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Abstract

Metal halide-based perovskite solar cells (PSCs) have developed
rapidly due to exceptional optoelectronic properties of perov-
skite materials (such as high optical absorption coefficient, long

charge carrier lifetime, long diffusion length, high carrier mo-
bility and tunable bandgaps) and low-cost fabrication processes.
The record power conversion efficiency has exceeded 24%,
demonstrating the great potential for photovoltaic application.
However, the lead toxicity and instability still present as major
obstacles for commercialization. In principle, Pb can be replaced
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with other less-toxic as well as environmentally benign metals,
such as Ag, Na, Sn, Ge, Bi, Sb and Ti, to solve the toxicity issue.
Replacing methylammonium (MA+) or formamidinium (FA+)
with cesium (Cs+) represents a promising direction to address
the instability issue. Herein, we review the recent progress of all-
inorganic cesium lead-free halide PSCs. At the end, we outline
challenges and future directions.

Keywords: Perovskite solar cell | Lead-free | Stability

1. Introduction

Kojima et al. for the first time introduced CH3NH3PbI3
perovskite into dye-sensitized solar cells, and achieved a power
conversion efficiency (PCE) of 3.8% in 2009.1 Subsequently,
solid-state solar cells were fabricated by using CH3NH3PbI3 as
light absorption layer and 2,2¤,7,7¤-Tetrakis[N,N-di(4-methoxy-
phenyl)amino]-9,9¤-spirobifluorene (spiro-OMeTAD) as hole
transport layer (HTL) instead of iodine electrolyte resulting in
a much higher PCE of 9.7%.2 In the past several years, the
device structure, interfacial engineering and processing tech-
nique of perovskite solar cells (PSCs) have been rapidly
developed.3­5 At present, the PCE has exceeded 23%.6 Although
high PCE has been achieved, PSCs still have not met the
requirement for commercial applications due to the two pending
major challenges: instability and toxicity.7­9 Methylammonium
lead triiodide (MAPbI3) and formamidinium lead triiodide
(FAPbI3), which contain organic cations, have poor stability
against heat, light, and moisture.10­14 In order to improve the
stability of hybrid organic-inorganic perovskites, it has been
reported that all-inorganic cesium halide perovskites have
become desirable candidates by replacing methylammonium
(MA+) or formamidinium (FA+) with cesium (Cs+) due to their
excellent thermodynamic stability and resistance to humidity.15

However, the toxicity issue is still an unresolved problem.
Considering the risk, it is important to reduce or preferably
eliminate lead from the photovoltaic devices. Therefore, it is of
importance to develop all-inorganic lead-free PSCs.

Theoretical studies based on density functional theory (DFT)
have demonstrated that the unique photovoltaic properties of
lead-based perovskites can be mainly attributed to the combina-
tion of the structure symmetry and the existence of lone-pair 6 s2

orbitals in lead, which results in direct-gap p-p transitions and
appropriate bandgaps.16,17 On the other hand, according to the
geometric tolerance factor t = (RA + RX)/[21/2(RB + RX)],18,19

where RA, RB and RX are the effective ion radius of A, B and X
ions in the typical perovskite formula ABX3, the size of Pb2+ can
maintain a special symmetrical structure. For a stable structure,
t ranges from 0.8 to 1.0. Substantial deviations from this range
can lead to structural distortion, which weakens photovoltaic
characteristics, such as poor optical absorption, wider band gap,
and larger effective mass of electrons/holes.20­22 Therefore, only
limited metal ions are suitable for replacing lead ions.

In the present work, we review the development of all-
inorganic cesium lead-free halide PSCs, including materials
properties, fabrication methods, stability improvement, and so
on. Two types of structures, namely, homovalent to lead and
heterovalent to lead are mainly discussed. Also a brief overview
on the current challenges and prospectives in the development of
all-inorganic cesium lead-free halide PSCs is given.

2. Homovalent to Lead

2.1 CsSnX3 (X = I, Br, or a Mixture of I and Br). Sn
and Pb belong to the same family with lone-pair s orbitals and
have similar electronic arrangement. Sn has two main oxidation
states, namely, +2 state and the more stable +4 state. More
impressively, Sn-based perovskites exhibit similar or sometimes
even superior electronic and optical characteristics compared to
Pb-based perovskites, including narrower optical bandgap and
higher charge carrier mobility.23,24 So far Sn-based perovskites
with a general formula of ASnX3 (A represents monovalent
organic or inorganic cation) are thus the most well studied
alternatives in the area of lead-free PSCs. Although most Sn-
based PSCs with high PCE used organic Sn-based perovskite
materials as absorbing layers, such as MASnX3 and FASnX3,
inorganic Sn-based perovskites have great potential due to their
intrinsic thermal and air stability.25 According to t,18,19 Cs+ is
the most promising inorganic cation to replace organic cation.
CsSnI3 exhibits two polymorphs: one is a yellow one-dimen-
sional (1D) double-chain structure (i.e., Y-CsSnI3), the other is
a black three-dimensional (3D) perovskite structure (i.e., B-γ-
CsSnI3).26 Y-CsSnI3 has nearly no photovoltaic response under
solar light illumination, while B-γ-CsSnI3 (which crystallizes in
the orthorhombic Pnma space group adopting a distorted 3D
perovskite structure; see the panel i of Figure 1a) has excellent
optical properties with a direct band gap of 1.3 eV and high
absorption in the visible range (panel ii of Figure 1a).27 More-
over, at room temperature, B-γ-CsSnI3 has a fairly high hole
mobility of ³585 cm2V¹1 s¹1 26 and low exciton binding energy
of ³18meV.28 The abovementioned excellent properties indicate
that B-γ-CsSnI3 has good potential as a light-absorbing material
for PSCs.

2.1.1 Performance of CsSnX3 PSCs: In 2012, Chen
et al. first reported the Schottky solar cell based on CsSnI3 thin
film, which is synthesized by depositing SnCl2 layer through
e-beam evaporation and CsI layer through thermal evaporation
on glass substrate followed by annealing.29 The device consists
of a simple structure of indium tin oxide (ITO)/CsSnI3/Au/Ti
(panel i of Figure 1b) showing a PCE of 0.88% (panel ii of
Figure 1b). This low efficiency may be associated to the
deteriorated film quality and the device structure.

CsSnI3 easily forms intrinsic vacancies, leading to metallic
conductivity.26 These intrinsic defects lead to short carrier
lifetime and severe nonradiative recombination. In order to
fabricate low-defect and good-quality Sn-based perovskites
films, searching for suitable additives or new film preparations
may be valid solutions. In 2014, Kumar et al. firstly explored
the addition of SnF2 to reduce the Sn vacancies resulting in
the reduced intrinsic defects and background carrier densities
and hence inhibit the metallic conductivity.30 With 20mol%
SnF2 addition, the PCEs of 1.87% and 2.02% were achieved in
the CsSnI3 PSCs using spiro-OMeTAD and 4, 4¤, 4¤¤-tris(N,N-
phenyl-3-methylamino)triphenylamine (m-MTDATA) as HTL,
respectively. The higher efficiency is attributed to the higher
recombination resistance of m-MTDATA. However, in both
devices, the Voc (0.24V) is low.

The substitution of I¹ by Br¹ in CsSnI3 can change the band
structure and thus effectively adjust its band gap.25 As I¹ is
gradually replaced by Br¹, the bandgap of CsSnX3 can be
adjusted from 1.27 eV (pure CsSnI3) to 1.75 eV (pure CsSnBr3)
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with the crystal structure changing from the orthorhombic struc-
ture (pure CsSnI3) to the cubic structure (pure CsSnBr3) (panel i
of Figure 2a). The increment of bandgap renders the low charge
carrier density (i.e., 6.32 © 1015 cm¹3 of hole density) and
increases charge recombination resistance contributing to the
high VOC over 0.4V (panel ii of Figure 2a). However, the JSC is
sacrificed. It was found that CsSnI2.9Br0.1 PSC achieved the best
performance (with 1.76% PCE) among CsSnI3¹xBrx (0 ¯ x ¯ 3)
PSCs in this study.25 It was also revealed that the PCE of
20mol% SnF2-CsSnBr3 PSC can be improved from 0.95%
to 1.28% by incorporating thicker TiO2 (acting as electron
transport layer, ETL).25 The best CsSnBr3 PSC exhibited a PCE
of 2.17% with 20mol% SnF2 addition and 450 nm TiO2 as
ETL.31

A melt-synthesized CsSnI3 containing high-quality large
single crystal grains was reported which has superior properties
compared with the polycrystalline counterpart (such as the
longer carrier lifetime of 6.6 ns, the minority-carrier diffusion
length close to 1¯m and the lower doping concentration of
about 4.5 © 1017 cm¹3).32 According to this study, the optimized
CsSnI3 PSC was predicted to have a PCE of 23%, exhibiting

a very low surface recombination velocity (2 © 103 cm s¹1),
similar to Pb-based PSC. To achieve high-quality perovskite
films, Wang et al. obtained a relatively pure B-γ-CsSnI3 powder
by melting mixed SnI2 and CsI in evacuated tubes and
dissolving them with mixed polar solvents, followed by spin
coating and annealing (panel i of Figure 2b).33 The PCE of the
champion B-γ-CsSnI3 PSC (150 °C film annealing temperature;
³120 nm film thickness) achieved 3.31% without any additives
(panel ii of Figure 2b). However, B-γ-CsSnI3 shows very poor
structural stability, and it easily converts from a cubic phase to a
chain structure at room temperature leading to the poor structural
stability. Because of such instability, it is difficult to obtain a
pure phase and a high-quality film. A uniform, dense and
pinhole-free CsSnI3 film was prepared by evaporation-assisted
solution method.34 The scheme of the deposition system is
shown in the panel i of Figure 2c. SnI2 with SnF2 as an additive
is firstly deposited on the substrate (typically on mesoporous
TiO2) by a spin-coating method. After annealing, the SnI2 film is
transferred into the vacuum chamber for the next CsI deposition.
The sample after vaporization is annealed to ensure the sufficient
inter-diffusion of each component. As compared to the work in

Figure 1. (a) i, Distorted 3D perovskite structure of CsSnI3 at room temperature. Red polyhedron, [SnI6/2]¹; yellow sphere, Cs. ii.
CsSnI3 shows a sharp absorption edge at 1.3 eV. A, absorption in units of αS¹1, where α is the absorption coefficient and S is the
scattering coefficient. Reprinted with permission, Springer Nature, 2012.27 (b) i, A schematic layer structure of the Schottky solar cell
based on CsSnI3. ii, J-V curves of the champion device in dark (black) and under light illumination (blue) with a power density of
50mW/cm2, equivalent to half of the intensity of AM 1.5 standard radiation. Reprinted with permission, AIP Publishing, 2012.29
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ref 30 (i.e., solution process), the rapid crystallization was
retarded and the crystallization process here can be well con-
trolled by the inter-diffusion process. Thus, the device perform-
ance improves (2.23% PCE; see the panel ii of Figure 2c).
The device structures and the device performance of CsSnX3

PSCs are summarized in Table 1.
2.1.2 Stability of CsSnX3 PSCs: Although CsSnX3

exceeds MASnX3 or FASnX3 in thermal and air stability
theoretically,27 the facile tendency of oxidization from Sn2+ to
Sn4+ makes the Sn-based perovskites much more sensitive to air
than the Pb analogs. For example, the absorbance of CsSnI3 thin
film rapidly degraded to 30% after 40min in air (see the squared
curve in the panel i of Figure 3a). This instability can be
improved by adding SnX2, and it was reported by Marshall et al.
that SnCl2 was the most effective additive (panel i of Figure 3a).

The HTL-free CsSnI3 PSC (with 3.56% PCE) with 10mol%
SnCl2 exhibited approximately 10-fold better stability over a
device with the same architecture using MAPbI3 (panel ii of
Figure 3a).35 The improved device performance and stability
stem from n-doping of the ETL by SnCl2. However, Heo et al.
reported different results, namely, they compared the additive
(SnX2) effect and found that the SnBr2 is the best additive to
improve the stability of CsSnI3 (panel i of Figure 3b) and the
corresponding device shows the prolonged stability of about
100 h with a high PCE of 4.3% (panel ii of Figure 3b) due to the
passivation effect of the surface.36 It should be commented that
the device structures and the constituent layers of the devices in
refs 35 and 36 are different, resulting in different effects of the
additive. In addition, the fabrication condition can also affect
the additive effect role. For example, Song et al. reported that

Figure 2. (a) i, Band gap variation as a function of the Br¹ concentration. ii, J-V curves of CsSnI1¹xBrx-based PSCs. Reprinted with
permission, American Chemical Society, 2015.25 (b) i, Schematic representation of the one-step solution fabrication of B-γ-CsSnI3 thin
film from solid CsSnI3. ii, Corresponding J­V curve of the champion B-γ-CsSnI3 PSC. Reprinted with permission, John Wiley and
Sons, 2016.33 (c) i, Schematic illustration of the evaporation-assisted solution method. ii, Corresponding J­V curves of the champion
CsSnI3 PSC in both forward and reverse directions. Reprinted with permission, John Wiley and Sons, 2018.34
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Table 1. The performance and stability of CsSnX3 (X = I, Br, or a mixture of I and Br) PSCs.

FTO: fluorine doped tin oxide, RH: relative humidity, c-TiO2: compact TiO2, m-TiO2: mesoporous TiO2, TPFB:
tetrakis(pentafluorophenyl)borate, HPA: hypophosphorous acid, spiro: spiro-MeOTAD, BCP: bathocuproine, PCBM: [6,6]-
phenyl-C61-butyric acid methyl ester, PTAA: poly[bis(4-phenyl)(2,4,6-trimethylphenyl) amine], PEDOT:PSS: poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate).
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adding SnF2 in CsSnI3 under a reducing vapor atmosphere
of hydrazine (H2NNH2) can stabilize the Sn2+ state by playing
the role of compensator and Sn2+ vacancy inhibitor, which
effectively reduces p-type conductivity. The resulting optimized
CsSnI3 PSC (fabricated using molar ratios: CsI:SnI2 = 0.4)
achieved a maximum PCE of 4.81%.37 Except the SnX2, a new
additive, i.e., hypophosphorous acid (HPA) was used to
successfully prepare the CsSnIBr2 perovskite films with low
Sn vacancies and stable perovskite phase.38 The champion
CsSnIBr2 PSC achieved a PCE of 3.20%, more importantly,
exhibiting stable PCE in 77 days (Figure 3c) and a superior
thermal stability (remaining 98% of PCE) after 9 hours of
continuous power output at 473K. The stability property of
CsSnX3 PSCs was also summarized in Table 1.

2.2 CsGeX3 (X = I, Br, Cl, or a Mixture of I and Br).
Except for Sn, Pb replacement by Ge can also form a perovskite
structure to satisfy the coordination on ionic size and charge
balance.15,44 Compared to FAGeI3 (2.30 eV band gap) and
MAGeI3 (2.00 eV band gap), CsGeI3 has a more suitable band
gap of 1.65 eV,45 which is larger than CsSnI3 (1.3 eV37) due to
the deeper orbital energy for Ge 4s states than that of Sn 5s states
and the structural distortion of [GeI6] octahedra.46 It was
reported that the bandgap of CsGeI3 varies from 0.73 eV to
2.30 eV under different external strain,47 which is important
for understanding the effects of strain on the perovskites and
guiding the experiments to improve the photovoltaic perform-
ance of the PSCs. In addition, the DFT calculation shows that
CsGeI3 has the best electronic and optical properties compared

with CsGeBr3 and CsGeCl3. However, CsGeI3 is inferior to
CsGe(I0.7Br0.3)3 in applications due to the inferior ductility.48 We
comment that both mechanical property and the band gap should
be considered for mixture CsGe(I1¹xBrx)3 in application.

CsGeI3 is crystallized in two different space groups (with
290 °C as phase transition temperature): the lower-temperature
structure R3m (panel i of Figure 4a) and the higher-temperature
structure Pmmm (panel ii of Figure 4a).49 Obviously, CsGeI3
possesses the R3m structure at room temperature so high
temperature treatment in the film-forming process should be
avoided. In fact, in the R3m structure, Ge2+ and I¹ form a
slightly distorted cubic densest packing constituting a pyramid
cluster of [GeI3] and leading to an off-centre symmetry, which
results in high optical nonlinear response.49 In contrast to the
high hole density of CsGeI3 under the Ge-poor condition,
CsGeI3 under the Ge-rich condition is a p-type direct band gap
semiconductor with reduced hole density and conductivity due
to the increased concentration of the iodine vacancy.50 However,
due to the short-range potential and strong Ge-Ge covalent bond
(Figure 4b), the iodine vacancy in CsGeI3 is a deep electron trap,
which severely restricts electron migration and thus affects VOC

of the PSCs.
2.2.1 Performance of CsGeX3 PSCs: The research

work in CsGeI3 is scant. Although CsGeI3 exhibits better
thermal stability (with no phase transition in the range of device
working temperature) compared to MAGeI3 and FAGeI3 (panel i
of Figure 4c),45 the VOC of CsGeI3 PSC is less than 0.1V leading
to a low PCE of only 0.11% due to the terrible film morphology

Figure 3. (a) i, Normalized absorbance at 500 nm for CsSnI3 without and with 10mol% of SnI2, SnBr2, SnCl2 or SnF2 additive.
All films were deposited on ITO-coated glass. ii, Mean (squares) and champion (circles) normalized efficiency for PSCs without
encapsulation tested in ambient air (at ³25% humidity and ³50 °C) under continuous 1 sun simulated solar irradiation with
the structure: ITO/CsSnI3 + 10mol% SnCl2/PC61BM/BCP/Al (blue); ITO/MAPbI3/PC61BM/BCP/Al (green); ITO/MAPbI3/
PC61BM/Bis-C60/Ag reported in ref 39 (purple). Reprinted with permission, Springer Nature, 2016.35 (b) i, J-V curves of the
encapsulated CsSnI3 PSCs with SnF2, SnCl2, and SnBr2 additives. ii, Corresponding stability of the devices. Reprinted with permission,
American Chemical Society, 2018.36 (c) Normalized PCE of the encapsulated CsSnIBr2 PSCs without and with HPA additive under
ambient condition for 77 days. Reprinted with permission, Royal Society of Chemistry, 2016.38
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caused by the poor solubility in polar solvents (panel ii of
Figure 4c). The significant efforts were made, but the VOC

remained low.45,50,51 The low VOC (0.46V) has limited the
maximum PCE of Ge-based solar cells to only 0.57% so far with
the device structure of ITO/PEDOT:PSS/MAGeI2.7Br0.3/
PC70BM/Ag.51

2.2.2 Stability of CsGeX3 PSCs: Recently, Wu et al.
synthesized R3m CsGeI3 perovskite colloidal nanocrystals
(NCs) and studied the degradation process of the morphological
change in air (shown in Figure 4d). The NCs gradually changed
from single crystal CsGeI3 (rhombohedral R3m) to single crystal

CsI (cubic Pm3m), and then converted into polycrystalline CsI
fragments.52 This work provides insights into the instability
origins by investigating morphology evolution and structure
variation of CsGeI3 perovskite NCs.

Surprisingly, Chen et al. reported a promising discovery
that CsSn0.5Ge0.5I3 formed by simply incorporating Ge2+ into
CsSnI3 exhibited high stability and a PCE up to 7.11%.43 The
panel i of Figure 3e shows that CsSn0.5Ge0.5I3 powder was
synthesized by the solid-state reaction between mixed solid
powder precursors in evacuated Pyrex tube, and CsSn0.5Ge0.5I3
was deposited on the substrate by a thermal evaporator. This

Figure 4. (a) i, The unit-cell structure of CsGeI3 (R3m). In R3m symmetry, the Ge2+ ion inclines to one of the corners and a
tetrahedron with a Ge2+ ion and three I¹ ions at vertices to form a pyramidal structure. ii, The unit-cell structure of CsGeI3 (Pmmm). In
Pmmm symmetry, a Ge2+ ion is located at the centre of an octahedron formed by six I¹ ions. Medium spheres: Cs; small spheres: Ge;
large spheres: I. Reprinted with permission, IOP Publishing, 2000.49 (b) Structure of VI

¹. The two Ge ions (Ge1 and Ge2) form a
covalent bond. Each of them is coordinated with only two iodine ions. Reprinted with permission, Royal Society of Chemistry, 2016.50

(c) i, Thermogravimetric analysis (TGA) thermogram of germanium perovskites. ii, J­V curves of photovoltaic devices fabricated with
CsGeI3 and MAGeI3. Reprinted with permission, Royal Society of Chemistry, 2015.45 (d) Transmission electron microscopy (TEM)
images CsGeI3 perovskite nanocubes with different exposure time at ambient condition. Reprinted with permission, John Wiley and
Sons, 2018.52 (e) i, Photograph of as-synthesized CsSn0.5Ge0.5I3 perovskite solid using the melt-crystallization method and schematic
illustration of the single-source evaporation method for the deposition of ultra-smooth CsSn0.5Ge0.5I3 perovskite thin films. ii, PCE
evolution of a typical unencapsulated PSC under continuous operation under 1-sun illumination at 45 °C in N2 atmosphere. Reprinted
with permission, Springer Nature, 2019.43
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work indicates that PCE can be effectively enhanced by using
mixed metals for replacing the pure metal of Sn in CsSnI3 by
solid-state reaction. The extremely high oxidation activity of
Ge2+ 45,53 allows the rapid formation of an ultra-thin (<5 nm)
uniform native-oxide passivation layer on CsSn0.5Ge0.5I3
perovskite leading to superior stability. They further proved
that the devices could run steadily for more than 500 hours under
1-sun illumination (panel ii of Figure 3e) with no degradation in
VOC and showed good reproducibility with an average PCE of
6.48%. This native-oxide passivation method provides a new
solution to both improve the efficiency and stability of lead-free
PSCs. In addition, it has been reported in the literature that using
the GeI2 additive in precursor can strikingly suppress the
trap density of the Sn-Ge alloy perovskites, thereby rendering
longer charge diffusion length (³1¯m).54 These studies suggest
alloying may help the designation of high-performance lead-free
PSCs.

3. Heterovalent to Lead

3.1 Cs2ABX6 (A: Ag, Na; B: Bi; X = I, Br). Cesium
lead-free halide double perovskites with the formula of
quaternary Cs2ABX6 are derived from the CsPbX3 perovskite
structure by replacing two divalent Pb2+ with a pair of nontoxic
heterovalent (i.e., one monovalent A+ and one trivalent B3+)
metal cations (Figure 5a),55 which have recently attracted con-
siderable interest as new alternatives to lead-halide-perovskite-
based optoelectronic materials because of their non-toxicity
and enhanced chemical and thermodynamic stability.56,57 In
the following, we successively summarize the progress of
Cs2AgBiBr6 and Cs2NaBiI6 which have been used as absorbers
for PSCs.

3.1.1 Cs2AgBiBr6: Many efforts have been made in the
fabrication of Cs2AgBiBr6 PSCs (Table 2). The Cs2AgBiBr6
film was incorporated into PSC for the first time by Greul et al.
via a fast spin-coating step and two important annealing steps
(panel i of Figure 5b).56 The first heating step is named
“preheating step” where the substrate and dimethyl sulfoxide
(DMSO)-based precursor solution were heated to 75 °C prior
to the spin coating. Then, the hot precursor solution was spun
on top of the hot substrate. The second heating step named
“annealing step”, was performed after the spin-coating proce-
dure at a temperature of at least 250 °C, resulting in phase pure
films. The resulting Cs2AgBiBr6 PSC exhibited a very promis-
ing PCE close to 2.5% with VOC exceeding one volt (panel ii of
Figure 5b), showing the potential of double perovskites as ab-
sorber materials. But the J-V curves show hysteresis, due to the
trapping/de-trapping of charge carriers. By using eco-friendly
anti-solvent isopropanol (IPA) technology and post-annealing
process under high temperature (250 °C) (panel i of Figure 5c),
a high quality Cs2AgBiBr6 film with ultra-smooth morphology
and high crystallinity can be achieved.58 This superior film
enabled the best performing solar cell device with inverted
structure ITO/Cu-NiO/Cs2AgBiBr6/C60/BCP/Ag yielding a
PCE of 2.23% with VOC = 1.01V, JSC = 3.19mAcm¹2, FF =
69.2% and no hysteresis (panel ii of Figure 5c). Moreover,
owing to the high thermal and ambient stability of Cs2AgBiBr6,
the PSC exhibited long term stability over 10 days stored in air.

In addition to the traditional solution method, Wang et al.
successfully developed a sequential vapor deposition method to

demonstrate the feasibility of high-quality double perovskite
films.55 As shown in the panel i of Figure 5d, AgBr is first
deposited onto a dense TiO2 coated FTO substrate. BiBr3 and
CsBr were then subsequently deposited on top of the AgBr film
layer-by-layer. Upon subsequent thermal annealing (a two-step
annealing process), a double Cs2AgBiBr6 perovskite phase was
formed through diffusion reaction. The optimized PSC based on
the vapor deposition of the double perovskite film showed
a maximum PCE of 1.37% (panel ii of Figure 5d) exhibiting
good device stability with reducing initial efficiency by less
than 10% after 240 h storage in air. Igbari et al. compared
vacuum-sublimation and solution-processing methods for fab-
ricating Cs2AgBiBr6 halide double perovskite films.57 The
results showed that solution-processing could guarantee a
precise composition stoichiometry to form high quality film,
which leads to the optimized PCE of 2.51%. The counterpart
(i.e., vacuum-process) is 1.41%. Obviously, the photovoltaic
performance of Cs2AgBiX6 solar cells is still poor, namely,
a PCE of less than 3% until now.56 Firstly, it is due to their
indirect and large band gap, i.e., 2.19 eV and 2.77 eV for
Cs2AgBiBr6 and Cs2AgBiCl6, respectively.59 Thus, it is neces-
sary to find double perovskite materials which have direct band
gaps. In addition, the exciton effect and electron-phonon
coupling lead to undesired electron-hole recombination and
hinder carrier transport.60 Such inherent electronic properties
need to be properly addressed in future double perovskite
designs. For example, efficient exciton separation needs to be
improved by appropriately designing the interface between the
charge extraction layer and the double perovskite.

Although the performance of Cs2AgBiBr6 PSCs is worse
than the PSCs homovalent to lead as discussed in Section 2, the
Cs2AgBiBr6 PSCs exhibit better stability overall. The detailed
stability properties of Cs2AgBiBr6 PSCs are summarized in
Table 2.

3.1.2 Cs2NaBiI6: Another lead-free double perovskite
material is Cs2NaBiI6 (abbreviated as CNBI), which has a band
gap of 1.66 eV. CNBI can be synthesized via a facile one-step
hydrothermal process.61 CsI, NaI and BiI3 were dissolved in
hydroiodic acid at a stoichiometric molar ratio. Then the
precursor was transferred to an autoclave for hydrothermal
reaction to obtain CNBI. The device was fabricated by a one-
step spin coating method (panel i of Figure 5e), and it achieved
a PCE of 0.42% (panel ii of Figure 5e). For stability, CNBI
showed negligible degradation after 5 months of storage at
relative humidity of 70%.

In fact, there are other inorganic double perovskites (such
as Cs2AgInBr6,62 Cs2AgSbX6

63 and Cs2CuBiBr664) that have
potential as optical absorption materials, but they have not yet
been used to prepare devices. They may bring interesting
double PSCs to the photovoltaic arena. Especially, replacing
Bi with In in Cs2AgBiBr6 causes direct bandgap (i.e., 1.33 eVof
Cs2AgInBr6).

3.2 Cs2BX6 (B: Sn, Ti; X: I, Br). Cs2BX6 derived from
its CsBX3 perovskite structure by removing half of the B-site
cations has also received wide attention as a new type of
perovskite-like structure, where B is a tetravalent metal cation
(Figure 6a). Due to the absence of connectivity between the
[BX6] octahedra, the Cs2BX6 perovskite variants are viewed as a
zero-dimensional (0D) structure, as well as double perovskite.
In the following, we successively summarize the progress of
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Cs2SnI6 and Cs2TiBr6 PSCs that have been investigated for
photovoltaic applications.

3.2.1 Cs2SnI6: The Cs2SnI6 has a bandgap of 1.48 eV
and high absorption coefficient (over 105 cm¹1 at 1.7 eV). It is

formed by the spontaneous oxidative conversion of CsSnI3
in ambient air.68 The Cs2SnI6 film was for the first time adopted
as a light absorber layer for a PSC obtaining an encouraging
PCE of near 1% with VOC of 0.51V, JSC of 5.41mAcm¹2 and

Figure 5. (a) Crystal structure of Cs2ABX6 double perovskite. Reprinted with permission, John Wiley and Sons, 2018.55 (b) i,
Schematic synthesis route for Cs2AgBiBr6 thin films. ii, J-V curve of the best performing device. Reprinted with permission, Royal
Society of Chemistry, 2017.56 (c) i, Schematic illustration of the spin-coating process with and without anti-solvent dropping (IPA). The
morphology of the as-prepared film can be improved by IPA dropping. ii, J-V curves of forward and reverse scan directions of the best
PSC. Reprinted with permission, John Wiley and Sons, 2018.58 (d) i, Scheme showing the sequential vapor deposition process. ii, J-V
curve of the optimized solar cell. Inset: cross-sectional scanning electron microscopy (SEM) image of the device. Reprinted with
permission, John Wiley and Sons, 2018.55 (e) i, Schematic illustration of Cs2NaBiI6 (CNBI) PSC fabrication process. ii, J-V curve of
the best Cs2NaBiI6 PSC. Reprinted with permission, Royal Society of Chemistry, 2018.61
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Table 2. The performance and stability of Cs2ABX6 (A: Ag, Na; B: Bi; X = I, Br) PSCs.

PCPDTBT: poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b¤]dithiophene-2,6-diyl]], P3HT:
poly(3-hexylthiophene-2,5-diyl).
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FF = 0.35. Though the Cs2SnI6 film itself is stable in dry air
(RH <20%), an unsealed Cs2SnI6 solar cell degraded over one
week (Figure 6b). Jiang et al. found the phase and morphology
of Cs2SnI6 film can be maintained in high relative humidity for a
week or even a month (panel i of Figure 6c).69 Thermal stability
measurements show that Cs2SnI6 is stable at about 270 °C and

then decomposes into CsI and SnI4 (panel ii of Figure 6c).
However, they found that there are many defects in Cs2SnI6 film.
In addition, low electron mobility and high hole effective mass
were confirmed leading to the low PCE of 0.47%. This suggests
that the further improvement of material quality is urgent. Lee
et al. used two-step solution process to synthesize Cs2SnI6¹xBrx

Figure 6. (a) Schematic representation of the relationship between the perovskite crystal structures of ABX3 and B-Site deficient
A2BX6. Reprinted with permission, American Chemical Society, 2018.71 (b) i, Cs2SnI6-based unsealed PSC stability. Reprinted with
permission, Elsevier, 2017.68 (c) i, X-ray diffraction (XRD) patterns of as-prepared Cs2SnI6 powder in air after a month, a week, and
raw powder. Vertical lines indicate the standard spectra from PDF card (51-0466). ii, XRD patterns after heating at different temperature
(170, 280, and 340 °C). Reprinted with permission, Elsevier, 2017.69 (d) i, J-V curves of a series of devices with different composition
of Cs2SnI6¹xBrx (device structure: FTO/TiO2/Sn-TiO2/Cs2SnI6¹xBrx/solid state Cs2SnI6 based HTL/large effective-surface-area
polyaromatic hydrocarbon/FTO) structure cells. The inset shows the incident photon to charge carrier efficiency (IPCE) values for
Cs2SnI6 (black) and Cs2SnBr2I4 (green). ii, Stability properties of Cs2SnI6 (black), and the Cs2SnBr2I4 (green) based solar cells for
50 days. Reprinted with permission, Royal Society of Chemistry, 2017.70
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(0 < x < 3) thin films through optimizing the annealing tem-
perature and the annealing duration. The x value is optimized
to achieve suitable properties as absorbers for light-to-charge
conversion.70 They found that the devices showed short circuits
coming from the edges of the adjacent layers prepared by the
standard device fabrication procedure (i.e., layers were sequen-
tially deposited forming a structure of FTO/ETL/perovskite/
HTL/Au). Alternatively, they adopted a different device struc-
ture so-called “sandwich” structure as described below. Firstly,
they separately fabricated the anode/perovskite part (i.e., FTO/
TiO2/Sn-TiO2/Cs2SnI6¹xBrx) and the cathode part (FTO/large
effective-surface-area polyaromatic hydrocarbon). Then the two
parts were sandwiched together using a solid state Cs2SnI6 based
HTL. The highest PCE is 2.03% (panel i of Figure 6d) for a
Cs2SnI4Br2-based PSC. As shown in panel ii of Figure 6d, the
Cs2SnI4Br2 PSCs show stability superior to Cs2SnI6 PSCs. It
suggests that the device stability of Cs2SnI6 PSCs can be
improved by substitution of Br to I.

3.2.2Cs2TiBr6: The bandgap of Cs2TiIxBr6¹x can be tuned
from 1.02 to 1.78 eV (Figure 7a).72 Particularly, Cs2TiI2Br4 and
Cs2TiBr6 exhibit bandgaps of 1.38 and 1.78 eV, which are ideal
for application in single-junction PSCs and tandem photo-
voltaics, respectively.

Recently, Chen et al. demonstrated that high quality
Cs2TiBr6 film can be prepared by low temperature gas phase
processes (panel i of Figure 7b).73 Firstly, the CsBr layer was
deposited on the substrate by thermal evaporation and the
sample was placed in a chamber filled with TiBr4 vapor.
Correspondingly, the Cs2TiBr6 thin film can be obtained after
24 h. The optimal Cs2TiBr6 PSC with the structure of FTO/
TiO2/C60/Cs2TiBr6/P3HT/Au showed a PCE up to 3.3%
(panel ii of Figure 7b). The C60 interfacial layer not only
facilitates the electron transfer from Cs2TiBr6 to the TiO2 ETL,
but also influences the microstructure of the as-deposited CsBr
thin film and thus the formation of the Cs2TiBr6 thin film.
In addition, the device shows good stability (panel iii of
Figure 7b). The potential high efficiency and the superior
stability as discussed above suggest that the composition and
device engineering of Cs2TiIxBr6¹x thin films may lead to a
broader family of Ti-based perovskites for a wide range of
optoelectronic application.

Except for Cs2SnI6 and Cs2TiBr6, Cs2PdBr6 nanocrystal
(NC) has shown admirable potential in promising optoelectronic
application. Cs2PdBr6 NC was first synthesized by a simple
antisolvent method at room temperature, possessing a band gap
of 1.69 eV and exhibiting sensitive photo-response behavior

Figure 7. (a) Absorption spectra of Cs2TiI6, Cs2TiI4Br2, Cs2TiI2Br4, and Cs2TiBr6. Reprinted with permission, American Chemical
Society, 2018.72 (b) i, Schematic illustration of the vapor-based synthesis of Cs2TiBr6 thin film. ii, J-V curves at both forward (hollow
circles) and reverse (solid circles) scans of the best PSCs without and with C60 interfacial layer. iii, Evolution of PCE of the best
Cs2TiBr6-based PSC (unencapsulated) as a function of the storage time under environmental stress (70 °C, 30% RH, ambient light).
Reprinted with permission, Elsevier, 2018.73
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in photochemical tests.71 It can also be transformed to iodide
counterpart Cs2PdI6 NC via an anion exchange reaction.
In addition, Cs2PdBr6 nanocrystals have high stability upon 1
sun illumination more than 1000 h, high humidity of 70%
(2 months) and high temperature at 120 °C (600 h).

3.3 Cs3B2I9 (B: Bi, Sb). Cs3B2I9, a class of representative
lead-free halide perovskites, in which B represents trivalent
metal cation especially with lone-pair state (e.g., Bi3+ and Sb3+)
is derived from its CsBI3 parent structure by removal of 1/3 of
the B-site cations, attracting significant interest as potential
candidates for lead-free PSCs.74­76 The Cs3B2I9 perovskite have
two typical polymorphs:74 one is the so-called 0D dimer modi-
fication, which consists of an isolated face-sharing [B2I9]3¹

double octahedron, and the other is a two-dimensional (2D)
layer modification, which can be regarded as a vacancy-ordered
layered perovskite.

0D Cs3B2I9 shows undesired optoelectronic properties for
photovoltaic application because of their low structural dimen-
sionality (corresponding to low electronic dimensionality).77

Here, we discuss the development of vacancy-ordered 2D
layered perovskites (i.e., Cs3Bi2I9 and Cs3Sb2I9) that have been
used for the light absorbing materials of PSCs.

3.3.1 Cs3Bi2I9: The electronic structure of Bi is similar to
Pb with ns2 electrons. Cs3Bi2I9 consists of two metal halide
octahedral layers, between which the voids are filled by cations
(panel i of Figure 8a).78 It has rich structural changes and inter-
esting optical and electronic properties.78 Park et al. firstly used
a one-step spin coating method to prepare Cs3Bi2I9, MA3Bi2I9,
and MA3Bi2I9Clx.78 The Cs3Bi2I9 PSC exhibited the highest
performance with a PCE ofmore than 1% (panel ii of Figure 8a).

Adding excess BiI3 in precursor solution could improve
the device performance, i.e., from 0.07% (no excess BiI3) to
0.21% (with excess BiI3), probably due to the reduction of non-
radiative defects.79 However, the 0.21% PCE is still very low
compared with other cesium lead-free PSCs. The low PCE of
Cs3Bi2I9 PSCs is seriously limited by the poor photocurrent
density (³0.67mAcm¹2), in spite of the reasonable bandgap
(³2 eV) and absorption coefficient (³1 © 104 cm¹1 at 450 nm).
In addition, the low PCE is also attributed to the poor charge
transport resulted from the discrete nature of the double octahedra
(i.e., [Bi2I9]3¹) and subsequent bulk charge recombination.
Except for the material improvement, Bai et al. employed
different HTLs (CuI, spiro-OMeTAD and PTAA) for Cs3Bi2I9
nanosheet based PSCs. Perhaps due to good conductivity of CuI,
the Cs3Bi2I9 PSC using CuI achieved a PCE of 3.20% (panel i of
Figure 8b) which is the highest PCE value of double PSCs so
far.80 More importantly, the device with CuI as HTL exhibited
excellent long-term stability under ambient condition (panel ii of
Figure 8b). This work encourages us to further improve the
performance of Cs3Bi2I9 PSCs by device engineering.

3.3.2 Cs3Sb2I9: The optoelectronic properties of both
polymorphs were studied by Saparov et al. through DFT
calculations.81 In fact, Cs3Sb2I9 has both the dimer and the
layer modifications. While the Cs3Sb2I9 with dimer modification
has an indirect band gap of 2.40 eV, the layer modification has an
almost direct band gap of 2.06 eV at the ¥ point (panel ii of
Figure 9a). The vacancy-ordered 2D layered perovskite Cs3Sb2I9
(panel i of Figure 9a) exhibits improved optoelectronic proper-
ties over 0D dimer modification according to DFT calculation.81

Compared to the dimer modification, the layer modification

Figure 8. (a) i, Scheme of the Cs3Bi2I9 structure. The unit cell is marked with the dark lines and the bismuth iodide octahedra
are marked with a cyan color. ii, J-V curves of Cs3Bi2I9, MA3Bi2I9 and MA3Bi2I9Clx PSCs, respectively. Reprinted with permission,
John Wiley and Sons, 2015.78 (b) i, J-V curves of the Cs3Bi2I9 PSCs with three kinds of HTL: CuI, spiro-OMeTAD and PTAA.
ii, Steady-state PCE measured at the maximum power output point of the champion Cs3Bi2I9 PSCs based on CuI, spiro-OMeTAD and
PTAA as HTLs. Reprinted with permission, Elsevier, 2018.80
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shows a nearly direct band gap, higher electron/hole mobility
and better tolerance to defects (because of higher dielectric
constants),17,75 indicating better carrier transport as well as
photovoltaic application. Although layered Cs3Sb2I9 can exhibit
potential photovoltaic behavior, solution-processing Cs3Sb2I9
generally favors the formation of dimeric phase with poor
photovoltaic properties.

Therefore, some efforts have been devoted to stabilize the
layered structure of Cs3Sb2I9 to avoid dimeric phase forma-
tion for solar cell application. Singh et al. prepared a layered
polymorph of Cs3Sb2I9 film with an optical band gap of 2.05 eV
by vapor-assisted solution-process.82 As shown in panel i of
Figure 9b, a mixture of N,N-dimethylformamide (DMF) and
DMSO was used as the solvent for dissolving SbI3 and CsI.
After spin-coating the precursor by the normal one step method,
the sample was firstly annealed at 70 °C for 15min to remove the
solvent and then was directly moved to the bottle (covered with
a cap after adding 30wt% SbI3 in DMF). The sample was
maintained at 250 °C for 15min in the bottle. The formed
layered-Cs3Sb2I9 PSC exhibited a PCE of 1.5% with a VOC of
0.72V (panel ii of Figure 9b), which is the highest reported
PCE for Cs3Sb2I9 PSCs. More importantly, the Cs3Sb2I9 PSCs
show a higher stability under ambient air as compared to
MAPbI3 (panel iii of Figure 9b).

4. Challenges and Opportunities

We summarize the best efficiencies of the cesium lead-free

halide perovskite devices, as shown in Figure 10. It is obvious
that they are far from the lead-based PSCs. The relatively
low PCE suggests that the replacement of lead with other
metal cations lowers the light-to-current conversion. Despite
the inferior performance of lead-free PSCs, we still see great
potential for them due to their inherent outstanding optical
properties and potential good stability. Among these perovskite
alternatives, replacing Pb2+ by Sn2+ and Ge2+ can maintain the
3D structure. However, Sn2+ is easy to be oxidized to Sn4+.
Furthermore, the CsSnI3 is easy to form intrinsic vacancies,
leading to metallic conductivity, and therefore short carrier
lifetime and severe non-radiative recombination. Additives
(such as SnX2 and HPA) in CsSnI3 can largely improve the
film quality and thus the device performance. Ge-based
perovskites have rarely been investigated due to the poor
chemical stability of Ge2+ and solubility in polar solvents. Pure
Ge-based PSCs have only produced a maximum PCE of 0.57%
so far. Surprisingly, by simply incorporating Ge2+ into CsSnI3 to
form CsSn0.5Ge0.5I3, the PCE and stability can be dramatically
improved, revealing a feasible method to develop cesium lead-
free PSCs.

The double perovskites (Cs2ABX6) show enormous poten-
tial as excellent candidates for lead-free perovskites because
they exhibit prominent stability, especially thermal stability.
However, most of the reported double perovskites, i.e.,
Cs2AgBiBr6 show indirect and wide band gap, which are not
undesirable for photovoltaic application. Thus, it is necessary to
find new double perovskites possessing direct bandgap and new

Figure 9. (a) i, Removal of every third Sb layer along the ©111ª direction of the perovskite structure results in the 2D layered
modification of Cs3Sb2I9. Cs and I atoms are shown as orange and green spheres, respectively; Sb coordination polyhedra are shown in
blue and pink. ii, Calculated band structures of Cs3Sb2I9 in layered and dimer modifications. Reprinted with permission, American
Chemical Society, 2018.81 (b) i, Schematic preparation process of the layered Cs3Sb2I9, accompanied by an SEM image of the sample
surface. ii, J-V curves of forward and reverse scans of layered Cs3Sb2I9-based PSC. iii, Stability property of devices made with
conventional Pb based perovskite (black squares) and layered Cs3Sb2I9 (red spheres). Reprinted with permission, American Chemical
Society, 2018.82
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fabrication methods to prepare high-quality films. For Cs2BX6

double perovskites, Cs2SnI6 contains intrinsically deep defects
that are detrimental to the PSC performance, which indicates that
more efforts toward characterizing defect properties should be
made. Cs2TiBr6 thin films-based PSCs were demonstrated
showing a PCE of up to 3.3% recently, showing great potential
for optoelectronic application. By further composition optimi-
zation of Cs2TiIxBr6¹x and device engineering, the performance
of Cs2TiIxBr6¹x-based PSCs may be further improved. Although
Cs2PdBr6 shows admirable potential in promising optoelectronic
application, Cs2PdBr6-based PSC has not been reported yet. This
may be caused by the poor film formation or lack of proper
fabrication method. Besides, it contains the noble element Pd,
making it potentially unaffordable. The low electronic dimen-
sionality of Cs3Bi2I9 and Cs3Sb2I9 leads to the poor charge
transport, significantly limiting the performance of the resulting
PSCs. However, they also show potential properties, especially
excellent stability, which are important for photovoltaic appli-
cation. In addition, the Cs3Bi2I9 PSC achieved a PCE of 3.2% by
incorporating CuI as HTL recently, which encourages us to
further improveme the performance of Cs3Bi2I9 PSCs by device
engineering.

Overall, researchers have made tremendous efforts in
improving both efficiency and stability of all inorganic lead-
free perovskite devices. Further enhancement of efficiency of
inorganic lead-free PSCs relies on material synthetic approaches,

thin film preparation methods, material characterization tech-
niques, interface engineering, and so on. Exploring new
materials of lead-free perovskite with advanced opto-electronic
properties and high stability will also accelerate the development
of PSCs. We look forward to high efficiency and environ-
mentally friendly lead-free PSCs making a big contribution to
future renewable energy utilization.
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