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techniques including silicon, CdTe, CuIn-
GaSe, and GaAs, fulfilling the require-
ments for the large-scale deployment of 
solar energy. This is the first time that 
such a novel solar cell has been able to 
compete with commercially available 
devices so successfully. Most importantly, 
there is no sign that the PCE of PSCs will 
face an insurmountable bottleneck.

As the core unit to realize high perfor-
mance, organic–inorganic hybrid perovs-
kite materials have a structure of ABX3 (A: 
CH3NH3

+, CH(NH2)2
+, Cs+, B: Pb2+, Sn2+; 

X: Cl–, Br– or I–),[23–44] where the A cation 
resides at the eight corners of the cubic 
unit while the B cation is located at the 
center of the body of an octahedral [BX6]4− 
cluster.[45] In the typical ABX3 structure, A, 
B, and X ions must correspond to the toler-
ance factor t t RA RB RX RB( ( )/[ 2( )])= + +  

where RA, RB, and RX are the ionic radii for the A, B, and X 
position, respectively. The ideal t should be 1 which can wave 
between 0.813 and 1.107,[23] otherwise the cubic or cubic-like 
crystal structure will be tortured, warped, and finally destroyed. 
There are a variety of organic–inorganic hybrid halide per-
ovskites, corresponding to the tolerance factor t.[23] In most 
common lead halide perovskites, the A position represents an 
organic or metal cation, e.g., methylammonium (MA+), for-
mamidinium (FA+), and Cs+, which should be large enough 
to meet the tolerance factor t due to the large radius of Pb2+ 
in the B position, while the C positions are halogen anions or 
their mixtures, which forms the 3D perovskite structure.[46] The 
crystal structure provides the fantastic properties of perovskite 
materials, such as long carrier recombination lifetime, wide 
absorption of light, long exciton diffusion length, high charge 
mobility, which has led perovskites to be popular in photovol-
taic applications.[46–58]

Despite the intensive development of PSCs, because of the 
attracted attention of an unprecedented number of solar cell 
researchers, Pb2+ is still necessary to achieve high performance. 
Unfortunately, the toxicity issue of lead has led to a bottleneck 
to further development. The maximum Pb2+ content was set at 
the level of 0.15 µg L–1 and 15 µg L–1 in air and water, respec-
tively, by the U.S. EPA.[59] Pb2+ in PbI2, which is the product of 
the decomposition of perovskites, has a larger solubility (Ksp) 
on the order of 1× 10–8 than the Ksp on the order of ≈1 × 10–22 

Organic–inorganic hybrid halide perovskites (e.g., MAPbI3) have recently 
emerged as novel active materials for photovoltaic applications with power 
conversion efficiency over 22%. Conventional perovskite solar cells (PSCs); 
however, suffer the issue that lead is toxic to the environment and organisms 
for a long time and is hard to excrete from the body. Therefore, it is impera-
tive to find environmentally-friendly metal ions to replace lead for the further 
development of PSCs. Previous work has demonstrated that Sn, Ge, Cu, Bi, 
and Sb ions could be used as alternative ions in perovskite configurations to 
form a new environmentally-friendly lead-free perovskite structure. Here, we 
review recent progress on lead-free PSCs in terms of the theoretical insight 
and experimental explorations of the crystal structure of lead-free perovskite, 
thin film deposition, and device performance. We also discuss the importance 
of obtaining further understanding of the fundamental properties of lead-free 
hybrid perovskites, especially those related to photophysics.
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1. Introduction

Organic–inorganic hybrid halide perovskite solar cells (PSCs) 
have in the past few years attracted intense attention and risen 
as one of the most promising solar cells with power conver-
sion efficiency (PCE) over 22%.[1–22] Along with the advan-
tages of cost-effective solution-processability, PSC fabrication 
is now comparable to state-of-the-art commercial photovoltaic 
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of conventionally toxic Cd2+ in CdTe,[60] which has been pro-
cessed with recycling progress in past years due to its toxicity. 
This indicates a higher toxic level of Pb2+ than Cd2+ in their 
corresponding solar cells materials. Toxicity, long degradation 
lifetime, and stability in the ecosystem determine that once the 
lead and its compounds pollute the soil or water, the harm to 
the earth and human beings is almost eternal. The facts also 
imply that the pollution of lead in our living earth will be hard 
to control if mass production of conventional MAPbI3 PSCs are 
realized.[61] Regardless of the high performance of lead-based 
PSCs, therefore, it is obligatory to pave a new path to explore 
environmentally-friendly lead-free perovskite materials for 
photovoltaic applications.

In this review, we primarily highlight organic–inorganic 
hybrid environmentally-friendly perovskite materials and their 
related solar cell applications. Specifically, we summarize the 
previous works on lead-free PSCs in terms of theoretical cal-
culations and experimental studies. From the view point of 
theoretical calculations, we investigate theoretical calcula-
tion methods developed in recent years to make it clear what 
similarities and differences exist between lead-based PSCs and 
lead-free PSCs. Then we proceed to discuss the structure and 
optoelectronic properties of lead-free PSCs, and how to make 
the non-toxic lead-free PSCs superior by theoretical calcula-
tion. Most importantly, we give more attention to experimental 
insights including the precursor preparation, device fabrica-
tion and the characterization of optoelectronic properties for 
lead-free PSCs. The different metal ions are systematically 
addressed, including IV A group ions, e.g., Sn2+ and Ge2+, V A 
group ions with similar isoelectronic structure, e.g., Bi3+ and 
Sb3+, and other ions, as shown in Figure 1. It is shown that 
replacing Pb2+ with the alternative metal ions with not much 
change in the crystal structure and optoelectronic properties 
in PSCs has not yet been demonstrated but could be reached 
through further advances in material processing. Finally, 
we give an outlook on both achievements and challenges 
remaining on lead-free PSCs. We think great effort is needed 
to explore high-performance lead-free PSCs in further under-
standing the fundamentals of lead-free perovskites.

2. Theoretical Calculations of Lead-free 
Organic–Inorganic Hybrid Perovskites

First principles calculation based on density functional theory 
(DFT)[62,63] is a modelling method to simulate the electronic 
structures of many body systems from atomic level quantum 
mechanics. Recently, first principles calculations have been uti-
lized as an important tool for investigating lead-free perovskites 
as replacements for MAPbI3. Electronic structures of various 
lead-free perovskites were calculated to simulate their electron/
hole effective masses, band gaps, carrier mobilities, theoretical 
absorption spectra, and other properties related to their poten-
tial solar cell applications. It is worth emphasizing that the 
choice of exchange–correlation functions used in DFT calcula-
tions is not unique. In fact, the exchange–correlation functional 
is the sole unknown and approximation in the whole theory; 
nevertheless, it is so important that the selection might affect 
the results of the DFT calculations qualitatively. Traditionally, 

the local density approximation (LDA) and the generalized gra-
dient approximation (GGA) functionals have had great success 
in many systems, despite their relative simplicity. However, 
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LDA and GGA exhibit serendipitous cancellations between 
their exchange and correlation parts, which leads to unphysical 
electron self-interactions. As a result, the local (LDA) and semi-
local (GGA) functions intrinsically underestimates band gaps of 
solids by 30–100%.[64] To overcome this fundamental problem, 
methods/functions including the GW approximation,[65] time-
dependent DFT (TDDFT),[66] HSE03, HSE06, and PBE0 hybrid 
functionals,[67–71] and more recent Delta self-consistent-field 
method[72] have been developed and applied to recent theoretical 
calculations on lead-free perovskites. Spin-orbit coupling (SOC) 
is required to be included in calculations with the presence of 
heavy atoms to achieve a more accurate prediction of electronic 
structures. Long range van der Waals interactions are option-
ally included in recent calculations on lead-free perovskites 
under different schemes including the DFT-D approach,[73] the 
DFT-D2 method of Grimme,[74] and the vdW-DF functional of 
Langreth et al.[75]

For a perovskite ABX3, the octahedral factor and tolerance 
factor are commonly used as criteria to determine if it can crys-
tallize in the perovskite structure, where rA, rB, and rX are the 
ionic radii of atom A, B, and X, respectively. Empirical observa-
tions suggest that an ABX3 compound is likely to form in a per-
ovskite structure with a tolerance factor between 0.7 and 1.1.[76] 
However, accurate ionic radii data are not entirely transferable 
to different compounds, and there are limitations on the pre-
dictions of the empirical criteria. Filip et al. used randomly 
displaced structures (atom positions and lattice parameters) 
to investigate the stability of possible lead-free perovskites.[77] 
Making the stability and desired calculated band gap as two 

concurrent conditions, they identified 25 compounds out of 
248 candidates for possible solar cell applications with high-
throughput screening, as shown in Figure 2. As a promising 
candidate, AMgI3 exhibited exceptionally dispersive conduction 
bands (hence low electron effective mass), and tunable band 
gap between 0.9 to 1.7 eV by varying A+ ion size. Partial sub-
stitution of Pb by Mg was suggested as a promising route to 
reduce the toxicity of organic–inorganic metal–halide perovs-
kites without losing solar cell efficiency substantially.

Sun et al. investigated a potential replacement of Pb2+ with 
Ge2+ with GGA and vdW-D2 functional employed for lattice 
relaxation.[78] Screened hybrid functional HSE06 and spin-orbit 
coupling SOC were included for accurate electronic structures 
and improved band gap results. Furthermore, the optical prop-
erties were simulated by calculating the dielectric functions of 
the MAGeX3 compounds, where X = Cl, Br, I. Figure 3 shows 
the calculated dielectric functions and absorption spectra of 
MAPbI3, MASnI3, and MAGeX3 systems. Among these mate-
rials, MAGeI3 exhibits a nearly overlapping absorption spec-
trum of MAPbI3 within the visible light region. Although the 
calculated efficient absorption range of MASnI3 is even larger 
than MAPbI3 due to its lower optical band gap, MASnI3 is 
unstable under ambient conditions because of its vulnerability 
to Sn2+ → Sn4+ oxidation. Based on the calculations on the 
formation energies of the compounds, MAGeI3 shows better 
stability than MASnI3. The calculated band structures demon-
strate quite dispersive bottom of conduction bands and top of 
valance bands, which corresponds to low electron/hole effective 
masses.[79] These favorable results make MAGeI3 a promising 
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Figure 1.  Promising metal ions for lead-free organic–inorganic hybrid perovskites. The image of Sn-based perovskite solar cells is reproduced with 
permission.[88] Copyright 2014, Macmillan Publishing. The image of Ge-based perovskite solar cells is reproduced with permission.[123] Copyright 2015, 
American Chemical Society. The image of Bi and Sb-based perovskite solar cells is reproduced with permission.[152] Copyright 2016, American Chemical 
Society. The image of Cu-based perovskite solar cells is reproduced with permission.[158] Copyright 2016, American Chemical Society.
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alternation to MAPbI3, for highly efficient and more environ-
mentally friendly PSCs.

Going beyond the restriction of the classic ABX3 form, theo-
retical investigations have been performed on solid solutions 
with cation and/or anion alloying. Sun et al. used a split-anion 
approach to investigate the electronic structures of lead-free 
MABiXY2 compounds, where X is a chalcogen and Y is a hal-
ogen to balance the charge.[80] Ab initio molecular dynamics 
(AIMD) were performed to study the stability of the systems. 
GGA functions and DFT-D3 van der Waals scheme were used 

for structure relaxation. Figure 4A shows the atomic structure 
of MABiSeI2, which maintained the MAPbI3 tetragonal struc-
ture with a freely rotating MA+ ion according to AIMD simu-
lations. Figure 4B compares the band gaps of nine MABiXY2 
compounds calculated from a HSE hybrid functional with SOC 
effect included. Similarly to Pb-based perovskites, MABiSI2 
and MABiSeI2 are predicted to have the optimal band gaps 
(1.3–1.4 eV) for solar energy harvesting materials according to 
the Shockley–Queisser theory.[81]

Giorgi et al. theoretically investigated a MATl0.5Bi0.5I3 perovs-
kite, where Tl/Bi aliovalent ionic pairs replace 
Pb2+ cations of MAPbI3.[82] Although their 
calculations stayed on the GGA–PBE level, 
the calculated band gaps of MATl0.5Bi0.5I3 
(1.03 eV without SOC and 0.35 eV with SOC) 
are very promising for further study on this 
compound. Hong et al. tried to expand the 
search for quaternary perovskites by allowing 
more varieties of the chalcogen X = O/S/Se/
Te and halogen Y = F/Cl/Br/I in the formula 
CsBXY2 and BaBX2Y where B = Sb/Bi.[83] 
Although some of the compounds exhibited 
favorable band gap results for solar absorp-
tion, the energetic analysis on competing 
phases predicts that all of these compounds 
in the family decompose to ternary or 
binary phases thermodynamically. Despite 
this unfortunate results, their calculations 
revealed the importance of stability analysis 
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Figure 2.  Schematic representation of the computational screening process. The arrows point to the order of the screening steps. The blue shading 
on the periodic table marks the elements which are considered at the start and at the end of the screening process. The numbers 1, 2, and 3 mark 
the steps of the screening process at which the number of compound combinations is reduced based on the following criteria: the DFT/LDA scalar 
relativistic band gap is smaller than 3.5 eV (1), the crystal structure retains the perovskite geometry after relaxation of the shaken configurations (2), 
and the fully relativistic band gap for the remaining structures is smaller than 2.0 eV (3). The inset shows a ball-and-stick model of the ABX3 perovskite 
structure. Reproduced with permission.[77] Copyright 2015, American Chemical Society.

Figure 3.  Calculated A) absorption spectra and B) dielectric spectra of the MAMX3 systems. In 
the dielectric spectra, the imaginary parts are shown in solid lines, and the real parts are shown 
in dashed lines. Similar conclusions are drawn by comparing the calculated electronic struc-
tures and optical properties of MAPbI3, MASnI3, MAGeI3, and MASrI3.[67] However, in their cal-
culations only GGA functions were included. This might be a result of the cancellation between 
intrinsic DFT underestimation of band gaps and an effective overestimation without including 
SOC effects. Reproduced with permission.[78] Copyright 2016, The Royal Society of Chemistry.
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for similar calculations aiming for the discovering new lead-
free perovskites.

Moreover, Yang et al. broke the restrictions on perovskite 
structure and tried to develop lead-free solar absorbers from Sb-
based semiconductors.[84] Three antimony sulfides were taken 
into consideration: Sb2S3 with one Dimensional (1D) chained 
structures, Cs2Sb8S13 and MA2Sb8S13 with two Dimensional 
(2D) layered structures. A HSE06 hybrid functional was used 
in their calculations and a negligibly weak SOC effect was not 
included. Although the calculated band gaps are not as impres-
sive (1.72/1.85/2.08 eV for SbS3/Cs2Sb8S13/MA2Sb8S13), the set 
of the materials are still eligible solar absorbers with a ≈0.3 eV 
tunable gap. The work functions and the ionization potential 
were also calculated from the electronic structures of their sur-
face states, which shed light on possible contact materials for 
photovoltaic applications.

3. Experimental Investigation of 
Organic–Inorganic Hybrid lead-free Perovskite

3.1. Sn-based Perovskite Solar Cells

As a similar element to Pb, tin (Sn) has been reported to be 
an alternative in lead-free perovskites (both Pb and Sn are 
belong to IVA group). Pb and Sn have a similar radii of their 
ion (Pb 1.49 Å and Sn 1.35 Å), which is attributed to the rela-
tivistic effect. This might encourage Sn to substitute Pb with 
no significant perturbation in lattice structure. Besides, Sn-
based perovskites have a narrower optical band gap of ≈1 eV 
and a higher charge mobility of ≈102–103 cm2/V·s (Pb-based 
perovskite ≈10–102 cm2/V·s).[85,86] These promising photovol-
taic properties can be partly contribute to inactive Sn (II) outer 
shell orbitals, like inactive Pb 6s orbital in the perovskite struc-
ture. However, Sn2+ is relatively unstable and easily oxidized to 
Sn4+ leading to self-doping due to a p-type Sn4+ act. It might be 
the primary issue restraining the further advance of Sn-based 
perovskites while Pb-based perovskites have been improved 
remarkably. Other views on Sn4+

, show that there are some 
reports on a Sn-deficient perovskite derivative based on Sn4+ 
(0-D perovskite derivative). The derivative is indicated to be a 
semiconductor and exhibits a n-type behavior due to a large 
ionization potential (IE) and electron affinity (EA) value. More 
importantly, due to the oxidization nature of Sn, Sn4+ shows 

more anti-oxidization character compared to 
Sn2+ and is stable in both air and moisture 
atmospheres.

Therefore, great effort has been done to 
focus on this new material. Sn-based perovs-
kites have been reported with a lower energy 
bandgap than Pb-based perovskites in both 
experimental and theoretical results[85,86] 
Although MASnIxBr3–x was synthesis as a 
non-lead perovskite material in the early 
1970s, there was no report that PSCs were 
realized until Snaith et al. first reported the 
lead-free MASnI3 PSCs.[87] They demon-
strated that the crystal of MASnI3 is highly 
symmetrical at room temperature which 

formed the α-phase of tetragonal P4mm symmetry while 
MAPbI3 shows much lower symmetry giving β-phase tetrag-
onal I4cm symmetry in the same condition (Figure 5A, 5B). 
The MASnI3 with dark brown color can be obtained without 
thermal annealing (Figure 5C) while Pb-based perovskites 
require heating to crystallize. The absorption spectrum of 
MASnI3 shows a broad absorption edge at approximately 
1000 nm and a broad photoluminescence (PL) peak at 980 nm 
while the Pb-based perovskites, e.g., MAPbI3 and MAPbI3–xClx, 
give a sharper absorption edge at 770 nm (Figure 5D). The 
bandgap was estimated at 1.23 eV (Figure 5E), corresponding to 
the absorption edge and PL spectrum. However, the efficiency 
obtained is well below that of the lead counterpart. Compared 
with Pb-based PSCs, Sn-based PSCs showed obvious varia-
tion in performance parameters (Figure 5F) and gave a best 
PCE of only 6.4, 11.5, and 15% for MASnI3 based on the TiO2 
substrate and MAPbI3–xClx based on the TiO2 and Al2O3 sub-
strate, respectively (Figure 5G). The poor performance may 
be attributed to the low PL lifetime of 200 ps compared to the 
long-lived charge carriers up to a few hundred nanoseconds for 
MAPbI3–xClx and at least 10 ns for the MAPbI3 perovskite. The 
fast PL decay was related to the fast recombination of carriers at 
defects born with the material. Moreover, it has been reported 
that Sn2+ is easily oxidized to Sn4+, which play a role in p-type 
doping of the material resulting in the limited photoexcited car-
riers diffusion length and the charge extraction in the device.

Independent to the Snaith work, Kanatzidis et al. reported 
Sn-based perovskites by partial chemical substitution of 
I– by Br– forming MASnI3–xBrx perovskites (Figure 6A),[88] 
which can be controllably tuned to cover much of the vis-
ible spectrum. The absorption onset shows a blue shift from 
950 nm (MASnI3) to 577 nm (MASnBr3) with an increase in the 
number x, leading to the color of the film changing from dark 
brown to transparent yellow (Figure 6B and Figure 6C). The 
bandgap of MASnI3 fixed at 1.3 eV was achieved (Figure 6D), 
corresponding to the literature reported by Snaith et al.[87] 
They found that the Voc and fill factor (FF) were significantly 
increased upon the incorporation of the Br– from MASnI3 to 
MASnBr3, which can be attributed to the raised conduction 
band-edge (Figure 6D) and reduced series resistance with 
increasing Br content in MASnI3–xBrx perovskites. Since the 
Eg is increased with an increase of Br– in MASnI3–xBrx as is 
well known in Pb-based perovskites such as MAPbI3–xBrx due 
to the reduced ion radius of Br– compared to I–.[89] Accordingly, 
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Figure 4.  A) Atomic structures of MABiSeI2 and MAPbI3. B) HSE-SOC calculated band gaps of 
MABiXY2 where X is Te, Se or S and Y is I, Br or Cl. The dashed line marks the optimal band 
gap for a single-junction solar cell according to the Shockley–Queisser theory. Reproduced with 
permission.[80] Copyright 2015, The Royal Society of Chemistry.
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Figure 6.  A) Crystal structure of MASnIxBr3–x perovskite. B) the cross-sectional Scanning Electron Microscope (SEM) image of MASnIxBr3–x left and 
the film images of different incorporation of stoichiometry of Br (x = 0, 1, 2, 3) showing a well penetrated perovskite film deposited on the mesoporous 
TiO2 substrates. However, Some pinhole still distributed on the film may lead to a impact in device performance finally. C) Photoluminescence and 
absorption spectrum for MASnI3. D) Energy-level diagram of MASnIxBr3–x With spiro-OMeTAD and TiO2. E) The J–V curve of MASnIxBr3–x PSCs 
devices at different ratio of Br/I in which MASnIBr2 reach highest PCE of ≈5.73%. F) IPCE spectrum for MASnIxBr3–x solar cells devices showing a 
blue-shift of onset with the increasing ratio of Br/I that corresponds with devices in (E). Reproduced with permission.[88] Copyright 2014, Macmillan 
Publishing.

Figure 5.  A) The crystal structure of MASnI3 with the tetragonal conformation. B) XRD spectrum of MASnI3 film. C) Picture of the dark brow film 
of MASnI3 encapsulated in the internal atmosphere. D) Normalized photoluminescence (PL) and absorption spectrum for MASnI3 and MAPbI3–xClx 
respectively. E) Photo–thermal deflection spectroscopy (PDS) of MASnI3 with 1.23 eV bandgap obtained from Tauc plot (inset). F) PCE, FF, Jsc and Voc 
parameters of devices performance for Sn-based and Pb-based PSCs both of which employ TiO2 as substrate. G) J–V curve under AM 1.5 simulated 
sun light for devices fabricated with MASnI3 based on the TiO2 substrate (black curve) and MAPbI3–xClx based on the TiO2 (blue curve) and Al2O3 
substrate (red curve) with PCE of 6.4, 11.5, and 15%, respectively. Reproduced with permission.[80] Copyright 2013, The Royal Society of Chemistry.
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the ability of light-harvesting is decreased with increasing ratio 
of Br–, leading to the decrease of Jsc. (Figure 6e) By perovs-
kite chemical compositional engineering, MASnI3–xBrx can be 
proved to be an active layer in the PSCs and they have finally 
achieved an optimized device by employing the MASnIBr2 
perovskite with the best PCE of ≈5.73% (Figure 6E) and IPCE 
response over 900 nm (Figure 6F).

The homogeneity and coverage of the MASnI3 perovskite 
film is another limiting factor for high performance, which 
may result in a high frequency of shunt paths allowing direct 
contact between the hole-transporting layer (HTL) and elec-
tron-transporting layer (ETL), deteriorating the FF and Voc.[88,89] 
Poor film coverage with the presence of pinholes is related to 
uncontrollable crystallization during the solution-based deposi-
tion process, a behavior which is notably different from the lead 
analogue.[90] Compared to the numerous studies on the morpho
logical control of MAPbI3 film growth,[91–98] investigation on the 
tin counterparts are highly limited due to the fact that experi-
ments are typically hampered by rapid oxidation of Sn2+ under 
ambient conditions, which requires an inert dry atmosphere. 
Kanatzidis et al. found that solvent evaporation effects are det-
rimental to obtaining uniform, pinhole-free MASnI3 perovskite 
film since the faster reaction rate between the two halide precur-
sors SnI2 and MAI than the MAPbI3 analogue. The quality of 
films thus can be greatly improved through solvent engineering 
(Figure 7A).[99] They systematically investigated four commonly 
used highly polar solvents, dimethyl sulfoxide (DMSO), N,N-
dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), 
and γ-butyrolactone (GBL) to compare the crystallization pro-
cesses for MASnI3 perovskite films.[100] The stabilization of the 

intermediate SnI2 solvates by solvents is dominate and promotes 
homogeneous nucleation, and enables an adjustable perovskite 
film growth rate. High-quality, pinhole-free MASnI3 films were 
achieved using DMSO and NMP as solvents since they can 
induce an intermediate phase (e.g., SnI2·3DMSO) which plays an 
important role in controlling the crystallization process and final 
thin film quality (Figure 7B, 7C, 7D, and 7E). Finally, an unprec-
edented photocurrent density up to 21 mA cm–2 was obtained 
in DMSO-based perovskite film. Moreover, they demonstrated 
that the film growth of MASnI3 can be successfully controlled 
using low temperature vapor assisted solution process (LT-VASP) 
by modifying the conventional VASP method.[101,102] The sub-
strate temperature (60–80 °C) during VASP is a key parameter 
in achieving high quality MASnI3 films and MASnI3 perovskite 
can be formed in a minute timescale which is much faster than 
that in the Pb-analogue (Figure 7F).[102] A drastic improvement 
in film surface coverage was obtained in the LT-VASP film com-
pared to a conventional VASP film (Figure 7G and 7H). Devices 
fabricated by the LT-VASP method show the best PCE reaching 
1.86% with drastically improved reproducibility. Another room-
temperature MASnI3 film fabrication method in dry atmosphere 
was investigated by the Ogale group via pulse excimer laser dep-
osition,[103] which is widely utilized for nitrides, inorganic, and 
polymer systems. High quality films can be obtained by reducing 
the decomposition of the moisture-sensitive perovskite.

Very recently, Schlettwein et al. demonstrated a thermal 
evaporation involved solution-processed approach to fabricate 
a MASnI3 perovskite film similar to the previous report of a 
MAPbIxCl3–x perovskite film.[15,104] Briefly, tin(II) iodide (SnI2) 
layers prepared by physical vapor deposition were converted to 

Adv. Mater. 2017, 1605005

www.advancedsciencenews.com www.advmat.de

Figure 7.  A) One-step method for MASnI3 film deposition with DMSO as solvent. SEM images for MASnI3 layer on the mesoporous TiO2 layer from  
B) DMF, C) NMP, D) GBL, and E) DMSO (different magnification) solvents.[107] F) Schematic of LT-VASP and VASP. SEM images for MASnI3 films with 
different process of G) VASP and H) LT-VASP. A–E) Reproduced with permission.[99] Copyright 2015, American Chemical Society. F–H) Reproduced 
with permission.[102] Copyright 2016, American Chemical Society.
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MASnI3 by reaction with a spin-coated solution of MAI. They 
found that the perovskite particles formed in this process were 
over 200 nm in size and reached full surface coverage since 
the evaporated SnI2 (Figure 8A) already fully covers the sub-
strate compared to that of solution processing.[87,88] Moreover, 
it showed that annealing is not necessary for the resulting 
MASnI3 films corresponding to the previous report.[87] The 
morphology was highly dependent to MAI concentrations, as 
shown in Figure 8A, B, C, D and E, where increasing the MAI 
concentrations saw the distribution of MASnI3 crystals as more 
uniform with increased mean crystallite size (e.g., 20 mg mL–1) 
and then reduced with further increasing MAI concentration 
to 40 mg mL–1. By annealing, however, the crystallites sintered 
together even for short periods of time (10 min) at low tempe
ratures (80 °C) (Figure 8F). More importantly, the fabricated 
MASnI3 did not show any Sn4+ peaks upon annealing or storage 
for 20 d in a glove box, indicating the material’s superior stability 
(Figure 8G). This was further confirmed by the main peak at 
487 eV assigned to Sn2+ whereas a small additional signal around 
488 eV caused by the presence of Sn4+ at a content (< 1%) in the 
Sn3d5 peak.(Figure 8I) Moreover, the film still exhibited great 
stability when exposed to air for up to 90 min both under dark 
and light, which is significantly superior to earlier reports in sta-
bility. (Figure 8H).[87,88] The improved stability may be attributed 
to the high-quality and dense thermal evaporated SnI2 film as 
seen in a previous report using thermal evaporated PbCl2 in fab-
ricating a MAPbIxCl3–x perovskite film with enhanced stability 
compared to the solution processed method.[15]

Accordingly, co-evaporation and sequential evaporation were 
subsequently demonstrated by Qi et al. to fabricate MASnBr3 
perovskite films using SnBr2 and MABr precursors.[105] The co-
evaporated PSCs gave lower efficiency (0.35%, Figure 9A) due 
to the fast formation of Sn–Br oxide on the top surface during 
the fabrication process (Figure 9B and 9C). It is because the oxi-
dation of Sn can lead to Sn vacancies in the lattice structure 
of MASnBr3 (the three Dimensional (3D) perovskite struc-
ture transferred into 0 Dimension (0D)), which results in the 
metallic conductivity of the materials.[106–110] The capping Sn–Br  
oxide layer restrains the generation of excitons, the transport of 
holes and electrons, and the extraction of electrons due to its 
p-type characteristic, leading to the low efficiency. On the other 
hand, MASnBr3 perovskite films made by sequential deposition 
(Figure 9D) exhibited a higher efficiency (1.12%, Figure 9E) 
than those made by the co-evaporated method because air-
induced oxidation can be significantly avoided by the top MABr 
layer. Therefore, sequential deposition both in solution and 
thermal evaporation approach could be an effect approach in 
fabricating Sn-based perovskites.

Compared to MA+, FA+ is another highly investigated 
organic cation counterpart with a relatively larger radius and 
was confirmed to form a 3D perovskite with a lower bandgap of 
about 1.47 eV in FAPbI3 as compared to MAPbI3 (1.57 eV).[23] 
The organic cation was considered as not taking part in deter-
mining the band structure, but works to fulfill charge neutrality 
within the lattice.[107] However, its size is quite vital. The size 
of the organic cation can cause the entire network to enlarge 
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Figure 8.  SEM images of A) vapor deposited 100 nm SnI2, non-annealing MASnI3 films with B) 6 mg mL–1, C) 10 mg mL–1, D) 20 mg mL–1 and 
E) 40 mg mL–1precusor MAI solution spin coated and F) MASnI3 films with 20 mg mL–1 precursor MAI solution spin coated followed by annealing at 
80 °C for 10 min. G) XRD spectrum at different times of MASnI3 films with 20 mg mL–1 precursor MAI solution spin coated. H) stability of MASnI3 film 
stored in air. I) Narrow scan of XPS pattern of MASnI3 films with 20 mg mL–1 precursor MAI solution spin coated. Reproduced with permission.[104] 
Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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or be compressed. Very recently, Mathew et al. reported for-
mamidinium tin iodide (FASnI3) as a light absorber for solar 
cell applications. The FASnI3 shows an energy band gap of 
1.41 eV, which is smaller than those of lead-based perovskite 
light absorbers FAPbI3 (1.47 eV) (Figure 10A),[108] and has an 
orthorhombic (Amm2) crystal structure according to XRD pat-
terns (Figure 10B). Moreover, no phase transition was observed 
as evident by the same XRD peaks of the samples prepared by 
annealing at different temperatures from 100 to 200 °C, which 
is highly different from the analogous lead compound FAPbI3 
possessing perovskite black polymorphs and non-perovskite 
yellow polymorph.[26,106,112,113] Most importantly, the SnF2 was 
used as an additive to prevent Sn2+ from being oxidized to Sn4+ 
and to reduce the background carrier density in FASnI3 perovs-
kites.[22] The oxidation was totally prohibited as demonstrated 
from XPS spectra (Figure 10C), in which no Sn4+ peaks were 
found, and the morphology of the FASnI3 perovskite can be 
further improved as shown in Figure 10D, E and F. The surface 
coverage was significantly enhanced with additional 10–20% 
SnF2 while nanoplatelet-like structures were observed on the 
perovskite surface with increasing concentration of SnF2 to 
30–40%. Accordingly, the optimum PCE of 2.1% was obtained 
with a concentration for SnF2 of 20%.

As demonstrated, SnF2 is necessary to stabilize FASnI3 per-
ovskites and improve quality; however, a higher amount of 
SnF2 induces severe phase separation in the film, interrupting 
the improvement in the efficiency of the device. Therefore, it 

is very important to further improve the FASnI3 film quality 
with regards to obtaining a uniform and dense perovskite layer 
without any phase separation and micrometer sized aggre-
gates. Seok et al. reported an effective approach to bind SnF2 
well with pyrazine by accepting lone pairs from the N atoms 
in pyrazine, which can remarkably restrict the phase separation 
induced by the excess SnF2 and reduce the Sn vacancies effec-
tively. The additional introduction of pyrazine into the solution 
by solvent engineering (DMF and DMSO mixture solvent at 
volume ratio of 4:1), as demonstrated by Kanatzidis et al.,[106] 
led to a smooth, dense, and pinhole-free FASnI3 perovskite 
layer (Figure 11A and B) while the solution without pyrazine 
gave films with some plate-like aggregates. This implies that 
the phase separation was significantly reduced by forming 
SnF2/pyrazine complex and the surface morphology of the 
FASnI3 perovskite film can be finally improved. Moreover, 
the addition of pyrazine does not change the crystal structure 
as compared with that without pyrazine since it can be easily 
removed because of its low boiling point of 115 °C during the 
annealing process (Figure 11C). Therefore, the PCE was signifi-
cant improved by improving the Voc, Jsc, and FF (Figure 11D). 
Finally, the highest reported PCE of 4.8% and IPCE for FASnI3 
PSCs was achieved with high reproducibility (Figure 11E, F 
and G). Most importantly, the encapsulated cells showed good 
stability for over 100 d under ambient condition (Figure 11H), 
showing long-term stability remaining 98% initial PCE with no 
obvious decomposition contrasting with the oxygen-sensitive 
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Figure 9.  A) J–V curves of co-evaporated MASnBr3 films with different HTMs. B) and C) Stability of MASnBr3 films as-deposited and after 60 min stored 
in air. D) Fabrication of sequential method for MASnBr3 films. E) J–V curves of sequential deposited MASnBr3 films, annealed at different temperatures. 
Reproduced with permission.[105] Copyright 2016, The Royal Society of Chemistry.
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Sn-based perovskite. This paves a new way for the development 
of stable Sn-based perovskites and sheds light on the establish-
ment of high efficient and stable lead-free PSCs.

Very recently, Zhao et al. further improved the performance 
of FASnI3-based perovskite solar cells using an inverted struc-
ture (Figure 12A).[113] This is because they recognized that the 

lithium (Li) and/or cobalt (Co) salts, which are needed to dope 
hole transporting materials in the regular structure, could 
damage the Sn-based perovskite films and lead to poor device 
performance. In the basic works by Kanatzidis and Seok,[106,112] 
they obtained high-quality, uniform, and fully covered FASnI3 
perovskite thin films employing diethyl ether to replace the 
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Figure 10.  A) Tauc plot of MASnI3 Film with optical absorption onset of 1.41 eV. B) XRD parttern of MASnI3 with different amount additive of SnF2 
(mol%). C) XPS spectrum of MASnI3 and MASnI3: 20% SnF Films. SEM images of MASnI3 with different SnF2 additive ratio, D) 0%, E) 20%, and 
F) 30%. Reproduced with permission.[111] Copyright 2015, The Royal Society of Chemistry.

Figure 11.  SEM images of FASnI3 perovskite films A) with pyrazine and B) without pyrazine in precursor solution. C) XRD pattern of FASnI3 perovskite 
films with and without pyrazine. D) J–V curve of FASnI3 PSCs with and without pyrazine. E) EQE, integrated Jsc and F) J–V curve of optimized FASnI3 
PSCs. G) Pattern of PCE obtained from 36 devices. H) Stability of encapsulated FASnI3 PSCs under ambient condition for over 100 d. Reproduced with 
permission.[107] Copyright 2016, American Chemical Society.
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popular chlorobenzene and toluene in a solvent engineering 
process. As shown in Figure 12B, dripping with chloroben-
zene improved the surface coverage of the FASnI3 films with 
hierarchical morphology with rougher surface and pinholes 
compared to that without antisolvent dripping. Dripping with 
toluene further improved the coverage of the FASnI3 perovs-
kite films by the fact that pinholes remained and the surface 
is rough due to island formation. Dripping with diethyl ether; 
however, produced the best FASnI3 thin films being highly 
uniform and completely covering the substrate. Due to the 
improved film quality and proper structure design, the cham-
pion FASnI3 device achieved a maximum PCE of 6.22% with 
a Voc of 0.465 V, a Jsc of 22.07 mA cm–2, and an FF of 60.67% 
under forward voltage scan and exhibited very small J–V hys-
teresis behavior (Figure 12C). Moreover, the devices appeared 
to be highly reproducible (Figure 12D). However, the PCEs 
are highly limited by the Vocs, which could be ascribed to the 
charge carrier imbalance resulting from the interfacial barriers 
at the interface between charge transport layers and the FASnI3 

perovskite layer (Figure 12A). If a similar Voc reported by Snaith 
(0.88 eV) was obtained, PCEs over 10% should be expected.

As the only suitable metal ion Cs+ in 3D perovskite struc-
ture according to the tolerance factor t, cesium tin halides 
(e.g., CsSnI3) have recently been intensively investigated. 
CsSnI3 is a 3D p-type orthorhombic perovskite with a bandgap 
of 1.3 eV,[107,114] high optical absorption coefficient (104 cm–1 
comparable to MAPbI3),[115] and low exciton binding ener-
gies (18 meV),[116] indicating that it is a viable candidate as a 
light absorber for lead-free PSCs. Shum et al. first described 
a CsSnI3 perovskite based Schottky solar cell with the struc-
ture of ITO/CsSnI3/Au/Ti in the early half of 2012, as shown 
in Figure 13A.[117] The thin-film synthesized by alternately 
depositing layers of SnCl2 and CsI on a glass substrate fol-
lowed by a thermal annealing process converting the SnCl2/CsI 
stack to a black thin-film of CsSnI3, which had an intense PL 
peak at 950 nm corresponding to the low bandgap of 1.3 eV 
(Figure 13B). The device gave the best PCE of 0.9%; however, 
it is limited by high series and shunt resistance (Figure 13C). 
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Figure 12.  A) Energy level pattern of FASnI3 solar cells. B) SEM images of FASnI3 films obtained from different antisolvent processes: a. No dripping, 
b. Chlorobenzene, c. Toluene and d. diethyl ether. C) J–V curves of FASnI3 solar cells with very small J -V hysteresis behavior. D) PCE pattern obtained 
from 30 devices with 10% SnF2 additives incorporation. Reproduced with permission.[113] Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim.

Figure 13.  A) Schematic, B) Energy-level pattern and C) J–V curve of CsSnI3-based Schottky solar cells. Reproduced with permission.[117] Copyright 
2012, American Institute of Physics.
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Although the PCE for this prototype solar cell based on CsSnI3 
is only near 1%, they claimed that it provides a promising plat-
form for thin-film based solar cells.

In fact, CsSnI3 is prone to form intrinsic defects associated 
with Sn-cation vacancies, which intensively limits the photocur-
rent.[115] Mathews et al. reported that high photocurrent can be 
achieved in a CsSnI3 PSC with SnF2 incorporation through the 
reduction of the Sn vacancies. From the similar XRD patterns 
of films with 0, 5, 10, 20, and 40 mol% SnF2 in CsSnI3 perovs-
kite films (Figure 14A),[108] we can clear see that SnF2 cannot 
incorporate into the CsSnI3 perovskite lattice due to the much 
smaller ionic radii of F– (1.33 Å) compared to I– (2.20 Å) cor-
responding to the literature.[22,106] The presence of F– within 
the film was confirmed by XPS measurements by comparison 
of pristine CsSnI3 and 20 mol% SnF2-CsSnI3 (Figure 14B). 
The addition of SnF2 actually eliminates the unknown reflec-
tions caused by the yellow polymorph phase of an impurity. 
The best PCE was finally obtained for 20% SnF2-CsSnI3 with 
Jsc = 22.70 mA cm–2, Voc = 0.24 V and FF = 0.37 which resulted 
in η = 2.02% (Figure 14C). Moreover, the devices displayed less 
hysteresis (Figure 14D). The IPCE data clearly indicated that the 
onset is extended to 950 nm corresponding to the absorption 
onset with infrared response (Figure 14E). Most importantly, 
the device showed great stability for more than 250 hr inside a 
glovebox (Figure 14F), which may open up new possibilities of 
exploiting lead-free perovskites via the point of view of stability.

Although the stability of CsSnI3 based PSCs improved a lot 
inside a glovebox, the notorious property of air sensitivity of 
Sn perovskites still remains with the black phase converting 

to yellow phase CsSnI3 under atmosphere, which in turn oxi-
dizes to Cs2SnI6 in which Sn is in its more stable +4 oxida-
tion state.[85,107] Hatton et al. reported an effective strategy for 
simultaneously improving both the efficiency and stability of 
CsSnI3 based PSCs towards air exposure with an excess of SnI2 
during CsSnI3 growth from CsI and SnI2.[118] The p-i-n device 
with a configuration of ITO/CuI/CsSnI3/fullerene/BCP/Al, as 
shown in Figure 15A. The orthorhombic CsSnI3 films can be 
prepared from solution at room temperature with defect densi-
ties low enough on the CuI hole transporting layer for the first 
time. It was remarkably different from previous reports, which 
CsSnI3 films with low defect density were prepared in a Sn rich 
environment or at high temperature.[35,106] It can be seen from  
the SEM images of the CsSnI3 film shown in Figure 15B and C,  
the film is made up of small crystals ≈100 nm in diameter 
with high surface coverage, which is highly impressive in just 
a 50 nm thick film. As shown in Figure 15D, the PCE of the 
device exhibits a significant increase with an excess of SnI2, 
and the optimal 10 mol% SnI2 led to a doubling of the PCE 
from 0.75 to 1.5%. Moreover, the device showed a negligible 
hysteresis effect (Figure 15E). They recognized that the excess 
of SnI2 was actually buried at the CsSnI3/CuI interface and 
acted as a hole transporting layer from CsSnI3 to CuI with a 
favorable vacuum level shift at the interface due to the forma-
tion of an interfacial dipole. The device stability was also inves-
tigated under an unencapsulated condition as a function of 
the SnI2 excess in the CsSnI3 layer, as shown in Figure 15F. 
The data points in the hashed region correspond to device per-
formance immediately after fabrication and after storage for 
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Figure 14.  A) XRD pattern of CsSnI3 with different ratio SnF2 doping. B) XPS narrow scan for F 1s, I 3d, Sn 3d and Cs 3d . C) J–V curves of PSCs with 
different ratio SnF2 incorporation. D) J–V curves of CsSnI3: 20 mol% SnF2 devices obtained from both negative to positive and positive to negative 
direction showing no hysteresis. E) IPCE spectrum for CsSnI3: 20 mol% SnF2 devices. F) Stability of devices obtain from J–V curve on different days. 
Reproduced with permission.[108] Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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10 d in a nitrogen filled glove box. Devices based on CsSnI3 
with 10 mol% excess SnI2 exhibit a relatively small reduction 
in PCE while devices based on CsSnI3 films prepared using 
stoichiometric amounts of CsI and SnI2 showed that the PCE 
is reduced by 70% after a 10 day period of storage. Devices 
with 10 mol% excess SnI2 still exhibited dramatically improved 
stability even after 14 hr in air without encapsulation while 
devices with 0 mol% excess SnI2 stopped working after 30 min 
air exposure. Moreover, the stability of devices with 10 mol% 
excess SnI2 in the CsSnI3 layer exhibited illumination stability 
over a period of 4 hr continuous illumination in a nitrogen 
atmosphere, as shown in Figure 15G.

As shown, the Voc was highly limited to below 0.3 V in 
CsSnI3 based devices and is attributed to the high background 
carrier density due to Sn-vacancy defects even when prepared 
under Sn-rich conditions.[108] Therefore, the Mathews group 
further demonstrated that substitution of I– by Br– in CsSnI3 
forming CsSnI3–xBrx perovskites is an effective approach of 
increasing the Voc over 0.4 V.[119] The Voc enhancement is due 
to the decrease in Sn vacancies and a high resistance to charge 
recombination in CsSnI3–xBrx perovskites (Figure 16A and B). 
The shunt resistances corresponding to the recombination 
resistance turn to higher parameters with increasing Br ratio in 
CsSnI3–xBrx. With increasing the Br content, furthermore, the 
band gap shift over 0.4 eV from CsSnI3 to CsSnBr3 (Figure 16C) 
accompanied by crystal structure transition from orthorhombic 
to cubic configuration with color variation from black to light-
brown (Figure 16D). However, improvement in Voc was at the 
expense of photocurrent due to the relevant blue shift in the 
absorption spectrum besides the higher Eg (Figure 16E), which 

corresponds to the case from MAPbI3 to MAPbBr3.[18] In addi-
tion, the Br-rich samples show a perfectly linear dependence 
of Jsc against light intensity while I-rich samples show a nearly 
linear dependence (Figure 16F). This phenomenon is corre-
lated with the decrease of most defects of CsSnI3. Moreover, it 
is worth noting that the Br-based CsSnI3–xBrx perovskites show 
a much higher FF compared with CsSnI3 due to the appearance 
of the negligible overlayer of CsSnI3–xBrx.[119]

Very recently, Sun et al. carefully compared mesoscopic 
architecture, mesosuperstructured, planar heterojunction struc-
ture, and heterojunction-depleted in CsSnI3 thin films based 
perovskite solar cells.[120] They demonstrated that the hetero-
junction-depleted structure fits well to the lead-free perovskite 
solar cells. The work was started with the synthesis of an in-
house prepared high quality CsSnI3 feedstock (Figure 17A), 
which is not sensitive to the fabrication conditions with the 
formation of the undesirable Y-CsSnI3 polymorph and the deg-
radation product Cs2SnI6. Moreover, Sn vacancies with intrinsic 
low formation-energies in the CsSnI3 structure can be avoided. 
The microstructures of CsSnI3 thin films without annealing 
and with annealing at 100 to 300 °C were carefully investigated 
(Figure 17B). The coarsening of the grains with increasing 
annealing temperature is clearly observed. The device struc-
ture was systematically investigated by employing a mesoscopic 
architecture, mesosuperstructured, and planar heterojunction 
structure (Figure 17C); however, the performance was not satis-
fied (Figure 17D) due to the low crystallinity of the CsSnI3 per-
ovskite in the mesopores of the TiO2 or Al2O3 scaffolds and, the 
nonideal solid-solid interfaces between the perovskite and the 
scaffold material, and the low-crystallinity impurities, such as  
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Figure 15.  A) Device structure of CsSnI3-based PSCs. SEM images of B) 8 wt% and C) 15 wt% CsSnI3: 10 mol% excess SnI2 films. D) Scatter pattern of 
PSCs performance with the structure of ITO/CuI/CsSnI3/fullerene/BCP/Al at different ratios of excess SnI2. E) J–V curve of devices with this structure 
showing negligible hysteresis. F) Stability of these devices stored in a nitrogen atmosphere for 10 d followed by being stored in air (the performance 
was obtained as a function of time stored in air). G) Illumination effect (100 mW cm–2 of AM 1.5) for 245 min to the devices with 0% (red) and 10% 
(black) excess SnI2. Reproduced with permission.[118] Copyright 2015, The Royal Society of Chemistry.



R
EV

IE
W

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1605005  (14 of 28)

Y-CsSnI3 and Cs2SnI6, in the as-crystallized CsSnI3 thin films 
upon mesoporous scaffolds. To overcome these issues, a hetero-
junction-depleted structure was employed with energy-matched 
NiOx as a hole transporting layer and PCBM as an electron 

transporting material (Figure 17E). The best-performing 
PCE of 3.31% was achieved to date with a Voc of 0.52 V, Jsc of 
10.21 mA cm–2, and FF of 0.625 (Figure 17F). The results indi-
cated that the rational design of the device architecture and the 
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Figure 16.  A) Recombination resistance against applied voltage, B) Nyquist plot for CsSnI3 (Black), CsSnI2Br (red), and CsSnIBr2 (blue). C) Absorp-
tion pattern of CsSnI3–xBrx indicating light absorption onset blue shift from CsSnI3 to CsSnBr3. D) Tendency chart of CsSnI3–xBrx (x vary from 0 to 3.0). 
E) J–V curve of solar cell device. F) Contribution of Light intensity to Jsc for CsSnI3 (Black), CsSnI2Br (red), and CsSnIBr2 (blue). Reproduced with 
permission.[119] Copyright 2015, American Chemical Society.

Figure 17.  A) Schematic of one-step solution process of B-γ-CsSnI3 films. B) Average grain size of B-γ-CsSnI3 films with different annealing temperature 
varied from room temperature (RT) to 300 °C (inset shows corresponding SEM images of B-γ-CsSnI3 films. a) RT, b) 100, c) 150, d) 200, e) 250 and 
f) 300 °C). C) Devices structure evolution of B-γ-CsSnI3 PSCs. D) J–V curves obtained from Device I, Device II and Device III corresponding to (C). 
E) Planar inverted device structure of B-γ-CsSnI3 PSCs with NiOx and PCBM as HLM and ELM respectively. F) J–V curve obtained from B-γ-CsSnI3 
planar inverted champion device which shows best to-date parameter compared with <1% PCE previously reported. Reproduced with permission.[120] 
Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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lead-free perovskite microstructures are important for the fur-
ther development of high-performance lead-free PSCs.

Unlike CsSnI3 perovskite, which have Sn in the 2+ oxidation 
state and must be handled in an inert atmosphere when fabri-
cating solar cells, Cs2SnI6 perovskites with a Sn 4+ oxidation 
state are stable in air and moisture.[109,121] The missing half of 
the Sn in the octahedral structure compared to CsSnI3 contrib-
utes to the formation of octahedral dispersive [SnI6]2– molecular 
and to the cubic space group resulting in a 0-D structure.[85] The 
band gap of 1.3 eV was obtained by Chang et al. at room tem-
perature, which is lower than the thermal-evaporated film with 
1.6 eV.[109,121] The difference may be attributed to the different 
preparation of the films. Since solution-processed films showed 
different morphology than thermal-evaporation films.[23] Even 
though in the same method, e.g., solution-processed, one-step 
and two-step methods gave different morphology and thickness. 
The morphology and thickness could significantly influence the 
absorption and thus the band gap.[15] However, Cs2SnI6 cannot 
be used as an active layer in real perovskite solar cell. The pris-
tine Cs2SnI6 behaves as an n-type semiconductor with a high 
electron mobility of 310 cm2/V·s independently confirmed by 
room-temperature Hall effect measurements and the Seebeck 
coefficient.[126] While doping Cs2SnI6 with Sn2+ yields proper-
ties of p-type semiconductor confirmed by the Seebeck coeffi-
cient with the hole mobility of 42 cm2/V·s. This behavior pro-
vides solid evidence of the ambipolar nature of Cs2SnI6.

3.2. Ge-based Perovskite Solar Cell

Ge2+ has smaller ionic radii than Sn2+ and Pb2+, but has sim-
ilar outer ns2 electrons (4s2) similar to Sn2+ (5s2) and Pb2+ 
(6s2). Previous reports have shown that the outer ns2 electrons 

structure of metal ions with low ionization energy is helpful to 
obtain better optical absorption and carrier diffusion in ABX3 
structures.[62] AGeI3 (A = Cs, CH3NH3 or CH2(NH2)2) are dem-
onstrated to be thermodynamic stable up to 150 °C which is 
relatively promising for photovoltaic applications. With large 
halogen iodide cooperation, large polarizability of the germa-
nium iodide (GeI2) was obtained due to the mismatch between 
Ge and I, indicating Ge analogues show a remarkable tendency 
to crystallize in a polar space group, unlike their congeners. 
Perhaps, drawbacks of Ge-based perovskites are still mainly the 
high oxidization tendency and poor film morphology like Sn-
based perovskites.

Theoretical calculations made by Mathews et al. have shown 
that Ge can be an alternative replacement for lead-free perovs-
kite applications.[122] Experimentally, CsGeI3 with an optical 
bandgap of 1.63 eV is close to the conventional lead halide 
perovskite of ≈1.5 eV compared to the MAGeI3 of 2.0 eV 
and FAGeI3 of 2.35 eV (Figure 18A), which give rhombohe-
dral crystal structures at room temperature. Interestingly, the 
bandgaps are increased with increasing the radii of A cations, 
which is inverse to the case of lead-based perovskites. The 
devices based on three kinds of Ge material were fabricated 
via a mesoporous TiO2 structure (Figure 18B) using hypophos-
phorous acid to improve the dissolution of the Ge-based per-
ovskite precursor in organic solvent. MAGeI3 and CsGeI3 
show photovoltaic properties with Jsc of 4.0 and 5.7 mA cm–2 
and PCE of 0.11 and 0.2%, respectively (Figure 18C). Both of 
the MAGeI3 and CsGeI3 films show nearly full-coverage mor-
phology as observed from the SEM image (Figure 18D and E) 
corresponding to their device performance. However, FAGeI3 
gave a relatively poor film morphology resulting in no photo-
current observed from its samples. It is worth noting that Ge2+ 
in perovskite is easily oxidized to Ge4+ similar to Sn2+ in CsSnI3 
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Figure 18.  A) Tauc plot for CsGeI3, MAGeI3, and FAGeI3 showing optical bandgaps of 1.63, 2.0, and 2.35 eV respectively. B) Energy level pattern for 
CsGeI3, MAGeI3, and FAGeI3 based PSCs. C) J–V curves for CsGeI3 and MAGeI3 solar cells showing PCE of 0.11 and 0.20%, respectively. D) Cross-
section SEM image for MAGeI3 PSCs. E) SEM images for CsGeI3, MAGeI3, and FAGeI3 films both deposited on the compact and mesoporous TiO2 
substrates. Reproduced with permission.[122] Copyright 2015, The Royal Society of Chemistry.
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perovskite, contributing to a relatively low Voc of 150 and 74 mV 
for MAGeI3 and CsGeI3.

Moreover, using CsGeI3 (1) as the prototype compound, a 
series of Ge-based perovskites based on the trigonal pyramidal 
[GeI3]− building block have been synthesized through tuning 
A-cations by Kanatzidis et al.,[123] e.g., methylammonium, 
MAGeI3 (2), formamidinium, FAGeI3 (3), acetamidinium, 
CH3C(NH2)2GeI3 (4), guanidinium, C(NH2)3GeI3 (5), trimeth-
ylammonium, (CH3)3NHGeI3 (6), and isopropylammonium, 
(CH3)2C(H)NH3GeI3 (7) analogues. The incorporation of the 
small polar organic ammonium replacing Cs+ has a dramatic 
effect on the electronic structure of the perovskites as the cation 
size increases. The crystal structures of the compounds show 
that formation of a 3D perovskite structure is obtained for the 
1–4 compounds with direct band gaps of 1.6 (1), 1.9 (2), 2.2 (3), 
and 2.5 eV (4) while the 5–7 compounds give 1D infinite chains 
with indirect band gaps of 2.7 (5), 2.5 (6), and 2.8 eV (7). They 
also demonstrated that all Ge-based perovskites exhibit a large 
second harmonic generation (SHG) response resulting from 
sp-hybrid orbitals of Ge and I. The SHG showed that MAGeI3 
and FAGeI3 have a larger response than CsGeI3, indicating 
high valance-band states of both MAGeI3 and FAGeI3. In addi-
tion, CsGeI3, MAGeI3, FAGeI3, and CH3C(NH2)2GeI3 could be 
developed as non-liner optics materials in the visible and near-
IR regions due to phase-matchability and high SHG conversion 
efficiencies. This work opens a path for a more general appli-
cation by substituting small organic ammonium cation with 
other polar compounds to tune the band gap and SHG conver-
sion efficiency.

Therefore, there is still great room for Sn and Ge-based per-
ovskites in terms of efficiency and stability. First, the rational 
design of the device architecture is important for charge extrac-
tion and balanced transport. Planar heterojunction structure 
has been demonstrated as suitable for Sn-based perovskite 
solar cells.[120] Second, Sn and Ge-based perovskites exhibit 
significantly different energy structures from that of Pb-based 
perovskites. Accordingly, the corresponding ETL and HTL must 
be redesigned or selected to facilitate charge extraction. Thirdly, 
stabilizing Sn2+ and Ge2+ in Sn and Ge-based perovskites needs 
to be further investigated for not only improvement of perfor-
mance but also long-term outdoor applications. Finally, due to 
the fast crystallization of Sn-based perovskites, exploring new 
fabrication methods controlling perovskite crystallization and 
microstructures should not be ruled out.

3.3. Bi and Sb-based Perovskite Solar Cells

The 6s26p0 electronic configuration of Pb2+ allows for the filled 
6s orbital to mix with the iodide 5p orbitals in the valence band 
while the vacant lead 6p orbitals form the conduction band,[124] 
which contribute to the material’s shallow defect states and long 
carrier lifetimes. Moreover, the high p-orbital-based density 
of states near the band-edges provide for the material’s strong 
absorption.[125] Only Tl+, Pb2+, and Bi3+ have the same 6s26p0 
electronic configuration, out of which only Bi has low toxicity. 
Furthermore, being adjacent cations in the periodic table, the 
Bi3+ and Pb2+ have very similar ionic radii, which may lead to 
easy incorporation into the perovskite lattice.[126] Bi3+ is also a 

promising stable metal ion compared to Sn2+ and Ge2+, which 
are easily degraded under atmosphere. In fact, Bi has been 
used for decades as a nontoxic replacement for Pb in areas 
ranging from organic synthesis to ammunition materials.[127] 
Recently, Bi3+ has been used as a dopant to dope PbS in both 
thin films[128] and quantum dots,[129] converting them from 
p-type to n-type semiconductors. More importantly, a controlled 
incorporation of Bi3+ into the MAPbBr3 and MAPbI3 lattice 
has been successfully achieved, which leads to bandgap tuning  
(≈ 300 meV), a 104 fold enhancement in electrical conductivity, 
and a change in the sign of the of majority charge carriers from 
positive to negative. Previous reports have found that the Bi3+ 
forms regular chains built of nearly regular octahedra with 
halide anions.[130,131] Accordingly, Bi3+ could be a great candi-
date for lead-free PSCs.

Ternary bismuth halides have emerged as interesting func-
tional materials closely related Pb halide perovskites for photo
voltaic applications, especially given the significantly reduced 
toxicity of Bi. A few investigations of crystal structures, optical, 
dielectric, and quantum physical properties on Bi-based per-
ovskite films, Cs3Bi2I9 or MA3Bi2I9, have been actually done 
previously; however, no report was made on solar cells appli-
cation.[132–135] Johansson et al. reported and successfully fabri-
cated A3Bi2I9 (A = MA or Cs) perovskites and first integrated 
them into photovoltaic devices with the structure of MA3Bi2I9, 
Cs3Bi2I9, and MA3Bi2I9Clx, respectively.[136] Since the substitu-
tions of Bi3+ are heterovalent, A3Bi2I9 perovskites involved 1/3 
bi-deficient layered perovskite with bioctahedral (Bi2I9)3– clus-
ters that are surrounded by A+ (Cs+ or MA+). The single crystal 
structure of MA3Bi2I9 perovskite was systematically investi-
gated for the first time by Kaskel et al., where every two Bi3+ 
were combined with each other via three equivalent symmet-
rical I– and every three terminal I– were situate on the other 
sides of the mirror planes (Figure 19A).[137] The absorption 
coefficients were estimated to around 1×105 cm–1 at 450 nm for 
the different bismuth perovskites with optical bandgaps esti-
mated to be around 2.1, 2.2, and 2.4 eV for MA3Bi2I9, Cs3Bi2I9, 
and MA3Bi2I9Clx, respectively (Figure 19B). Accordingly, the 
exciton binding energies are estimated and calculated to be 
around 70–300 meV from the optical band gaps and the peaks 
in the PL spectra (Figure 19C) for the different perovskites, 
which is significantly higher compared to the exciton binding 
energy in the lead halide perovskites (25–50 meV).[138,139] The 
components have significant effect on the bismuth perovskite 
morphology. The MA3Bi2I9 perovskite gives a interconnected 
thin layer (around 50 nm thick) structure (Figure 19D) while 
Cs3Bi2I9 (Figure 19E) shows hexagonal thin sheets. It is worth 
noting that BiCl3 appears in the MA3Bi2I9Clx sample when 
chlorine was doped into the Bi-based perovskite which may 
result in its high bandgap and exciton leading to imparities 
of film morphology (Figure 19F). The champion photovoltaic 
devices of the three kind of perovskites were obtained with Jsc of 
2.15 mA cm–1, Voc of 0.85 V, FF of 0.60, and PCE of 1.09% from 
the Cs3Bi2I9-based device. Therefore, interface engineering is 
needed to enhance the performance of the device through mor-
phology controlling to promote the low PCE of Bi-based PSCs. 
The Bi-based PSCs show much stability, with the absorption 
exhibiting few changes after one month in the condition of dry 
air (moisture below 10%) and dark atmosphere (Figure 19G), 
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and the PCE even increased during the first 24 h after fabrica-
tion and maintained a stable value in the next days. It may be 
contributed from the fact that the Bi ion is stable at the +3 val-
ance state in the PSCs (Figure 19H). However, the hysteresis 
may be a potential issue that arises changing from almost 0 
initially to a much larger amount after one month (Figure 19I).

It can be seen that the device efficiency based on bismuth 
perovskites was much lower than lead based perovskites. It 
is unclear whether that is limited by the fabrication method, 
possible phase impurities, or sub-optimal contacts since the 
morphology of MA3Bi2I9 still needs to be further improved. 
Very recently, phase-pure MA3Bi2I9 was synthesized by solu-
tion-processing and vapor-assisted techniques by Buonassisi  
et al. (Figure 20A).[140] The crystal structure, stability, and opto-
electronic properties of MA3Bi2I9 were systematically inves-
tigated. From the XRD pattern, the obtained thin film phase 
corresponds to the pure MA3Bi2I9 phase as was confirmed by 
calculations (Figure 20B). They also found that MA3Bi2I9 con-
sists of Bi2I9

3– groups alternating with MA+ (Figure 20C and D), 
corresponding to previous report although using a different 
film deposit approach.[142] The compact and layered mor-
phology of MA3Bi2I9 perovskites was confirmed by AFM and 
SEM, as shown in Figure 20E and F, which is suitable for solar 
cell applications. The air stability of MA3Bi2I9 perovskite com-
pared to MAPbI3 by exposing both films to ambient air with 
around 61% relative humidity at room temperature was also 

investigated. MAPbI3 changed from brown to yellow after 5 d 
while MA3Bi2I9 maintained the same visual appearance after 
13 d (Figure 20G), demonstrating a stable photovoltaic absorber 
for MA3Bi2I9 perovskites (Figure 20H). Moreover, vapor pro-
cessed films gave longer PL decay times over 760 ps with the 
bulk lifetime possibly closer to 5.6 ns rather than solution pro-
cessed method (Figure 20I). This work showed a strong motiva-
tion for MA3Bi2I9 perovskite for solar absorbers and photovol-
taic development in the point of view of great optoelectronics.

Moreover, all inorganic bismuth iodides perovskites A3Bi2I9 
(A = K, Rb, Cs) have been experimentally and computation-
ally investigated by Lehner et al. From the calculated band 
structures, the band gaps of the layered K and Rb-based per-
ovskites are direct while Cs3Bi2I9 has an indirect gap. The 
optical band gaps and absolute highest occupied molecular 
orbital (HOMO) positions were determined by UV–Vis and 
by ultraviolet photoelectron spectroscopy (UPS), respectively, 
as shown in Figure 21A, B, and C.[141] We can clearly see that 
the absorption edge is located at approximately 2 eV for all 
three ternary bismuth iodides, which corresponds to a previous 
report,[136] while the binary exhibits a gap of about 1.8 eV. The 
deep HOMO energy requires hole transporting materials with 
deeper HOMO to maximize the Voc. Recently, a layered per-
ovskite-like architecture, (NH4)3Bi2I9, which is isostructural to 
hexagonal Rb3Bi2I9, was also prepared from solution and the 
structure solved by single crystal X-ray diffraction, as shown in 
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Figure 19.  A) Crystal structure of MABi2I9.[143] B) Tauc plots for the three kind of materials showing optical bandgaps of 2.4, 2.1, and 2.2 eV for 
MA3Bi2I9Clx, MA3Bi2I9 and Cs3Bi2I9 perovskites. C) PL spectrum and narrow scan for MA3Bi2I9, Cs3Bi2I9, and MA3Bi2I9Clx. SEM images of D) MA3Bi2I9Clx, 
E) MA3Bi2I9, and F) Cs3Bi2I9. G) Absorption spectrum of Cs3BiI9 film at initial state and after a month. H) PCE of MA3Bi2I9 and Cs3Bi2I9 PSCs during a 
month in dry air and dark. I) Hysteresis of Cs3Bi2I9 PSCs after a month with forward to reverse and reverse to forward scan directions. A) Reproduced 
with permission.[137] Copyright 2016, The Royal Society of Chemistry. B–I) Reproduced with permission.[136]  Copyright 2015, Wiley–VCH.
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Figure 21D.[142] The band gap, which is estimated to be 2.04 eV 
(Figure 21E), is lower than that of MAPbBr3. The band gap is 
further reduced compared to larger K, Rb, Cs, and MA cations. 
This confirms the potential of (NH4)3Bi2I9 as an alternative to 
the lead-containing perovskites. Therefore, the size of the A 
cations needs to be small to obtain a narrow band gap for the 
A3Bi2I9 perovskite.

Similar to bismuth, an antimony-based lead-free stacked lay-
ered perovskite derivative Cs3Sb2I9 with large grain size over 
1 µm (Figure 22A) and an optical band gap value of 2.05 eV 
(Figure 22B) has also been intensively investigated by Mitzi 
et al.[143] A highly oriented Cs3Sb2I9 thin film can be achieved 
by annealing the coevaporated film in SbI3 vapor at 300 °C for 
10 min, which was confirmed by XRD patterns (Figure 22C). 
Moreover, the well-crystallized thin films show only a very 
modest evolution of CsI impurity formation over the time scale 
of the experiment under high temperature (Figure 22D) while 
a MAPbI3 thin film degrades more quickly as indicated by a 
strong PbI2 impurity peak after 60 d of ambient air exposure 
(Figure 22E). The incorporation of Cs3Sb2I9 into a solar cell 
yielded a PCE lower than <1% and the device exhibited hyster-
esis effect (Figure 22F), indicating the performance need fur-
ther optimization.

3D materials are more favorable for photovoltaic applications 
than 2D materials in view of lower bandgap, smaller exciton 
banding energy, and longer exciton diffusion length. Sargent 
et al. therefore pursued a new approach to solution processed 
bismuth-based thin-film photovoltaic absorbers AgBi2I7 with 
a pure cubic structure, as shown in Figure 23A, B, and C,[144] 

which is prepared by spin-coating silver and bismuth precur-
sors dissolved in n-butylamine and annealed under N2. The 
new material was presented by incorporation of monovalent 
silver cations into iodobismuthates instead of alkali metal cat-
ions. The surface morphologies of crystallized films became 
dense and uniform with increase annealing temperature from 
90 to 150 °C (Figure 23D). When the temperature was increased 
to 150 °C, the pinhole-free film exhibited grains having sizes 
of 200–800 nm. The optical absorption spectra (Figure 23E) of 
Ag-Bi-I thin films was also identified and got better with an 
increase in the annealing temperature. The 150 °C annealed  
films show substantial absorption over the range of 350–750 nm 
with an Eg of 1.87 eV for AgBi2I7 assuming a direct band gap 
(Figure 23F). Finally, a Jsc of 3.30 mA cm–2, Voc of 0.56 V, FF of 
67.41%, and PCE of 1.22% were obtained from the best solar 
cells (Figure 23G), which is the highest report to date.

In addition to +1 cation-based trivalent bismuth or antimony 
perovskites as representatives for lead-free perovskite in terms 
of toxicity and instability, +1 cation-based trivalent bismuth, 
e.g., dicationic alkyldiammonium bismuth halide perovskite 
HDABiI5 was also reported.[145–147] However, as we see, the 
above intensively investigated trivalent bismuth or antimony 
perovskite gave lower dimensionalities and therefore wider 
band gaps than their 3D analogues. In order to maintain the 
3D perovskite architecture, an alternative approach is to use 
a combination of a monovalent cation and a trivalent cation 
in an ordered B-site arrangement replacing Pb2+ to form a 
double perovskite structure of general formula AI

2BIBIIIX6. 
Hybrid binary metal double perovskite with Ag+ and Bi3+ in  

Figure 20.  A) schematic diagram of MA3Bi2I9 solution-assisted process. B) XRD pattern of MA3Bi2I9 for different time. C) Crystal structure and D) 001 
view of MA3Bi2I9. E) AFM and F) SEM images of MA3Bi2I9 thin films. G) Stability of MA3Bi2I9 in air. H) PL decay pattern of MA3Bi2I9 at different days in 
air. I) PL decay pattern of MA3Bi2I9 with different processes. Reproduced with permission.[140] Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim.
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the B position also provide an alternative to realize the high 
stability lead-free PSCs where the Ag valance band of +1 and 
the Bi valance band of +3 both are stable states. The oxide 
double perovskites A2BB’O6 have actually been well explored 
and incorporate a wide variety of metals in various oxidation 
states.[148] However, there are far fewer reports of halide double 
perovskites except A2AuIAuIIIX6 (A = K, Rb, or Cs; X = Cl, Br, 
or I),[149] Cs2TlITlIIIX6 (X = F or Cl),[150] and Cs2AgIAuIIICl6.[151] 
Karunadasa et al. for the first time reported Cs2AgBiBr6 double 
perovskite incorporating Bi3+ in a 3D perovskite framework 
(Figure 24A).[152] A shallow absorption region beginning at 
1.8 eV followed by a sharp increase in absorption near 2.1 eV 
was achieved in a Cs2AgBiBr6 double perovskite, corresponding 
to a recent report[153] and demonstrating the suitability for 
photovoltaic applications from the point of view of optical 
absorption (Figure 24B). The perovskite showed the character-
istics of an indirect bandgap semiconductor as confirmed by a 
Tauc plot, (inset of Figure 24B) estimating the indirect bandgap 
as 1.95 eV with an assisting phonon energy of 0.12 eV, which 
could be suitable for higher-bandgap absorbers in a tandem 
solar cell. In addition, the electron micrograph shows a prom-
ising grain-size distribution between 1–20 µm for a Cs2AgBiBr6 
powder. (Figure 24C). Moreover, a long carriers recombination 
lifetime reaching 660 ns for Cs2AgBiBr6 comparing to 730 ns to 
1µs for MAPbI3 makes Cs2AgBiBr6 another promising photo
voltaic property (Figure 24D). From powder to single crystal, 
the PL lifetime of Cs2AgBiBr6 only undulates slightly which is 

unusual even in an indirect bandgap material, indicating that 
Cs2AgBiBr6 has a higher tolerance parameter against defects, 
and original PL lifetime of this material can be confirmed. 
Most importantly, PXRD patterns of Cs2AgBiBr6 after mois-
ture or light exposure showed no evidence of material decom-
position although silver halides are notoriously light sensitive 
(Figure 24E) while MAPbI3 and MAPbBr3 heated at 60 °C for 
72 h in air shows decomposition to PbI2 and PbBr2 (Figure 24F).

Almost at the same time, Woodward et al. also demon-
strated Cs2AgBiBr6 and Cs2AgBiCl6 double perovskites with 
the structure of cubic lattice in the space group of Fm m3  con-
sisting of the Ag(Br6)Cl65– and Bi(Br)6Cl63– cubic octahedra 
structure confirmed by the X-Ray powder diffraction (XRPD) 
patterns (Figure 25A and B).[154] Bandgaps 2.77 eV for Cs2Ag-
BiCl6 and 2.19 eV for Cs2AgBiBr6 were obtained by UV–Vis 
diffuse reflectance spectra (Figure 25C and D), which corre-
sponds to a previous report for Cs2AgBiBr6 (1.95 eV)[150] and are 
both a little lower than the analogous conventional perovskite 
MAPbCl3 of 3.00 eV and MAPbBr3 of 2.26 eV, respectively. This 
inferred again that Cs2AgBiBr6 double perovskites are suitable 
for tandem solar cells as higher-bandgap absorbers combined 
with Si as another absorber. The stability of the two double 
perovskites was also obtained, as shown in Figure 25E and F,  
in which the reflectance spectrum for Cs2AgBiCl6 remains 
and no apparent change was detected in the XRPD patterns 
(Figure 25G) of Cs2AgBiCl6. The reflectance spectrum for 
Cs2AgBiBr6; however, changes dramatically after two weeks 

Figure 21.  A) Diffuse reflection spectra of A3Bi2I9 and BiI3 powder sample, showing their bandgaps with Tauc plots. B) UPS and XPS spectra of K3Bi2I9. 
C) Calculated energy levels of A3Bi2I9 from DFT (PBE+SOC) theory, experimental energy levels of PTAA and the calculated HOMO energy level of TiO2. 
D) Crystal structure, E) Absorption spectrum and Tauc plot of (NH4)3Bi2I9. A–C) Reproduced with permission.[141] Copyright 2015, American Chemical 
Society. D–E) Reproduced with permission.[142] Copyright 2016, American Institute of Physics.
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exposure to light and ambient air, accompanied by the appear-
ance of unidentified phases in the XRPD (Figure 25H). These 
observations clearly show that the Cs2AgBiBr6 double perovs-
kite phase could be degraded over time when simultaneously 
exposed to light and moisture but could be stable in only light 
or moisture exposure.

Snaith et al. reported the entire family of pnictogen noble-
metal double-halide perovskites based on a A2BB’X6 structure, 
where B′ = Sb, Bi and B = Cu, Ag, Au from computational 
screening.[155] The electronic properties of these hypothetical 
compounds were investigated from first-principles using den-
sity functional theory in the local density approximation, as 
shown in Figure 26A, B, C and D. They found that all band 
gaps are below 2.7 eV with indirect characteristics and reduce 
with an increase to the radius of halogen or pnictogen. More-
over, all double perovskite exhibit small carrier effective 
masses between 0.1 and 0.4 me, which is very close to those 
calculated for MAPbI3 within the same level of theory.[156] Fur-
thermore, they successfully synthesize the double perovskite 
Cs2AgBiCl6 with an indirect optical band gap in the range of 
2.3 to 2.5 eV (Figure 26E), consistent with its calculated band 
structure (Figure 26F) and broad PL peak observed between 
480 and 650 nm with the maximum at ≈575 nm (Figure 26G). 
Furthermore, Cs2AgBiCl6 gave the time-resolved photolumi-
nescence decay with a double exponential giving a fast compo-
nent lifetime of 15 ns and a slow component lifetime of 100 ns 
(Figure 26H). Regarding to cost; however, alkali-metal based 

double-halide perovskites may be an alternative to noble-metal 
based double-halide perovskites.[157]

As seen, ABi2I9 (A = Cs, MA, and FA) based perovskites 
have been intensively investigated; however, the efficiency is 
still limited. First, the Bi-based perovskite morphology still 
has large room for improvement by exploring new approaches 
for film fabrication. Second, the bandgap of Bi-based perovs-
kites is higher than Pb-based perovskites. Doping could be a 
useful strategy to reduce the bandgap and thus get higher 
photocurrent. Finally, Bi-based perovskites with 3D structure 
(AI

2BIBIIIX6) were obtained in the form of single crystals or the 
study remains at the calculation stage. Achieving 3D Bi-based 
perovskite films with uniform crystals and full coverage of 
substrate may help to accelerate the development of Bi-based 
perovskites.

3.4. Transition Metal Ions for Lead-free Perovskite Solar Cells

Sn, Ge, Bi and Sb are represented to be alternatives for Pb in 
perovskite. However, cost is still the primary limitation for fur-
ther lead-free perovskite advances. Naturally, transition metal 
ions (e.g., Cu2+, Fe2+, Zn2+) might act as potential roles in 
the big lead-free perovskite family. New transition-metal per-
ovskites can be synthesized via a variety of routes to manage 
photovoltaic properties. As a result of smaller ionic radii of tran-
sition metal ions, 3D structure is not able to produce and then 

Figure 22.  A) SEM image of Cs3Sb2I9 thin film, deposited via coevaporation of CsI and SbI3 followed by annealing at 300 °C for 10 min in SbI3 vapor 
atmosphere. B). Bandgap of layered Cs3Sb2I9. C) PXRD pattern of Cs3Sb2I9 via coevaporation, followed by annealing at 300 °C for 10 min in SbI3 vapor 
atmosphere. D) Evolution of CsI peak for c-axis oriented Cs3Sb2I9 thin film stored in air for 60 d. E) Decomposition of MAPbI3 thin film stored in air 
for 60 d. F) Hysteresis effect of layered Cs3Sb2I9 PSCs with forward to reverse and reverse to forward directions. Reproduced with permission.[143] 
Copyright 2015, American Chemical Society.
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convert into a 2D layered structure (e.g., 3D structure is cut 
along <100>, <110> and <111> orientations and piled up layer-
by-layer to form the 2D structure) like K2NiF4 or La2–xBaxCuO4. 
Long-chain cations and incorporation of mass metal atoms in 
these 2D structures allow compounds to form a wildly tunable 
structure, due to relaxed geometrical constrains. In transition 
metals, Cu2+ can be promising as it is stable in its 2+ oxidation 
state in atmosphere, earth-abundant, cost-effective and near-
infrared absorption obtained from its compounds.

Cortecchia et al. first introduced the Cu-based halide perovs-
kite as light harvester with the 2D crystal structure of MA2Cu-
ClxBr4–x,[158] in which the Cl– play an essential role to realize 
high stability. Cu2+ play a passive role that can be reduced to 
Cu+ providing higher density of trap. MA2CuClxBr4–x exhib-
ited promising light harvesting (Figure 27A, B) with the 
onset extending to near infrared in spite of the limitation of 
low absorption coefficient and heavy-mass holes. The associ-
ated band gap can be tunable by increasing the Br content 
from 2.48 eV for MA2CuCl4 to 1.80 eV for MA2CuCl0.5Br3.5. 
Their powder color ranges from yellow, red, and dark brown 
with increasing Br/Cl ratio (Figure 27C). With a simple one-
step method using DMSO as solvent to dissolve the mixture 
precursors of MABr, MACl, CuCl2, and CuBr2 at different 

ratios, the MA2CuClxBr4–x active layer was spun coated onto 
the ITO/PEDOT:PSS substrate to fabricate the planar hetero-
junction devices (Figure 27D) or onto the FTO/mesoporous 
TiO2 substrate to fabricated mesoporous devices that achieve 
a PCE of 0.017% (Figure 27E) with extremely low Jsc and Voc 
of 216 µA cm2 and 256 mV, respectively. The higher PCE 
obtained from the mesorporous structure compared with that 
obtained from the planar heterojunction (PHJ) structure is 
because the mesoporous TiO2 can disrupt the 2D structure of 
MA2CuClxBr4–x perovskite leading to the charge extraction and 
perpendicular charge transport. However, the low absorption 
coefficient and heavy-mass hole still limit the performance at 
the same time. This work provides guidelines for future optimi-
zation and investigation of lead-free perovskites based on tran-
sition metal ions.

Cu2+ is particularly interesting for lead-free perovskites due 
to the stable oxidation state and large absorption coefficient 
in Cu-based compounds in the visible region. However, it still 
has great challenges to overcome to achieve transition metal-
based lead-free perovskite solar cells. Tremendous work needs 
to be done, such as lowering the bandgap, improving charge 
transport, enhancing exciton diffusion length, designing device 
structure, and exploring new fabrication methods. Appropriate 

Figure 23.  A) The cubic structure of AgBi2I7 (space group Fd3m, a = b = c = 12.223 Å) with the Joint population of a single position by silver, bismuth, 
and iodide. The unit cell of AgBi2I7 is expressed with B) six-coordinated silver-iodide octahedron sites and C) eight-coordinated bismuth-iodide hexa-
hedron sites. D) Top-view SEM images of solution-processed AgBi2I7 thin-films as a function of annealing temperature. E) UV/Vis spectra of AgBi2I7 
thin-films as a function of annealing temperature. F) Tauc plot of AgBi2I7. G) J–V curves in the dark and illumination under 100 mW cm–2 AM 1.5G. 
Reproduced with permission.[144] Copyright 2016, Wiley-VCH.
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molecular design is also necessary to improve the material’s 
properties and solar cell performance.

4. Conclusion and Outlook

Here, we have critically reviewed recent advances of organic–
inorganic hybrid environment-friendly lead-free PSCs 
experimentally and theoretically in order to achieve a better 
fundamental understanding of optoelectronics associated with 
lead-free perovskites. The conventional lead-based perovskite 
APbX3 suffers from a high content of the toxic, polluting, and 
bioaccumulative lead, which may eventually hamper the large-
scale implementation of this technology. This has spurred on 
the search for lead-free materials with similar optoelectronic 
properties. With theoretical calculations and experimental 
characterizations, a series of +2, +3 ions, e.g., Sn2+, Bi3+, Mg2+, 
Ge2+, Sb3+, Cu2+, in the ABX3 structure can replace Pb2+ com-
pletely to form lead-free perovskites. Recent first principles 
calculations are catching up with intensive experimental inves-
tigations on PSCs. Theoretical simulations have made impor-
tant contributions to understanding the fundamental physics 
behind the efficiency, stability, and carrier transport proper-
ties of inorganic–organic hybrid PSCs. Moreover, these theo-
retical works provided guidance on discovering and designing 
new, non-toxic, better performing solar absorption materials. 

Several lead-free perovskites have been identified as potential 
substitutes for MAPbI3 with MAGeI3, MAMgI3, MATl0.5Bi0.5I3, 
MABiSI2, and MABiSeI2. Theoretical research on cation/anion 
alloyed solid solution perovskites and hybrid antimony sulfides 
significantly widens the selection pool of elements and struc-
tures for the design of environmentally-friendly and high-per-
formance solar cell materials.

Recent experimental characterizations on Sn-based perovskite 
showed outstanding absorption with onset reaching 1000 nm 
and have reached a PCE of 6%, indicating that Sn2+ may become 
the most promising candidate. However, Sn2+ has an potential 
issue that it is rapidly oxidized to Sn4+ ruining the perovskite 
structure in air, which is consider as an bottleneck limiting the 
development of Sn-based PSCs. The same issue was found in Ge-
based perovskites and the related device performance is highly 
limited. Bi-based perovskite was also intensively studied since 
Bi3+ has the same 6s2 lone-pair electron and similar ion radii 
with Pb2+, which lead to similarities in chemical behavior and 
little distortion in structure. Moreover, Bi is dramatically stable 
at +3 valance state in atmosphere compared to Sn2+. Unfor-
tunately, the initial PCE of ≈0.1% of Bi-based Cs3Bi2I9 PSCs 
still needs further optimization in terms of film morphology, 
fabrication method, and device engineering. In addition, 
halide double perovskites A2BB’X6 provide a more accommo-
dating platform for substitutions, where B = Cu, Ag, Au and 
B′ = Sb, Bi. Examples of double perovskite, Cs2AgBiBr6, shows 

Figure 24.  A) Crystal structure of Cs2AgBiBr6 (cyan for Cs, orange for Bi, gray for Ag and brown for Br). B) Absorption spectrum for Cs2AgBiBr6. Inset: 
Tauc plot showing optical bandgap of 1.95 eV implying a high energy phonon mode within the absorption. C) SEM image for Cs2AgBiBr6 with a grain 
size between 1–2 µm. D) Time-resolved PL decay for single crystal and powder Cs2AgBiBr6 in fit and data investigating powder sample have a shorter 
lifetime compared with the single crystal that indicate powder sample has more defects and surface states than single crystal. E) PXRD patterns for 
measurements of Cs2AgBiBr6 samples stability under light and in humidity respectively for 30 d. F) PXRD patterns of Cs2AgBiBr6, MAPbBr3, and MAPbI3 
before (orange, turquoise and light green) and after 72 h at 100 °C (red, blue, and dark green). Reproduced with permission.[152] Copyright 2016, 
American Chemical Society.
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Figure 25.  XRPD experimental patterns and calculated fits of A) Cs2AgBiCl6 and B) Cs2AgBiBr6. Diffuse reflectance spectrums of C) Cs2AgBiCl6 
and MAPbCl3 and D) Cs2AgBiBr6 and MAPbBr3. UV–Vis diffuse reflectance spectrum of E) Cs2AgBiCl6 and F) Cs2AgBiBr6. XRPD patterns of G) 
Cs2AgBiCl6 and H) Cs2AgBiBr6 at different times exposed to sunlight in air. Reproduced with permission.[154] Copyright 2016, American Chemical 
Society.

Figure 26.  A) Calculated bandgap and C) effective mass of Cs2BiMX6. B) Calculated bandgap and D) effective mass of Cs2SbMX6. E) Absorption 
spectrum of Cs2BiAgCl6 with Tuac plot inset. F) Band structure of Cs2BiAgCl6 calculated with (right) and without (left) spin-orbit coupling (SOC). 
G) Steady-state PL spectrum of Cs2BiAgCl6 on glass. H) Time resolved PL decay spectrum of Cs2BiAgCl6 on glass. Reproduced with permission.[155] 
Copyright 2016, American Chemical Society.
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a long room-temperature fundamental PL lifetime of ≈ 660 ns  
and an indirect bandgap of 1.95 eV, which is very encouraging 
for photovoltaic applications. Actually, many combinations of 
metals in different oxidation states can be incorporated into 
the B/B′ sublattices, both organic and inorganic cations can 
be incorporated into the A sites, and the halide can also be 
varied. 2D layered Cu-based perovskite MA2CuClxBr4–x was also 
explored for the first time with bandgap tunable characteristics 
by changing the Br content. Although the device performance is 
still low due to a low absorption coefficient and heavy mass of 
holes, it lays the foundation for further development of a perovs-
kite based on transition metals as alternative lead-free materials.

The emergence of lead-free perovskites as a new class of 
remarkable semiconductors has been intensively investigated 
for photovoltaic applications in the past few years. It can be 
further expanded into other technological areas such as lasers, 
detectors, transistors, and LEDs. The performance of lead-free 
PSCs; however, is now still far away from that of lead-based 
devices, as shown in Table 1. Although great effort has been 
made in lead-free perovskite photovoltaics (Table 2), our current 
knowledge of the lead-free perovskite materials is highly lim-
ited and needs to be further explored and challenged. Improved 
understanding of the fundamental photophysics could 
create new insights in controlling the optical, electronic, and 

Figure 27.  A) Absorption coefficient of MA2CuClxBr4–x. B) Tauc plots for MA2CuI4, MA2CuCl2Br2 and MA2CuBr3 perovskite showing optical bandgaps 
of 2.48, 2.12, and 1.90 eV, respectively. C) Shift of MA2CuClxBr4–x color with different Br/Cl ratio. D) J–V curve for MA2CuCl2Br2 PSCs fabricated with 
planar heterojunction structure showing negligible photoelectronic performance. E) J–V curves for MA2CuCl2Br2 and MA2CuCl0.5Br3.5 PSCs fabricated 
with TiO2-based mesoporous structure measured under simulated AM 1.5 light illumination (solid curves) and in the dark (dash curves) showing PCE 
of 0.017 and 0.0017% for MA2CuCl2Br2 and MA2CuCl0.5Br3.5, respectively. Reproduced with permission.[158] Copyright 2016, American Chemical Society.
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charge-transport properties. An integrated theoretical calcula-
tion and modeling strategy could play a major role in further 
advancing lead-free perovskite materials design. Controlling 
the micro/nano structure of lead-free perovskite is also impor-
tant by exploring new methods or combining the existing tech-
nologies, e.g., solvent engineering, moisture assisted growth, 
additives, and hot spin-coating, and further improving the film 

quality allows for an improved performance of lead-free perovs-
kite devices. The energy match between the lead-free perovskite 
and the charge transporting layer cannot be ruled out since the 
energy levels of lead-free perovskites are significant different 
from lead perovskites and new charge transporting materials 
also need to be developed. Accordingly, a PCE over 10% can be 
expected. All in all, we are convinced that lead-free perovskite 
materials have a bright future for photovoltaics and other opto-
electronics, and could lead to exciting and useful discoveries 
by deep understanding into the band structure and transport 
properties.
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