 
bandgap.[16] Therefore, major efforts are required to stabilize 
the CsPbI3 structure and to fabricate high quality CsPbX3 thin 
films, before upscaling the manufacturing toward marketable 
devices. In this work, we provide a compelling perspective on 
the most recent and innovative strategies to tackle this challenge. 
The structural and optoelectronic properties of CsPbX3 mate-
rials are first sorted out, with a focus on the film morphology, 
crystal structure, and phase transitions of each system. Second, 
methods for improving the photovoltaic performances and the 
stability of CsPbX3-based devices are reported, focusing on the 
highest PCE and the longest device lifetimes reported up to date. 
Finally, we provide a perspective on the state of the art and future 
challenges for the upscaling of all-inorganic perovskite modules.

2. All-Inorganic Perovskites Materials: Crystal 
Structure and Optoelectronic Properties
2.1. Cesium Lead Iodide Thin Films

So far, CsPbI3 has been the most studied all-inorganic Cs-based 
halide perovskite for PVs, thanks to its bandgap of 1.7 eV (suit-
able for solar spectrum absorption) and long charge carrier 

In the last ten years, organic–inorganic hybrid perovskites have been 
skyrocketing the field of innovative photovoltaics (PVs) and now represent 
one of the most promising solution for next-generation PVs. Within the 
family of halide perovskites, increasing attention has been focused on 
the so-called all-inorganic group, where the organic cation is replaced by 
cesium, as in the case of CsPbI3. This subclass of halide perovskites features 
desirable optoelectronic properties such as easily tunable bandgap, strong 
defect tolerance, and improved thermal stability compared to the hybrid 
systems. When integrated in PV cells, they exhibit high power conversion 
efficiency (PCE) with record values of 19.03%. However, all-inorganic 
perovskite solar cells (PCSs) face several challenges such as i) instability 
of the CsPbI3 photoactive phase in ambient conditions, ii) inhomogeneous 
film morphology, and iii) high surface defect density. This work focuses on 
the mentioned challenges with a special attention on discussing the Cs–
Pb–X system (X = I, Br). Then, the most recent and effective approaches 
for increasing both the PCE and the stability of devices are reviewed, which 
include material doping, interface engineering, and device optimization. 
Finally, the first efforts toward the upscaling of Cs-based PSCs, and predicted 
methods for enabling large-scale production, are discussed.
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1. Introduction

During the last decade, hybrid halide perovskites solar cells 
have demonstrated power conversion efficiencies (PCEs) above 
25%, approaching that of more mature technologies such as 
silicon (26.7%).[1] They possess unique optoelectronic proper-
ties such as high absorption coefficient, bandgap tunability, 
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mobility.[17] From a structural point of view, all-inorganic Cs-
based halide perovskites can form into four different crystal 
phases: cubic (α), tetragonal (β), and two orthorhombic phases 
(called a black γ-phase and a nonperovskite yellow δ-phase) (see 
image in Figure 1A).[18] The thermodynamically stable phase at 

room temperature of the CsPbI3 is the yellow δ-phase. It is char-
acterized by a main diffraction peak at around 10° (Figure 1B) 
and has a wide bandgap of 2.95 eV.[19] By annealing the mate-
rial above 310 °C, a phase transition occurs to the black cubic 
perovskite phase, showing its strongest peaks at around 15° 

Figure 1.  A) The four different structural phases of CsPbI3 and the phase transition involved. Reproduced with permission.[18] Copyright 2018, American 
Chemical Society. B) X-ray diffraction pattern of CsPbI3 δ yellow phase. Peaks marked with an * are assigned to the FTO substrate. Reproduced with 
permission.[19] Copyright 2015, Royal Society of Chemistry. C–E) XRD pattern comparison between CsPbI3 powder from ref. [21] and standard α, β, 
γ-CsPbI3, respectively. Reproduced with permission.[21] Copyright 2019, American Association for the Advancement of Science. F) XRD pattern com-
parison between thin films prepared with different methods, powder scratched from them, and simulated pattern for γ-CsPbI3. Adapted with permis-
sion.[20] Copyright 2018, American Chemical Society. G) Absorption spectra of CsPbI3 prepared with different concentrations of DMAI. The two different 
absorption onsets stem from two different phases. Adapted with permission.[15] Copyright 2019, Wiley.
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and 29° (Figure 1C).[19,20] On the other hand, by slowly cooling 
down the sample, Marronnier et al. reported that the α-CsPbI3 
structure converts at 260  °C to the tetragonal β-phase and at 
175 °C to the γ-phase, both of which are black (X-ray diffraction 
(XRD) patterns are reported in Figure 1D,E).[18] Evidence for the 
γ-phase comes from the presence of a peak splitting of the three 
characteristic perovskite peaks near 15°, 20°, and 30° angle, 
suggestive of an orthorhombic structure (Figure  1E).[20] Only 
after a few days, especially if the sample is exposed to moisture 
and air, the yellow δ-phase may appear again. Noticeably, these 
phase transitions do not occur in the reversed direction when 
the δ-phase is heated, forming directly the α-phase.[20]

For application in optoelectronic devices, it is important to 
determine which polymorph is adopted by thin films of CsPbI3. 
By comparing the XRD pattern of thin films prepared with 
different synthetic routes and powders scratched from them, 
Sutton  et  al. have prepared films with black γ-phase at room 
temperature via high temperature (HT) annealing and low-
temperature (LT) additive incorporation (Figure 1F).[20] In both 
cases, the XRD patterns show a preferred orientation, not pre-
sent in the powder patterns. More in details, i) the HT film 
exhibits a strong peaks at [hk0] directions while peaks from the 
[00l] family were absent; ii) in contrast, the latter were present 
in the LT additive-mediated films, indicating in both cases a 
marked preferential crystal orientation, despite in a different 
direction.[20] Another work has proven that most of the previ-
ously reported CsPbI3 thin film XRD patterns have been incor-
rectly indexed to the α-phase and they correspond to the γ or 
β-phase.[21] To determine that, absorption spectra comparison 
allows for their identification. As shown in Figure  1G, it is 
evident that γ-phase CsPbI3 (x = 0.5, 0.7) has a direct bandgap 
at 1.73 eV, which corresponds to an absorption onset of about 
717 nm, while the β-phase (x = 1.0, 1.5) has an absorption onset 
at about 736  nm (bandgap of 1.68  eV).[15] This descending 
trend has also been rationalized in terms of degree of distor-
tion away from the cubic structure through first principle 
calculations.[15,18,21]

2.2. Cesium Lead Bromide Thin Films

CsPbBr3 has been among the first cesium-based lead halide 
perovskite investigated because of its outstanding stability 
under ambient conditions.[22] That is due to the increased Gold-
smith tolerance factor as a consequence of the smaller atomic 
radius of bromine compared to iodine.[23] Similar to its iodine 
counterpart, CsPbBr3 possesses a crystal structure made up 
by a 3D framework of corner sharing [PbBr6]4– octahedra, with 
Cs+ ions incorporated between the octahedral spaces. CsPbBr3 
crystallizes in a yellow orthorhombic phase (Pnma) at room 
temperatures and upon heating it undergoes phase transition 
to yellow tetragonal (P4/mbm) and yellow-orange cubic (Pm-3m) 
phases at 88 and 130  °C, respectively.[24] The typical XRD pat-
tern of CsPbBr3 displays peaks at about 15.20°, 21.55°, 26.48°, 
30.66°, 34.37°, and 37.77° (depending on preparation method), 
which can be assigned to (100), (110), (111), (200), (210) and[30–33]  
(211) lattice planes.[25–27] Compared to CsPbI3, CsPbBr3 has 
a wider direct bandgap of ≈2.3  eV, which corresponds to an 
absorption onset around 540 nm (Figure 2A).[28]

In addition to the CsPbBr3 phase, the Cs–Pb–Br system 
allows two other derivative phases, CsPb2Br5 and Cs4PbBr6, with 
a bandgap of about 3.2 and 3.8, respectively (Figure 2A), which 
can coexist with CsPbBr3 in thin films due to similar formation 
enthalpies.[29] CsPb2Br5 shows a tetragonal 2D layer structure, 
where the Cs+ ions lay between two layers of Pb–Br edge-
sharing polyhedrons (Figure  2B). The formation of this phase 
is promoted by excess PbBr2 according to Equations (1) and (2)

CsBr 2PbBr CsPb Br2 2 5+ → 	 (1)

CsPbBr PbBr CsPb Br3 2 2 5+ → 	 (2)

By annealing the tetragonal CsPb2Br5 phase over 300  °C, it 
is possible to reverse its formation and recover the CsPbBr3 
phase. In contrast, trigonal Cs4PbBr6 features a 0D structure 
with [PbBr6]4– octahedra separated by CsBr bridges (Figure 2B). 
In a similar fashion than CsPb2Br5, Cs4PbBr6 is formed in 
CsBr-rich conditions according to Equations (3) and (4)[24,25]

4CsBr PbBr Cs PbBr2 4 6+ → 	 (3)

CsPbBr 3CsBr Cs PbBr3 4 6+ → 	 (4)

Interestingly, the phase transition mechanism for the 
Cs–Pb–Br system in humid environment has been observed 
through in situ synchrotron XRD experiment.[30] According to 
this study, H2O molecules can permeate the Cs4PbBr6 structure 
and strip the CsBr component out from the crystal, inducing the 
phase transition toward CsPbBr3. Similarly, water can interact 
with CsPbBr3, changing the lead coordination number and pro-
moting the transition toward the CsPb2Br5 phase (Figure 2C).[30]

Several works in literature focus on the optimization of 
the development of a specific phase of the Cs–Pb–Br system: 
at one side, it has been demonstrated that by modifying the 
PbBr2:CsBr ratio in different solvents (DMSO, H2O) through 
dichloromethane-assisted antisolvent method, it is possible 
to obtain a unique phase with high purity (Figure  2D,E),[30] 
while on the other side, pure CsPbBr3 by a two-step deposition 
method using 2-methoxyethanol as CsBr solvent has been dem-
onstrated.[31] These results suggest the possibility to fine tune 
the phase composition of the material to achieve surface pas-
sivation and PV performance improvements.

2.3. All-Inorganic Mixed Halide Perovskites Thin Films

To combine the enhanced stability at room temperature of the 
Br-compound with the extended absorption profile of the iodine 
one (essential to push the PCE), mixed compounds in the form 
of CsPb(IxBr1−x)3 have attracted a lot of interest since 2016.[28] 
In the mixed halide compound CsPbI2Br, compared to CsPbI3, 
the orthorhombic-to-cubic transition temperature is reduced, 
happening at 250° instead of 350°, which is ascribed to an 
increased tolerance factor, responsible for better structural sta-
bility (see the disappearance of the peak at 10° characteristic of 
the delta phase; Figure 3A,B).[32] These materials also present 
increased stability toward photoinduced phase segregation, 
which can seriously damage the device.[33,34]
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As a consequence of bromine doping into the crystal struc-
ture, the structural and optical properties of CsPb(IxBr1−x)3 
materials vary as function of Br molar content. Since the 
atomic radius of Br is lower compared to the iodine, a shift 
toward higher angles of the XRD peaks can be noted as Br con-
tent increases (Figure 3C). At the same time, a blueshift of both 
the absorption onset and the photoluminescence peak, which 
increases with the Br content (Figure  3D,E).[32,35] Therefore,  
the bandgap of the CsPb(IxBr1−x)3 can be tuned by adjusting the 
composition from 1.73  eV for pure CsPbI3 to 2.3  eV for pure 
CsPbBr3 (see images in Figure 3F).

2.4. Energetics and Defects

Determining the electronic band structure and defect proper-
ties of all-inorganic cesium lead halide perovskites is crucial to 

further understand the electronic properties of the materials. 
Figure 4A–C shows the computed electronic structure for α, 
β, and γ-CsPbI3,[18] showing that all the three phases have a 
direct bandgap, which widens with increasing distortion from 
the cubic symmetry. The distortion is represented by the tilting 
of the [PbI6]4– octahedra, which induces a stabilization of the 
top valence band and destabilizes the bottom of the conduction 
band. As a consequence, the bandgap increases.[18] To prove the 
electronic picture, similar calculations on the band structure 
of CsPbBr3 and its derivative phase CsPb2Br5 have also been 
reported in Figure 4D,F.[37]

On the other side, discrete attention has been focused on 
the energetics of intrinsic point defects in all-inorganic per-
ovskites. For instance, first principle calculations have been 
used to investigate point defects in CsPbBr3, determining 
their formation energy, concentration under different growth 
condition, and their energetic position inside the bandgap.[38] 

Figure 2.  A) UV–vis absorption spectra of CsPbBr3 and the derivative phases Cs4PbBr6 and CsPb2Br5. Reproduced with permission.[30] Copyright 2018, 
American Chemical Society. B) Crystal structure of CsBr, PbBr2, CsPbBr3, and the derivative phases Cs4PbBr6 and CsPb2Br5. Adapted with permission.[29] 
Copyright 2019, American Chemical Society. C) Scheme of the possible phase transition mechanism for Cs4PbBr6 into CsPbBr3 and CsPb2Br5. Adapted 
with permission.[30] Copyright 2018, American Chemical Society. D) XRD patterns of thin films prepared with different precursors ratio in DMSO. 
Adapted with permission.[30] Copyright 2018, American Chemical Society. E) XRD patterns of thin films prepared with different precursors ratio in water. 
Adapted with permission.[30] Copyright 2018, American Chemical Society.
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The results show that under Br-rich condition, the dominant 
defect is the Cs vacancy (VCs), while Pb vacancy (VPb), Br 
interstitial (Bri), and Cs substitution (BrCs) are also present 
due to their low formation energies.[38] On the contrary, in 
Br-poor condition, the Br-vacancies become the most favored 
defect.[38] Furthermore, the position of these defects rela-
tive to the conduction band minimum (CBM) and valence 
band maximum (VBM) has also been calculated. As clearly 
pictured in Figure 4G, most of the defects are shallow ones, 
which do not intact the optoelectronic properties of the mate-
rial, while only Pb substitution (PbBr), Br-substitution (BrPb)
and Pb interstitial (Pbi) can introduce deep trap states, det-
rimental for recombination.[39,40] Since the formation ener-
gies of deep-state defects are among the highest in all growth 
conditions, CsPbBr3 is mainly affected by harmless shallow 
defects.

3. All-Inorganic Perovskite Solar Cells

3.1. Paths toward High Efficiency

In the recent years, several research groups have directed their 
efforts to increase the PCE of the all-inorganic Cs-based perovs-
kite solar cells based on iodine and mixed halide, focusing on 
small device area (0.1 cm2).[17,41,42] Strategies include precursor 
engineering, surface passivation/engineering, 2D/3D inter-
face engineering, and architecture engineering.[15,19,21,43–49] It 
is worth mentioning that most of the highest-efficiency single 
junction Cs-based all-inorganic PSCs are realized with the 
n–i–p structure, while there are only a few works describing 
high-efficiency p–i–n all-inorganic PSCs.[50,51] This is mainly 
due to concomitant challenges in material and interface optimi-
zation in p–i–n configuration,[51,52] leading to lower open circuit 

Figure 3.  A) “In situ annealing” XRD diffraction pattern for CsPbBI3. The phase transition temperature is around 350 °C. Adapted with permission.[32] 
Copyright 2016, Wiley. B) “In situ annealing” XRD diffraction pattern for CsPbBI2Br. The phase transition temperature is around 250 °C. Adapted with 
permission.[32] Copyright 2016, Wiley. C) XRD patterns of CsPb(IxBr1−x)3 thin films. Reproduced with permission.[36] Copyright 2018, Elsevier. D) Steady-
state photoluminescence spectra of CsPb(IxBr1−x) thin films. Reproduced with permission.[32] Copyright 2016, Wiley. E) UV–vis absorption spectra of 
CsPb(IxBr1−x) thin films. Reproduced with permission.[32] Copyright 2016, Wiley. F) Photographic images of CsPb(IxBr1−x) thin films. Reproduced with 
permission.[32] Copyright 2016, Wiley.
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voltage,[53] and poorer extracted current with respect to the 
n–i–p device. Despite recent advances, i.e., by Wang et al. opti-
mizing the energy level alignment at the perovskite/electron 
transport layer interface by surface passivation achieving 
16.1% PCE,[53] and by Fu et al. demonstrating an effecting post-
treatment agent to remove pinholes and passivate the CsPbI3 
film, achieving a record PCE of 16.67%,[51] their efficiencies 
lag behind the records obtained with the n–i–p architecture of 
>19%. For this reason, we focus here on reviewing the methods 
and results developed so far for obtaining high efficiency single 
junction n–i–p devices, which can stimulate further advances 
that can be easily adopted on different solar cells architecture.[15]

The first n–i–p device showing a remarkable efficiency has 
been reported by Eperon et al. in 2015. They introduced a low-
temperature preparation method by mixing hydroiodic acid 
(HI) into the CsPbI3 dimethylformamide (DMF) precursors 
solution.[19] This method has revealed as a successful strategy 
to obtain a highly crystalline and stable black phase at around 
100° due to the formation of dimethylammonium iodide 
(DMAI) as a consequence of the HI-catalyzed hydrolysis of the 
DMF.[54] Further results suggested that the DMAI content can 
indeed significantly affect the crystal phase of the final CsPbI3 
perovskite by forming an intermediate perovskite phase, which 
turns into the desired CsPbI3 phase during the annealing while 
releasing dimethylamine (Figure 5A).[15] For this reason, follow 
up works have directly used DMAI to control the deposition 
of the film. For instance, Wang  et  al. have introduced DMAI 
into the CsPbI3 precursor solution and, by properly tuning the 
stoichiometry, they obtained the black CsPbI3 phase.[21] Further-
more, the authors have developed a crack-filling interface engi-
neering method through the deposition of choline iodide on top 
of the perovskite layer (Figure 5B), allowing for a better energy 
levels alignment and surface trap states passivation. Thanks 
to this approach, they have achieved in 2019 a state of the art 

PCE of 18.4% and increased cell stability toward moisture and 
heat (see current–voltage (J–V) curve in Figure 5C).[21] Interface 
engineering is indeed utmost to further push device efficiency. 
Indeed, the actual record PCE of 19.03% for all-inorganic 
Cs-based PSCs as to our best knowledge has been observed by 
passivating the perovskite/hole transport layer (HTL) interface 
with phenyletylammonium chloride (Figure  5D) and by opti-
mizing the DMAI content in the precursors solution (see J–V 
curve in Figure 5E).[15]

Combined with precursor engineering, surface passivation 
has proven to be a valuable method for improving the perfor-
mances of the PSCs. For instance, a new strategy, which implies 
the incorporation of 4-aminobenzoic acid (ABA) into CsPbI3 
precursors solution and surface passivation with steric neostig-
mine bromide (NGBr), was proposed in 2020.[43] In particular, 
the ABA molecules are absorbed at the surface of CsPbI3 grains 
reducing the crystal distortion (they suppress the rotation of the 
PbI6 octahedra by enhancing the energy barrier for the rota-
tion) (Figure 6A). Furthermore, the NGBr passivation results 
in bromine enrichment and NG+ cation surface termination, 
which can further reduce the surface energy.[43] Finally, both 
ABA molecules and NG+ cations can interact with shallow or 
deep-level defect thus reducing the defect density. The synergy 
between ABA and NGBr allowed to achieve a PCE of 18.27% 
(with n–i–p configuration) and enhanced stability (see J–V 
curves in Figure 6B).[43] In fact, the NGBr–CsPbI3(ABA) PSCs 
were able to retain up to 90% of their PCE after 500 h of white 
LED illumination and they showed no performance reduction 
after more than 200 h at 60% RH and 25 °C in N2 glovebox.[43]

As an alternative interface engineering approach, 2D per-
ovskites on top of the 3D perovskite layer, commonly adopted 
for standard hybrid perovskites,[55,56] have been recently used 
to reduce interfacial charge recombination and increase the all-
inorganic perovskites resistance toward moisture. For instance, 

Figure 4.  A–C) Calculated (lines) and experimental (symbols) band structure for the α,β,γ-CsPbI3, respectively. Adapted with permission.[18] Copyright 
2018, American Chemical Society. D–F) Calculated band structure for CsPb2Br5, cubic CsPbBr3, and orthorhombic CsPbBr3, respectively. Adapted with 
permission.[37] Copyright 2020, American Chemical Society. G) Defect charge transition levels calculated for CsPbBr3. Reproduced with permission.[38] 
Copyright 2017, American Chemical Society.

Adv. Energy Mater. 2021, 2100672



www.advenergymat.dewww.advancedsciencenews.com

2100672  (7 of 18) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

Yan  et  al. developed a guanidinium bromide (GABr) post-
treatment process mainly consisting in the deposition of GABr 
on the CsPbI3 film. As a result, the GA+ cation accumulates on 
the surface of the perovskite while a portion of the Br– anion 
enters the perovskite lattice.[48] This procedure also induced the 
formation of ultrathin GA–CsPbIxBry perovskite on the sur-
face of the CsPbI3 grains. Together with the doped Br– anions, 
the 2D perovskite can passivate surface defects and reduce the 
nonradiative recombination, thus improving the device perfor-
mances. The authors report an enhanced PCE of 18.02% (n–i–p 
configuration) with optimized GABr concentration, mainly 
due to improved open circuit voltage (VOC) and fill factor 
(FF).[48] More recently, in 2020, the spontaneous self-assembly 
of a 2D/3D interface has been demonstrated, by adding guani-
dinium bromide (GABr) into the CsPbI3 precursor solution. 
This phenomenon has been called spontaneous interfacial 
modification (SIM) (Figure  6C) because during the formation 
of CsPbIxBr3−x perovskite, GA cations are pushed up to the 
film surface and combine with the unsaturated Pb2+ to spon-
taneously organize the ultrathin lower-dimensional perovskite 
crystalline. Thanks to this 2D/3D architecture, the authors were 
able to achieve a PCE of 18.06% with n–i–p configuration, the 
81% of which is retained after 1000 h of storage in ambient air 
(see J–V curves in Figure 6D).[47]

Several groups also demonstrated that modifying the inter-
face between the electron transport layer (ETL) and the per-
ovskite can lead to reduced voltage losses and increased 
PCE. Recently, Chang  et  al. have realized an ambient blade-
coating-based fabrication method for high-efficiency CsPbI3 
PSCs by adding Zn(C6F5)2 into the perovskite precursors solu-
tion (Figure  6E). They achieved a champion PCE of 19.00% in 

an n–i–p configuration, which is among the highest reported to 
the best of our knowledge (see J–V curves and cell architecture in 
Figure 6F,G).[44] Their experimental results proved that Zn(C6F5)2 
is mainly located at the SnO2/perovskite interface, where it is 
chemisorbed on both SnO2 and CsPbI3 surface. This leads to 
the formation of an energy gradient at the interface between the 
two layers, thus improving the band alignment and enhancing 
the VOC and FF. Furthermore, it has been demonstrated that 
Zn(C6F5)2 can also suppress the trap formation inside the per-
ovskite film and increase the charge carrier lifetime. Finally, the 
unencapsulated devices showed a minimal 2% PCE loss after 
700 h of storage in ambient conditions (20% RH, 25 °C).[44]

3.2. Paths toward Improved Stability

The stability of both the material and the devices is currently 
one of the most current critical issues.[8] Despite a consensus 
statement on the procedure for testing PSCs stability has 
been reported,[57] still, the conditions specified for the tests are 
often too mild or arbitrary, and do not allow for a meaningful 
comparison of the results.[8] Nevertheless, efforts have been 
made by research groups to improve both the storage and the 
operational stability of the devices. Several strategies, such as 
anion and B-site doping, surface passivation, architecture engi-
neering, and crystal-growth engineering, have been applied to 
increase the resistance of the material toward moisture, heat, 
and light exposure.[17,46,58–61]

Regarding the B side doping, in 2020, Yao  et  al. reported a 
doping strategy to improve both the efficiency and the stability 
of the CsPbI3-based device by adding Mn2+ ions into the per-

Figure 5.  A) Schematic mechanism for DMAI additive induced black phase CsPbI3 formation. Adapted with permission.[15] Copyright 2019, Wiley.  
B) Schematic illustration of crack-filling engineering by choline iodide. Reproduced with permission.[21] Copyright 2019, American Association for 
the Advancement of Science. C) J–V curve of PSCs based on CsPbI3 and CHI-CsPbI3 with 0.1 cm2 effective cell area under simulated AM 1.5G solar 
illumination of 100 mW cm−2 in reverse scan. Reproduced with permission.[21] Copyright 2019, American Association for the Advancement of Science.  
D) UV/vis spectra of DMAI-based CsPbI3 and PTACl–CsPbI3 thin films. Reproduced with permission.[15] Copyright 2019, Wiley. E) J–V curve of PSCs 
based on CsPbI3 and PTACl–CsPbI3 under simulated AM 1.5G solar illumination of 100 mW cm−2 in reverse scan. Reproduced with permission.[15] 
Copyright 2019, Wiley.
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ovskite lattice.[59] Since Mn2+ has the same octahedral coordi-
nation environment than Pb2+ while being smaller, its doping 
causes a contraction of the perovskite structure, which slows 
down the decomposition rate toward the photoinactive δ-phase 
thus improving the stability of the perovskite film.[59] In fact, 
the Mn-doped film started to degrade after 8 days of aging test, 
while the pristine one showed degradation after only 2 days 
(Figure 7A). Furthermore, the PCE of the device was increased 
to 16.52% with 2% Mn2+ doping.[59] As an alternative B site 
dopant, CaCl2 has been introduced to the CsPbI2Br precursors 
solution to enhance the crystal quality by lowering the perovs-
kite crystallization rate, thus reducing the defect density and 
increasing the carrier lifetime of the CsPbI2Br film, as well 

as increase the Fermi level of the perovskite.[58] The improved 
band alignment between the n-doped perovskite and the spiro 
HTL ultimately contributes to an increase in VOC .[58] Further-
more, by substituting the iodine with bromine and chlorine 
ions, it is possible to increase the value of the Goldsmith factor 
and consequently improving the stability of the perovskite cubic 
phase (Figure 7B).[58] Thanks to this novel doping strategy, the 
authors have realized devices with a PCE of 16.79% (with n–i–p 
configuration), which is retained over 90% of its original value 
after more than 1000 h of storage in ambient air (Figure 7C).[58]

As a different strategy, novel surface passivation method has 
been adopted by Chen  et  al. by depositing 18-crown-6 ether 
over the CsPbI3 perovskite layer, in order to both suppress 

Figure 6.  A) Schematic mechanism for the NGBr and ABA molecule interacted with CsPbI3 inorganic perovskite. Reproduced with permission.[43] Copy-
right 2020, Wiley. B) J–V curve of champion PSCs for the CsPbI3 and NGBr–CsPbI3(ABA)-based devices in reverse scan (effective cell area of 0.12 cm2). 
Reproduced with permission.[43] Copyright 2020, Wiley. C) Schematic interfacial manipulation processing steps, where TIP and SIM stand for two-steps 
interfacial manipulation and spontaneous interfacial manipulation, respectively. Reproduced with permission.[47] Copyright 2020, Wiley. D) J–V curve of 
the CsPbIxBr3−x PSCs with and without SIM. Reproduced with permission.[47] Copyright 2020, Wiley. E) Schematic of blade-coating for the SnO2, CsPbI3 
perovskite, and spiro-OMeTAD layers. The ambient humidity is ≈35% RH. Room temperature is ≈25 °C. The substrate temperature ranges from 25 to 
100 °C. The Zn(C6F5)2 is introduced into CsPbI3 as an additive. Reproduced with permission.[44] Copyright 2020, Wiley. F) J–V curves of the champion 
cell for the control CsPbI3 and the CsPbI3–Zn(C6F5)2-based solar cells. Reproduced with permission.[44] Copyright 2020, Wiley. G) Scheme showing a 
preferential accumulation of Zn(C6F5)2 at the CsPbI3/SnO2 interface. Reproduced with permission.[44] Copyright 2020, Wiley.
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moisture penetration thanks to the aliphatic chain and pas-
sivate the defects through the coordination of Cs+ cations by 
the oxygen atoms (Figure 7D).[17] This double role has allowed 
the successful blocking of the CsPbI3 phase transition toward 
the δ-phase, thus achieving a PCE of 16.9% for the small area 
cells (0.1 cm2). More importantly, thanks to the strong coordi-
nation bond between Cs+ and oxygen atoms, the defect migra-
tion is suppressed, thus enhancing the stability of the devices. 
In fact, the latter retained more than 90% of their initial PCE 
after 2000 h of storage at 20% RH. Finally, the operational 
stability of encapsulated 8 cm2 minimodules has also been 
studied by performing a maximum power point (MPP) tracking 

experiment.[17] Surprisingly, these modules retained 95.2% of 
their initial PCE after 500 h MPP tracking under 1 sun irradia-
tion at 60% RH (Figure 7E).[17]

To improve the bulk morphology, (adamantan-1-yl)methylam-
monium (ADMA) has been introduced as a soft-template con-
trolled growth agent to produce pinhole-free CsPbI3 perovskite 
films. By maximizing the nucleation rate at the initial stage 
of film formation and by carefully optimizing the annealing 
process, it was possible to regulate the growth rate through 
the gradual release of the ADMA cage (Figure 8A).[62] The 
ADMA–CsPbI3 n–i–p devices showed improved thermal sta-
bility when tested in N2 at 60  °C compared to pristine-CsPbI3 

Figure 7.  A) Photographs showing the thermal stability of the CsPbI3 perovskite thin films without and with the addition of Mn at 80 °C in a glovebox 
filled with nitrogen. Reproduced with permission.[59] Copyright 2020, Wiley. B) The photographs of CsPbI2Br films with different concentrations of CaCl2 
additives aged in high humidity conditions (≈40%) for different durations. Reproduced with permission.[58] Copyright 2020, Wiley. C) The air stability 
(humidity: ≈25%) of the control and optimized CsPbI2Br PSCs. Reproduced with permission.[58] Copyright 2020, Wiley. D) Schematic illustration of 
Crown passivating the surface of α-CsPbI3, compared to the phase transformation from α-CsPbI3 to δ-CsPbI3. Inset is the chelation of Cs+ with Crown. 
Reproduced with permission.[17] Copyright 2020, Royal Society of Chemistry. E) Operation stability of the encapsulated CsPbI3–Crown PSC module 
under maximum power point tracking with air mass (AM) 1.5G irradiation at RH 60%. Reproduced with permission.[17] Copyright 2020, Royal Society 
of Chemistry.
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and methylammonium lead iodide (MAPI)-based devices 
(Figure  8B).[62] Follow-up works applied the ADMA-assisted 
grain growth control to create a hierarchical morphology for 
the perovskite layer. In particular, a gradient grain-sized (GGS) 
structure has been created, with large grains on the bottom 
and tiny grains on top (Figure  8C). This GGS CsPbI3 bilayer 
showed increased hydrophobicity, reduced trap-states, and 
nonradiative recombination.[61] Finally, PSCs created with this 
method retained 85% of their initial PCE after 1000 h storage 
in ambient conditions (Figure 8D).[61] Ye et al. have proposed an 
inorganic shunt-blocking LiF layer at the ETL/CsPbI3−xBrx inter-
face, aiming to suppress the recombination losses through the 
optimization of the energy level alignment.[60] Furthermore, a 
small amount of lead chloride has been added in the perovskite 

precursors solution in order to modify the crystallization rate of 
the perovskite and obtain large grains with less grain bounda-
ries. The incorporation of Cl– into the perovskite lattice increases 
the value of the Goldsmith tolerance factor, thus increasing the 
stability of the photoactive phase.[60] As a consequence of this 
double approach, the authors achieved a PCE of 18.64% in n–i–p 
configuration (Figure 9A), which was retained over 94% after 
1000 h of light soaking in N2 glovebox (Figure 9B).[60]

Based on our literature research, most of the Cs-based 
all-inorganic PSCs are realized with an n–i–p structure. How-
ever, n–i–p structures made with spiro-OMeTAD as HTL need 
additional dopants such as 4-terbutylpyridine and hygroscopic 
lithium salts, which are believed to be one of the causes of 
degradation for PSCs.[8] Despite n–i–p configuration being the 

Figure 8.  A) Processing scheme for a perovskite thin film using the soft-template controlled growth (STCG) method for the growth of CsPbI3 film. 
Adapted with permission.[62] Copyright 2020, Wiley. B) The long-term thermal stability (60  °C heating) of PSCs. Adapted with permission.[62] 
Copyright 2020, Wiley. C) Schematic diagrams of the fabrication process for gradient grain-sized (GGS) CsPbI3 films. Adapted with permission.[61] 
Copyright 2020, Wiley. D) Stability under ambient environment (RH ≈ 20%; insets are the images of fresh and aged PSCs) for the different CsPbI3 
PSCs (TGS and LGS stand for tiny grain-sized and large grain-sized, respectively). Reproduced with permission.[61] Copyright 2020, Wiley.
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most used for all-inorganic high efficiency solar cells, some 
research groups have decided to realize inverted p–i–n struc-
tures. Fu et al. reported the use of methylammonium pyridine-
2-carboxylic salt (MAPyA) as a novel post-treatment agent for in 
situ healing and passivation of inverted CsPbI3-based PSCs.[51] 
During the annealing process, the MAPyA decomposes into 
methylamine gas and solid pyridine-2-carboxylic acid: while the 
first provides healing for nondense CsPbI3, the latter can act as 
a barrier toward moisture erosion while stabilizing the photoac-
tive phase through strong ionic interactions with the PbI6 octa-
hedra (Figure  9C).[51] The optimized device revealed a PCE of 
16.67%, which is among the highest reported for inverted p–i–n 
structures. Furthermore, the unencapsulated device features 
long-term stability when stored in a N2 glovebox for 120  days 

(Figure 9D) and it also showed great moisture and heat resist-
ance, retaining the 89.7% of its PCE after aging at 20% RH 
for 526 h and 90.6% of the initial PCE after aging for 504 h 
at 60  °C (Figure  9E,F). Finally, the authors have conducted a 
MPP tracking experiment, where the devices were tested at 
30% RH ambient condition and 46 °C with 100 mW cm–2 LED 
illumination. The MAPyA-treated device retained 81.3% of its 
efficiency after 1800 min, compared to a retained PCE of 27% 
after 98  min of the reference cell, thus achieving long-term 
operational stability in ambient condition (Figure  9G).[51] In 
conclusion, Table 1 summarizes the most recent progresses in 
the field of all-inorganic Cs-based PSCs, reporting the active 
layer material, the device structure, the optimization strategy, 
the device area, and the PCE achieved.

Figure 9.  A) Schematic device architecture of the inorganic PSC; LiF was used to modify the SnO2 surface. Adapted with permission.[60] Copyright 2019, 
Wiley. B) Photostability of CsPbI3−xBrx with LiF interlayer and PbCl2 additive; the stability was tested under continuous white LED illumination (100 mW cm−2)  
in a nitrogen glovebox without encapsulation. Adapted with permission.[60] Copyright 2019, Wiley. C) Schematic of effects of MAPyA treatment on 
CsPbI3 films. Reproduced with permission.[51] Copyright 2020, American Chemical Society. D) Stability of devices stored in the N2 filled glovebox for  
120 days. Reproduced with permission.[51] Copyright 2020, American Chemical Society. E,F) Moisture and thermal stabilities of the corresponding 
devices. Reproduced with permission.[51] Copyright 2020, American Chemical Society. G) MPP tracking under RH 30% ambient condition with 100 mW 
cm–2 LED-array illuminated at 46 °C, and the inset images are the photographs of the aged ref and MAPyA-treated devices. Adapted with permission.[51] 
Copyright 2020, American Chemical Society.
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4. Industrial Perspectives for All-Inorganic 
Perovskites

4.1. General Consideration on Perovskite Solar Cells Scale-Up

Although PSCs have achieved remarkable efficiencies and 
improved stability at the laboratory scale, a significant perfor-
mance gap still exists with large area modules. To date, the 
highest reported certified efficiency is 17.9% for a 800 cm2 
module,[63] about 70% than that of the champion cell.[1]

The scale up from small-area cells to large-area modules 
implies a change of paradigm.[64] Working on laboratory scale, 
there are factors that do not need imposed limitations in the 
search of higher PCE values. For instance, the viscosity of 
the solution does not need a strict control,[64–67] toxic solvents 
can be safely used in a fume hood or in a glovebox; thermal 
treatments duration can span from minutes to hours without 
problems;[64–67] the two steps sequential deposition is a com-
monly used approach; since glass supports can be used, the 
temperature of the treatment can be adjusted as desired.[64–67] 
Furthermore, operations are often carried out in inert atmos-
phere and electrodes are frequently deposited through vacuum-
assisted methods.

Similarly to organic photovoltaics, roll-to-roll (R2R) 
printing/coating techniques have the greatest potential 
to enable PSC scale-up at high throughput, but also pose 
inherent challenges.[68,69] The R2R printing fabrication pro-
cess developed for polymeric solar cells can be applied to 
perovskites under appropriate conditions.[70,71] One focal point 

is to identify the printing inks viscosity to obtain uniform and 
compact perovskite layers. The ideal printing conditions can 
be reached by identifying the correct combination of solvent 
and additives to be used in the ink formulation and their 
concentration, which can vary with the specific type of perov-
skite.[72] Moreover, due to the different characteristics of inks 
for spin coating and for techniques like slot die coating,[73–76] 
gravure printing,[77,78] spray coating,[79] ink-jet printing,[80] or 
blade coating,[81,82] much of the work devoted to optimizing 
the formulation cannot be directly applied to scaled-up pro-
duction without reoptimization.

Another key point to consider is represented by the solvents 
used for the synthesis. Generally, the number of good solvents 
for perovskites is limited and most of them are hazardous and 
have high boiling point.[83] Without safer alternatives, a scale-
up of the technology is still technically possible. However, more 
strict security procedures would be necessary, leading to an 
inevitable increase of costs. In this context, a preliminary selec-
tion of innovative mixtures of solvents, which can match both 
the volatility and safety requirements can be carried out at first 
stage by the Hansen solubility parameters (HSP) approach.[83,84] 
In this way, the HSP of solvent mixtures can be calculated and 
compared to HSP of perovskite precursors and charge trans-
porting materials, so as to reduce the amount of solubility tests.

Reducing the processing time while maintaining the high 
quality of perovskite crystallization also represents a major 
point during the scale-up process. In this case, further studies 
are required to speed up the printing and annealing steps, 
necessary to get the right micro/macroscopic perovskite grain 

Table 1.  Main parameters of all-inorganic Cs-based perovskite solar cells.

Active material Device structure Optimization strategy Device area [cm2] PCE [%] Year Refs.

CsPbI3 FTO/c-TiO2/pero/spiro-oMeTAD/Au HI additive n.d. 2.90 2015 [19]

CsPbI3 FTO/c-TiO2/pero/spiro-oMeTAD/Ag Quasi-2D dimensionality reduction 0.12 11.86 2017 [49]

CsPbI3 FTO/c-TiO2/pero/spiro-oMeTAD/Ag Surface passivation with PTABr 0.12 17.06 2018 [45]

CsPbI3 FTO/c-TiO2/pero/spiro-oMeTAD/Ag Precursor engineering with DMAI
Surface passivation with PTACl

0.1 19.03 2019 [15]

CsPbI3 FTO/c-TiO2/pero/spiro-oMeTAD/Ag Precursor engineering with DMAI
Perovskite passivation with CHI

0.1 18.40 2019 [21]

CsPbI3 FTO/PTAA/pero/PCBM/BCP/Ag Precursor engineering with organic terminal groups 0.09 13.32 2019 [50]

CsPbI3−xBrx ITO/SnO2/LiF/pero/spiro-oMeTAD/Au Interface engineering with LiF
Anion doping with PbCl2

0.07 18.64 2019 [60]

CsPbI3 FTO/c-TiO2/pero/spiro-oMeTAD/MoO3/Au Precursor engineering with ABA
Surface passivation with NGBr

0.12 18.27 2020 [43]

CsPbI3 ITO/SnO2/pero/spiro-oMeTAD/Au Interface engineering with Zn(C6F5)2 0.09 19.00 2020 [44]

CsPbI2Br FTO/c-TiO2/pero/P3HT/Ag Surface passivation with Pb(DDTC)2 0.06 17.03 2020 [46]

CsPbIxBr3−x ITO/SnO2/pero/SIM/spiro-oMeTAD/Au 2D/3D interface engineering with GABr 0.1 18.06 2020 [47]

CsPbI3 FTO/c-TiO2/pero/PTAA/Au 2D/3D interface engineering with GABr n.d. 18.02 2020 [48]

CsPbI3 ITO/P3CT-N/pero/PCBM/C60/BCP/Ag Perovskite post-treatment with MAPyA 0.09 16.67 2020 [51]

CsPbI3 FTO/ZnO–ZnS/m-TiO2/pero/spiro-oMeTAD/Au Surface passivation with 18-crown-6 ether 0.1 16.90 2020 [17]

CsPbI2Br FTO/c-TiO2/pero/spiro-oMeTAD/Au B-site and X-site doping with CaCl2 0.09 16.79 2020 [58]

CsPbI3 FTO/c-TiO2/pero/PTAA/Au B-site doping with MnI2 n.d. 16.52 2020 [59]

CsPbI3 FTO/c-TiO2/pero/spiro-oMeTAD/Au Soft template-controlled crystal growth with ADMA 0.09 15.48 2020 [61]

CsPbI3 FTO/c-TiO2/pero/spiro-oMeTAD/Au Soft template-controlled crystal growth with ADMA 0.09 16.04 2020 [62]
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morphology. The higher tolerance of inorganic perovskite to 
environmental agents with respect to hybrid perovskites can 
help to shift the fabrication of large-area devices from con-
trolled to ambient conditions.[13] However, further investigation 
is necessary to find the conditions to get pinhole-free, large 
grain size, and flat all-inorganic perovskite films with fast, one-
step, and low temperature procedures.[61,85–87]

Finally, the selection of interlayers as well as electrode mate-
rials is also critical in order to get full compatibility with the 
printing process without damaging the perovskite layer. To date, 
carbon-based electrodes are under study as substitutes of noble 
metal electrodes in order to have fully printable devices,[88] such 
as HTL-free PSCs.[89]

It is worth mentioning that the modules reported in the 
literature do not necessarily imply a fabrication with scalable, 
roll-to-roll compatible methods and that high PCE are often 
obtained when off-line steps are included.[77,90] Moreover, to 
date, there is no evidence of R2R-printed all-inorganic PSCs in 
literature, but different efforts are present to reach the condi-
tions for high-efficiency and stable solar cells made by this fab-
rication technique.[91,92]

4.2. All-Inorganic Perovskite Solar Modules

The issues related to all-inorganic perovskites are even more 
fundamental to be addressed when large-area devices are fab-
ricated. Even when a suitable scalable deposition technique is 
identified, the enlargement of the active area and the connection 
of different subcells in a module lead to inevitable efficiency 
loss due to increase of materials defects, geometrical factors, 
and electrical connections.[64] In front of this performance 
losses, higher quality and stability of materials is required in 
order to get devices suitable for marketable applications.

The passivation of the perovskite and the charge trans-
porting layers and the use of additives into the ink for-
mulations represent two valid strategies for increasing 
both the quality and the stability of the thin films. For 
example, doping the C60 layer of a ZnO@C60 electron-
transporting-bilayer with tris(pentafluorophenyl)borane and 
LiClO4 lead to reduced charge recombination and increased 
film conductivity.[41] Applying this method, a 4 subcells spin-
coated module with active area of 10.92 cm2 achieved PCE 
of 12.19% (Figure 10A,B).[41] However, the compatibility of 
this approach with scalable deposition methods is still to be 
proven. As reported above, 18-crown-6 ether is used to passi-
vate and stabilize α-CsPbI3 perovskite.[17] The resulting films 
exhibit stronger resistance to moisture and reduction of sur-
face defects. Moreover, 4 subcells modules deposited by spin 
coater achieved PCE = 11.87% (8 cm2 active area), which 
maintained the 95.2% of the initial value after 500 h at MPP 
under continuous sun irradiation (RH = 60%, encapsulated) 
(Figures 7E and 10C,D).[17] In another work, a 16 cm2 module 
is fabricated by blade coating method modified with a vacuum-
flash process, gaining PCE ≈10%.[17] Unfortunately, the pres-
ence of a vacuum system, together with long annealing time, 
makes this method not compatible with industrial processes. 
An interesting solution to match commercial requirements 
can be represented by fast IR annealing systems.[93]

In order to obtain commercial devices, the study of new 
material formulations for inorganic PSCs should progress 
together with the implementation of scalable techniques. 
The addition of Zn(C6F5)2 in CsPbI3 helped to obtain high-
quality perovskite layer with fast blade-coating deposition at 
low temperature (≤100  °C) in ambient condition.[44] In this 
case, the obtained devices have small area (0.09 cm2, with 
best PCE  =  19%) and, again, thermal treatment times of sev-
eral minutes are exceedingly long for a high throughput pro-
cess. The deposition of composition-graded CsPbI2Br thin film 
through spray-coating represents one of the most recent exam-
ples of large-area inorganic-perovskite-based device.[94] The 
graded perovskite structure widens the absorption range and 
carrier lifetime and increases the efficiency of charge separa-
tion and collection.[94] By this technique, a monolithically inte-
grated module is obtained, with PCE = 13.82% (112 cm2 aper-
ture area) and ≈9% degradation over 1000 h continuous 1 sun 
light soaking (Figure  10E,F).[94] To summarize, Table 2 reports 
the most recent progresses in the field of all-inorganic Cs-based 
perovskite solar modules, showing the active layer material, 
the device structure, the optimization strategy, the deposition 
method, the device area, and the PCE achieved.

5. Concluding Remarks and Future Perspectives

Thanks to their remarkable thermal stability due to the absence 
of the hygroscopic organic cations, all-inorganic Cs-based PSCs 
have now been recognized as one of the most promising solu-
tion within the class of hybrid halide PSCs.[2] This is further 
confirmed by the increased interest upon this class of mate-
rials, which led to a rapid PCE growth to over 19% in 2020.[15] 
Nevertheless, several challenges are still to be coped with. 
For instance, the degradation of CsPbI3 upon operation in 
ambient atmosphere still represents a major limit toward their 
marketable application. Furthermore, the PCE of all-inorganic 
PSCs are still lower compared to organic–inorganic counter-
part, and they are still far from the Shockley–Queisser limit.[2,16] 
Although many different strategies have been developed to 
deal with those issues, there is still a lot of work to be done in 
this field of research. For instance, an innovative approach can 
be represented by the deposition of lower-dimensional perov-
skites at the interface between the 3D perovskite and the selec-
tive charge transporting layers. Despite this has been mainly 
adopted for organic–inorganic hybrid perovskites,[55,56] in the 
latest years, an interest toward this strategy has also been devel-
oped in the all-inorganic PSCs area, showing very promising 
results in terms of PCE and stability of the PSCs toward mois-
ture and air.[42,47,95,96] Alongside more common doping strate-
gies in all-inorganic perovskite,[42,59] pseudohalide doping on 
the X site and rubidium doping on the A site represent recently 
growing approaches, which in the near future may lead the 
path toward more efficient and stable all-inorganic PSCs.[95,97] 
Finally, the possibility to realize fully all-inorganic perovskite 
solar cells, in which also the charge transporting layers are inor-
ganic materials, may represent a promising pathway toward 
further increase the long term stability.[41]

Further efforts are therefore required for the scale-up of all-
inorganic Cs-based perovskites from laboratory-scale devices 
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Table 2.  Main parameters of all-inorganic Cs-based perovskite solar modules.

Active material Device structure Optimization strategy Deposition method Device area [cm2] PCE [%] Year Refs.

CsPbIxBr3−x FTO/c-TiO2/pero/spiro-oMeTAD/Ag Quasi-2D dimensionality reduction Blade coating  
+ vacuum-flash annealing

16 10.30 2018 [93]

CsPbI2Br FTO/NiOx/pero/ZnO@C60/Ag Doping C60 with tris(pentafluorophenyl)
borane and LiClO4

“Quasi-curved” heating 10.92 12.19 2020 [41]

CsPbI3 FTO/ZnO–ZnS/m-TiO2/pero/
spiro-oMeTAD/Au

Surface passivation with  
18-crown-6 ether

Spin coating 8 11.87 2020 [17]

CsPbI3 FTO/ZnO–ZnS/m-TiO2/pero/
spiro-oMeTAD/Au

Surface passivation  
with 18-crown-6 ether

Blade coating 8 10.73 2020 [17]

CsPbI3−xBrx FTO/TiO2/pero/PTAA/Au Graded Br-doping structure Spray coating 112 13.82 2020 [94]

Figure 10.  A) Schematic diagram of the perovskite solar module with four subcells connected in series. Reproduced with permission.[41] Copyright 2020, Wiley.  
B) J–V characteristic curve of the best performing all-inorganic perovskite solar module. Reproduced with permission.[41] Copyright 2020, Wiley. 
C) Schematic illustration of the perovskite solar module with inset showing the series connection regions. Reproduced with permission.[17]  
Copyright 2020, Royal Society of Chemistry. D) J–V curves of the best performing CsPbI3–Crown-based perovskite solar module. Reproduced with per-
mission.[17] Copyright 2020, Royal Society of Chemistry. E) Photographic image of the monolithically integrated perovskite solar module. Adapted with 
permission.[94] Copyright 2020, Elsevier. F) Photostability of the monolithically integrated perovskite solar module under 1 sun light soaking. Adapted 
with permission.[94] Copyright 2020, Elsevier.
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to marketable modules. As mentioned in the previous section, 
the fundamental issues of CsPbI3 are magnified during the 
scale-up process. For instance, the need to maintain high uni-
formities even with large active areas is one of the major con-
cerns.[41] Furthermore, the more severe restrictions introduced 
by roll-to-roll printing/coating techniques greatly increase 
the difficulty of the challenge.[72] Nevertheless, several prom-
ising results were achieved in 2020, with a record efficiency 
of 13.82% for a 112 cm2 submodule.[94] In addition, several 
research groups are now focusing their efforts toward the reali-
zation of all-inorganic Cs-based PSCs with scalable techniques, 
thus achieving 19% PCE in 2020 via blade coating deposition.[44]

When considering potential commercial applications, 
CsPbI3 can be successfully employed in single junction solar 
cells, delivering moderately high efficiency (>19%) devices 
with good stability, despite much work has still to be done to 
reach the performances of common organic–inorganic hybrid 
perovskites—nowadays 25.6%[98]—and the stability standards 
imposed by the market. Alternatively, all-inorganic single junc-
tion solar cells, for instance, in the p–i–n configuration, can be 
ideally adopted in tandem devices, where the perovskite cell 
is engineered on top of standard inorganic Si or CIGS cells, 
but also on perovskites forming all perovskite tandem junc-
tions.[99] CsPbI3 is particularly suitable for its bandgap as top 
subcell in a two-terminal configuration, as also confirmed 
from theoretical calculations.[100] However, experimental works 
on tandem devices comprising all-inorganic perovskites are 
quite scarce.[100–102] This is mainly due to the intrinsic insta-
bility of the CsPbI3 active layer,[100,103] which still limits its suc-
cessful implementation in tandem configuration. However, the 
methods aiming to increase the Goldsmith tolerance factor to 
improve the stability of the CsPbI3 photoactive phase discussed 
in the review can be easily translated from single junction 
device optimization to tandem structures, encouraging timely 
improvements of CsPbI3 tandem devices. In particular, among 
the few works reported, an interesting application of CsPbI3 
in tandem devices is represented by all-inorganic perovskite/
organic tandem solar cells, which have achieved 18% PCE in 
2020.[103] On the other side, perovskite/perovskite tandem 
devices offer the potential to be an interesting technology due 
to their lightweight, spectral tunability, and low costs. In this 
regard, material fabrication, morphology optimization, and sta-
bilization are still far to be optimized, limiting their develop-
ment.[99,103] For instance, common solvents such as dimethyl-
formamide and dimethyl sulfoxide can penetrate through the 
interconnection junction (ICJ) and severely damage the bottom 
perovskite film.[103] This calls for intense research in this direc-
tion, for instance, in the development of different ICJs, such as 
thick indium tin oxide films,[104] to offer new potential solutions 
for the fabrication of all-perovskite tandem solar cells.[104,105]

Alongside classic power generation, all-inorganic perovskites 
can promisingly be employed in portable devices, fulfilling new 
modern needs, for instance, in the IoT field. In fact, their suita-
bility to be printed on flexible substrates, in air, along with their 
tunable bandgap make these materials an appealing technology 
to face the new market segments asking for adaptable and flex-
ible devices, where Si solar panels fail.[106]

To summarize, in this review, we have analyzed the 
all-inorganic Cs-based perovskites, starting from the material 

structural and optical properties, we have reviewed the most 
common processes for the deposition of highly crystalline thin 
films, and we have discussed the applications in PSCs, including 
the most recent and noticeable efforts made to increase both 
the PCE and the stability of the solar cells up to now. Finally, 
we discussed the potential implications for the scale-up of this 
technology, analyzing the scaling-up challenges and reporting 
the most advanced works in this field. Although there is still 
a long way to go and several challenges to be dealt with, all-
inorganic Cs-based perovskites pave the way for promising 
candidate for next-generation efficient and stable perovskite 
photovoltaics. In addition, it is worth noticing that all-inorganic 
single junction devices offer interesting potential applications 
in high impact optoelectronics. Examples include photodetec-
tors for gamma and X-rays detection,[107–111] scintillators,[112–115] 
photocatalysts,[116–119] and light emitting devices,[120–123] offering 
a plethora of new attractive solutions.
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