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Abstract
Chalcogenide perovskite materials are anticipated to have favourable structural, optical and
electronic characteristics for solar energy conversion, yet experimental verification of the
numerous computational studies is still lacking. In this perspective we summarise and critically
review the computational and synthetic achievements, whilst suggesting new pathways for
achieving the goal of developing this exiting class of materials. Greater knowledge of phase
chemistry would allow the realisation of bandgap engineering through mixed cation and anion
compositions. Combining this with fabrication and characterisation of thin films could yield
promising new tailored materials for photovoltaic absorbers in the near future.

Lead-based organic-inorganic hybrid perovskites have gained increasing interest in recent years, climbing the
photovoltaic efficiency charts and reaching performances comparable to more mature technologies, such as
crystalline silicon [1–6]. Despite the excellent photophysical properties and the impressive improvements in
device performance, hybrid lead halide perovskites (such as CH3 NH3 PbI3 ) suffer from poor ambient
stability. Small organic molecules like methylammonium result in degradation due to humidity, oxygen or
heat exposure. Substitution with larger organic components (such as formamidinium) or inorganic cations
(such as Cs) partially improves the environmental stability, whilst introducing phase instability, thus
requiring complex compositions and rigorous encapsulation [7–12]. Additionally, the presence of lead in the
material composition raises toxicity concerns. Regardless of differing opinions on the balance of lead’s
hazard and benefits for photovoltaics [13–17], it is indisputable that long-living, lead-free and efficient
alternatives are highly desirable. Consequently, the search for environmentally friendly, stable, and equally
efficient perovskite substitutes has recently garnered increasing interest from the scientific community.
Several options have been examined, such as halide perovskites with Sn2+ or Ge2+ [18], halide
double-perovskites (A2 B′ B′′ X6 ) [19], vacancy ordered perovskites (A2 BX6 ) [20], and chalcogenide
perovskites (ABCh3 ) [21–23]. Among them, chalcogenide perovskites (perovskites with oxygen, sulphur or
selenium as anions) can serve as promising alternatives consisting of non-toxic and abundant elements.
Many recent reports employing computational screening and density functional theory (DFT) calculations
have predicted desirable photovoltaic (PV) absorber properties for chalcogenide perovskite materials. As will
be elaborated in this review, chalcogenide perovskites offer similar optoelectronic properties to the efficient
lead-based perovskites due to similar structural features. This includes strong absorption in the solar
spectrum and electronic structures characteristic of facile charge-transport. Above all, chalcogenide
perovskites offer a high degree of thermodynamic and atmospheric stability as is usually demonstrated in
other inorganic chalcogenides prevalent in PV.
As highlighted in this work, despite the prediction of many chalcogenide perovskites based on S/Se, much
of the synthetic efforts have been directed to the fabrication of oxide perovskite materials that have large
bandgaps due to the less electronegative or polarisable O2− anion. They are thus not of strong interest as
absorber materials for solar energy conversion [24]. In this perspective, we present a critical review of the
state-of-the-art in chalcogenide perovskites primarily based on S/Se anions, including the analysis of
© 2021 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Unit cell schematics of crystal structures exhibited by chalcogenide perovskites along with their geometries, space
groups and prototype compositions.

structural, optical and electronic characterisations as well as synthesis and attempts at device fabrication.
We believe these S/Se based chalcogenide perovskites urgently require a more concerted and interdisciplinary
experimental effort to unlock their potential as next-generation sustainable PV absorbers. Based on this
discussion, we recommend the most promising directions for future research, namely an emphasis on
depositing materials in thin-film form and on the formation of solid-state intermediate alloys, allowing
bandgap engineering and thermodynamic stability.

1. Structure and composition of chalcogenide perovskites
Perovskites are crystalline materials characterised by the chemical formula ABY3 and a generally cubic or
orthorhombic lattice, the prototype being CaTiO3 . In this work, for clarity, we have referred to Y as general
anions, X as halide anions, and Ch as chalcogenide anions. To form a chalcogenide perovskite (i.e. Y = O2− ,
S2− or Se2− ), A must be a large cation with the 2+ oxidation state, while B should be a tetravalent cation.
Considering this, the immediate choice for the A-site falls upon the alkaline earth elements. However, many
transition d-block and f-block elements as well as group 14 elements can also exhibit a 2+ oxidation state,
and could theoretically be used as A-site elements. Tetravalent candidate elements for the B-site are
numerous, the majority of which belong to the d-block, and even some f and p-block elements also present a
4+ oxidation state.
Within these constraints, there are 3744 possible elemental sets that theoretically form a chalcogenide
perovskite [23]. However, only a limited number of these compositions are thermodynamically stable and
would crystallise in the desired cubic or pseudo-cubic perovskite structure (figure 1). Based on purely
geometrical considerations, it is possible to predict both the stability and formability of a particular
perovskite form by using the ionic radii of the atoms in its composition to calculate the Goldschmidt
tolerance factor (t) and the octahedral factor (µ) [25–27], which are expressed as:
(rA + rY )
t= √
2 (rB + rY )

µ=
2

rB
rY
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Table 1. ABS3 and ABSe3 calculated octahedral factors for 4+ oxidation state B cations. Compositions that should form a perovskite
structure are shown in black (µ ⩾ 0.38), with elemental combinations that could be stabilized as a perovskite phase through
compositional engineering shown in blue (µ = 0.36–0.37). Elemental combinations that do not produce a perovskite structure are
shown in grey (µ ⩽ 0.35). Note that for both B and Y, Shannon ionic radii with a coordination number of VI have been used.

d block

Ti
Zr
Hf
V
Nb
Ta
Cr
Mo
W
Mn
Tc
Re
Fe
Ru
Os
Co
Rh
Ir
Ni
Pd
Pt

p block
S

Se

0.33
0.39
0.39
0.32
0.37
0.37
0.30
0.35
0.36
0.29
0.35
0.34
0.32
0.34
0.34
0.29
0.33
0.34
0.26
0.33
0.34

0.31
0.36
0.36
0.29
0.34
0.34
0.28
0.33
0.33
0.27
0.33
0.32
0.30
0.31
0.32
0.27
0.30
0.32
0.24
0.31
0.32

Si
Ge
Sn
Pb
Te
Po

f block

S

Se

0.22
0.29
0.38
0.42
0.53
0.51

0.20
0.27
0.35
0.39
0.49
0.47

Ce
Th
Pr
Pa
U
Np
Pu
Am
Cm
Tb
Bk
Cf

S

Se

0.47
0.51
0.46
0.49
0.48
0.47
0.47
0.46
0.46
0.41
0.45
0.45

0.44
0.47
0.43
0.45
0.45
0.44
0.43
0.43
0.43
0.38
0.42
0.41

where r A , r B and r Y are the ionic radii for A-site cation, B-cation and Y-anion respectively. From the values of
t and µ, it is possible to predict the most stable form. Figure 1 illustrates the five different possible crystal
structures for these chalcogenide materials.
Cubic perovskites are formed when 0.91 ⩽ t ⩽ 1 and µ ⩾ 0.41, distorted perovskites with an
orthorhombic structure are obtained when 0.71 ⩽ t < 0.91 and µ ⩾ 0.41, and non-perovskites (tetragonal,
hexagonal or orthorhombic with needle-like structures) are formed when t > 1, t < 0.71, or µ < 0.41 [25, 28].
However, these boundaries are only indicative, as they vary depending on material composition [29] and the
specific definition of ionic radius used [30–33]. In fact, several refinements of t and µ have been suggested
[29, 32, 34]. Nevertheless, t and µ can still be useful for initial sifting of possible new perovskites, and indeed
have been widely used to assess the formability of chalcogenide perovskites [29, 35, 36]. However, to get
consistent predictions, it is proposed herein to use the tolerance factor in conjunction with the octahedral
factor, while the literature often shows reports solely using the tolerance factor. The exceptional
carrier-transport and light-absorption properties of hybrid lead halide perovskites arise from the terminal
connected network of PbX6 octahedra [37]. Therefore, to instil similar electronic features in chalcogenide
perovskites, it is imperative to preserve similar coordination geometry around the B-site atom which is better
indicated by the octahedral factor.
Table 1 presents calculated octahedral factors for ABCh3 perovskites (excluding oxygen, see above) for all
possible 4+ oxidation state B-cations. Despite values of µ below 0.41 usually being considered as an indicator
of a non-perovskite structure, for this work, the acceptable octahedral values have been extended to µ ⩾ 0.36
based upon experimental results. For example, BaZrS3 has been synthesized in a distorted perovskite
structure despite the fact that µ = 0.39 [22, 38]. Values of µ between 0.36 and 0.39 have been included to
consider perovskites that could be stabilised by using mixed B and Y cations, as previously reported for
BaZrx Ti1−x S3 and BaZr(Sx Se1−x )3 [37, 39]. Among the possible 21 B elements selected under these criteria,
rare tellurium and radioactive polonium will not be considered in this work. F block elements are excluded
for similar reasons. Lead (Pb) remains in the list as it is useful for characterization and comparison between
halogen and chalcogenide perovskites. Consequently, the number of B elements is reduced to 7.
Additional filtering on the possible compounds is introduced through the tolerance factor (t), as shown
in table 2. The ionic radii of A used in the calculation refer to the XII coordination number. For d-group
A-site cations, the ionic radii for the XII coordination number have been calculated as reported elsewhere
[30]. Table 2 employs a slightly greater threshold for t of 0.76 compared to the theoretical 0.71 in order to
accommodate larger octahedral factors as needed for stable perovskites. Additionally, the elements Ra, Pd, Pt,
3
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Table 2. Tolerance factors for the chalcogenide perovskites compositions. Experimentally evaluated (black) and calculated (white)
crystalline structures are indicated as: P = distorted perovskite structure, N= orthorhombic needle-like structure, H = hexagonal
structure, T = tetragonal structure, and O = orthorhombic structure. These crystal structures are shown in figure 1. The B elements
reported in blue are the elements with a low octahedral factor of 0.36 < µ < 0.39.

S
Zr
Ca
Sr
Ba
Ti
V
Mn
Fe
Co
Ag
Zn
Pb

Hf

P22
N22 , P37
P37,40
22,37,38,2,43
P
P37,40

Nb

H

Ta

Se
W

Sn

Pb

N41
N41

H

Zr

Hf

Key
Pb

t
0.96–1.0
0.91–0.95
0.86–0.90
0.81–0.85
0.76–0.80

O
N44

N45

T46

T46

N41

Cd and Hg, despite featuring a 2+ oxidation state and suitable tolerance factors, are not considered due to
either radioactivity, toxicity, low-abundance, or high-costs.
Table 2 also highlights experimentally evaluated structures, demonstrating the extremely limited number
of synthesized materials compared to potential compositions. As detailed later in this perspective, this
disparity derives from the significantly more challenging synthesis of chalcogenide perovskites compared to
lead-based halide materials. The combined use of both µ and t provides more realistic prospects of stable
new chalcogenide perovskite compositions, including mixed B and mixed Ch structures. However, this
theoretical selection should be corroborated by experimental structural data for any discrepancies, as
exemplified by PbZrS3, which presents a needle-like orthorhombic structure, despite having µ = 0.39 and
0.91 < t < 0.95, and consequently a predicted perovskite structure. Additionally, the geometrical factors
presented in table 2 do not consider the formation of competing phases during synthesis, which must be
carefully evaluated before dedicating a great experimental effort. As such, phase diagrams for the most salient
candidates identified in this work would be incredibly useful for predicting compositional stability windows
and guiding synthetic routes.

2. Optoelectronic properties of chalcogenide perovskites
With the advent of large-scale materials discovery programs such as the Materials Project [47] and NoMAD
[48], it has become possible to construct extensive maps of composition and phases [23]. However, it is
worth noting that discrepancies exist between databases, originating from differences in the numerical
implementation of DFT or associated algorithms [49, 50]. Formation energies are often used to benchmark
different DFT implementations but do not ensure the accuracy of electronic structure parameters
(e.g. bandgaps and effective masses) and optical properties (e.g. absorption coefficients) [51–53]. Thus,
stricter benchmarking procedures and experimental verification are required [54]. Chalcogenide perovskites
exemplify this issue well as most of the reported literature is computational, with very few synthetic reports.
Similar to lead hybrid halide perovskites, the composition of the band edges in chalcogenide perovskites
is dictated solely by the B-site cation d-states and chalcogen p-states, while the A-site cation bands appear
localised and deep [55, 56]. An additional similarity to the lead halide perovskites is the degree of covalency
in the B-Ch bonds achieved due to the reduced electronegativity difference between the B-site metal and the
chalcogen. This is in stark contrast to ferroelectric oxides, which exhibit UV-bandgaps due to the polar
bonding nature [57, 58]. The increased covalency of chalcogenide perovskites also manifests in larger
band-dispersions and thus small effective masses (<0.5 me ), which indicate fast carrier-mobilities. This can
be seen in table 3, where optical and transport parameters (bandgap, absorption coefficient and effective
masses) calculated using hybrid functional DFT calculations are listed. Calculations show that chalcogenide
perovskites present ultra-high absorption coefficients of >105 cm−1 at the absorption onset, which can
reduce the need for long diffusion lengths and translate into high photovoltaic performance [37].
BaZrS3 has to date received more attention than any other chalcogenide perovskite, which is
understandable given its relatively low bandgap. The strong absorption of BaZrS3 primarily arises from the
S-p to Zr-d transitions which, combined with the large joint density of states at the valence band maximum,
leads to a much larger transition probability [37, 59]. This is unique for ABS3 materials and in contrast to
hybrid halide perovskites where transitions originate from or to hybridised bands [59]. The experimentally
4
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Table 3. Summary of calculated optoelectronic parameters of selected chalcogenide perovskites, including bandgap (Eg ), absorption
coefficient (α) and effective masses (m∗ ) [24, 35, 37].

Eg (eV)
α (cm−1 )
∗
m

Direct
Indirect
−

e
h+

BaZrS3

BaZrSe3

SrZrS3

CaZrS3

BaHfS3

SrHfS3

SrSnS3

1.81
1.81
>105
0.43
0.75

1.44
1.01

1.46
1.46
>105
0.79
0.34

2.48
2.48

1.31
1.31
>105
0.94
0.35

1.12
1.12
>105
0.23
0.27

1.56

0.82

0.41
0.22

>105
0.5
0.33

CaSnS3
1.58
1.98
0.31
0.64

observed and calculated sharp absorption edge of BaZrS3 indicates a low density of tail states with Urbach
energies of 28 meV, comparable to that of high-efficiency CH3 NH3 PbI3 [60]. Similarly, the
photoluminescence peaks for BaZrS3 and some other ABS3 compositions show sharp peaks with small
Stoke-shifts from the respective bandgaps and decent yields at initial stages of development. This in-principle
is a harbinger for high open-circuit voltages [61].
Whilst the bandgap of BaZrS3 (∼1.8 eV) is too high for single-junction PV devices, it may be suitable
for tandem applications. Alloying with other cations and anions has therefore been explored to lower the
bandgap for single-junction applications [37, 39, 56, 62]. In particular, Ti substitution on the Zr-site and Se
mixing with S have shown desired results. Titanium inclusion is predicted to lower the bandgap linearly
and more significantly than selenisation, which shows bowing [56]. For example, BaZr0.75 Ti0.25 S3 is
calculated to have a bandgap of 1.43 eV, which is near-optimal according to the Shockley-Quiesser limit [56].
Unfortunately, BaTiS3 forms a hexagonal structure with edge-sharing octahedra. As a result, Ti alloying over
5 atomic % can induce a structural transition with the predominant formation of needle-like structures and
a significant broadening of its absorption edge with an increased Urbach energy, resulting in a high-density
of voltage curtailing tail states [37]. However, recent reports showed that even a small amount of Ti (around
5 atomic %) could effectively reduce the bandgap up to 300 meV, confirming the potential of bandgap
engineering through B-element alloying [37, 39]. On the other hand, a higher quantity of selenium can be
introduced into sulphide perovskites without the appearance of secondary phases. Nishigaki et al prepared
phase-pure BaZr(S0.6 Se0.4 )3 that presented a 180 meV bandgap reduction compared to BaZrS3 [37].
Similarly to lead-based halide perovskites, bandgap engineering through compositional modification is
therefore a reliable (and virtually unexplored) path to optimize the optoelectronic features of chalcogenide
perovskites for the desired applications.
Despite various first-principles electronic structure calculations of BaZrS3 and other ABCh3 materials
estimating excellent optical and transport parameters as photovoltaic absorbers, the actual performance may
be dominated by the nature of the defect chemistry. Meng et al have calculated the formation energies and
transition energy levels of different native point defects of Ba(Zr,Ti)S3 under the different synthesis
conditions spanned by the theoretical ternary phase diagram [56]. Only 5 out of the possible 12 defects,
namely (Si , SZr , SBa , Zri and ZrS ) form deep levels within the bandgap with activation energies >350 meV
and out of these SBa and Si become the most probable defects under S-rich conditions. In contrast, Zr-rich
conditions will lead to the formation of only shallow defects, which unfortunately could result in high-levels
of donor densities and small depletion widths. Thus, the ideal growth conditions for high-quality BaZrS3 will
be near-stochiometric as is experimentally supported by the better photoluminescence response [38].
However, this is the only study on defects in chalcogenide perovskites, and a more generalised study,
including different compositions, would be extremely useful for progression of the field.
As all of the reported computational works to date have essentially focused on Zr and Hf perovskites [63],
it would be interesting to explore more mixed B-cation compositions from the possibilities suggested in
table 1. If mixed Zr-Ti compositions could be stabilised up to a 5 atomic % in Ti, despite the much lower
octahedral factor of Ti, it is likely that other B elements could also be stabilised, providing a route to reduce
and carefully engineer the bandgap of chalcogenide perovskites.

3. Synthesis of chalcogenide perovskites
Clearly, one of the biggest challenges with chalcogenide perovskites is represented by their synthesis. So far,
few sulphide compositions have been prepared, as listed in table 2, while selenide perovskites have not yet
been obtained, with the exception of the mixed sulphide and selenide composition previously discussed.
The majority of the experimentally prepared compositions listed in table 2 are synthesised through
solid-state reactions. In this method, the elemental or binary-chalcogenide precursors are sealed in an
ampoule and heated at high temperature for several hours or days. Through this process, both distorted
perovskites (BaZrS3 [37], SrZrS3 [37], BaHfS3 [40], SrHfS3 [40], BaZr(S1−x SeX )3 [37]) and non-perovskite
5
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materials (PbHfS3 [45], PbTaS3 [46], PbNbS3 [64],) have been prepared. Variants of this technique have also
been reported, such as solid-state synthesis at high pressure (used for the synthesis of PbZrS3 [44], BaSnS3
[41], SrSnS3 [41] and PbSnS3 [41]). Another interesting variant consists of the solid-state synthesis of the
oxide perovskites followed by sulfurization through CS2 (used for the synthesis of CaZrS3 ) [22, 37, 39]. It is
important to stress that the synthetic conditions play a fundamental role in the formability and in the phase
determination of the desired material. In fact, the mixed composition Ba(Zrx Ti1−x )S3 could be achieved only
with the oxide perovskite sulfurization with CS2 [37, 39], while the direct synthesis through the solid-state
reaction of the sulphide precursors was ineffective [56]. On the contrary, using the CS2 variant for the
synthesis of SrZrS3 resulted in a non-perovskite structure [22], while the standard solid-state reaction
produced SrZrS3 in a distorted perovskite structure [37].
Generally, experimental characterization of the optoelectronic properties of chalcogenide perovskites is
in good agreement with the calculated predictions from computational analysis. It is worth noting however,
that despite the limited number of synthetic reports, there is already some variability in the measured values.
For example, the measured bandgap of BaZrS3 varies between 1.70 eV and 1.94 eV [37, 39]. Similarly, the
recorded photoluminescence wavelength also varies from 1.9 eV to less than 1.7 eV [22, 42]. Rather than a
specific synthesis driven bandgap modification, these discrepancies should be attributed to the different
nature of the characterized samples (nanoparticles, thin films and powders) and to the chosen method of
evaluation, such as Tauc or Kubelka-Munk analysis.
The comparison of the synthetic procedures followed for the preparation of BaZrS3 revealed a common
problem of the direct synthesis of chalcogenide perovskites: the formation of undesired products such as
binary sulphides or binary oxides [37, 38]. It appears that BaZrS3 produced by direct reaction of disulphide
precursors or elemental precursors is more prone to oxidation compared to material created from the
conversion of the oxide perovskite (BaZrO3 ) with CS2 [22] or with the aid of a catalyst like I2 [42], as these
do not reveal any secondary phases. This appears not to be influenced by the synthetic environment
(oxygen-rich or inert atmosphere) but rather by elemental stoichiometry, as suggested by Comparotto et al,
who attribute the unwanted phase formation to the presence of S-rich regions in the material [38]. However,
due to the lack of information about the formation process and kinetics, it is difficult to speculate on the
optimum synthetic procedure to follow. The high temperature reported for the synthesis of BaZrS3 and other
chalcogenide compounds suggests the presence of a high energetic barrier for the formation and nucleation
of this compound, which is likely to be the reason for its high stability. The understanding of the
thermodynamics and kinetics of the formation reaction is therefore a fundamental and missing step for the
optimization of this material for energy applications.
The very high temperatures used to obtain crystalline and phase pure materials represent another
important hurdle to overcome for the implementation of chalcogenide perovskites in optoelectronic devices.
In fact, high-temperature processes are incompatible with the majority of thin-film device processes. Among
the perovskite compositions we have discussed so far, only BaZrS3 has been prepared in thin film form.
Comparotto et al deposited thin films of BaZrS3 through sputtering at ambient temperature, but
high-temperature annealing of the deposited film was still needed to improve the crystallinity of the material
[38]. Similarly, Wei et al prepared thin films of BaZrS3 by sulfurization at high temperature of pulsed laser
deposited films of BaZrO3 [43]. They also prepared a photodetector and evaluated the photoresponse and
the electrical behaviour of the material. They identified an n-type conductivity which is probably linked to
sulphur vacancies and good carrier mobility of almost 14 cm2 V s−1 . Unfortunately, the sulfurization
temperatures used to prepare the photodetector makes the process unsuitable for the majority of
optoelectronic devices. More recently, Ravi et al prepared solution-processed thin films using a colloidal
dispersion of solid-state synthesized BaZrS3 . Using low-temperature annealing, the chalcogenide perovskite
thin films were then implemented in working thin film transistors [42]. The results reveal that the BaZrS3
nanocrystals show an ambipolar transistor behaviour, and evaluated a hole mobility three times higher than
the electron mobility, but still very low (0.059 and 0.017 cm2 V s−1 respectively). This is likely due to the low
grain size obtained with the nanoparticle processing with low temperature treatments. However, the lower
electron mobility compared to hole mobility is in agreement with the high density of donor states evaluated
in Wei’s work, supporting the hypothesis of a n-type conductivity [39]. To the best of our knowledge, these
are the only reports of working thin film optoelectronic devices based on chalcogenide perovskites.
Photovoltaic devices based on evaporated LaYS3 thin films have been reported, but no photocurrent was
detected [65]. The reason for the lack of functioning photovoltaic devices could be due to the use of
unsuitable partner layers, which is to be expected from a totally new class of materials. In addition to this,
synthetic reports are often for bulk materials, and transitioning to thin films of high enough quality for use
in photovoltaic devices is a complex task.
From this overview of chalcogenide material synthetic achievements, it is clear that major effort should
be dedicated to the material synthesis and thin film deposition of these materials. This goal should be
6
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pursued not only for the preparation of devices, but also to achieve novel compositions, as in the case for
mixed Zr-Ti perovskites. Inspiration should be taken from photovoltaic materials with more developed
synthesis and deposition routes such as CIGS (Cu(In,Ga)Se2 ), CdS and CZTS (Cu2 ZnSnS4 ), or materials
where initial efficiency rises have been more forthcoming like Sb2 Se3 . From this point of view, thin film
growth based on sputtering, e-beam, and vapour deposition appear the most promising routes to achieve
thin films of chalcogenide perovskites. However, this does not mean that synthesis of bulk materials should
be neglected, as this is important from both a fundamental characterization point of view and for the
development of innovative deposition techniques. For example, bulk materials prepared through solid-state
synthesis methods could be deposited through flash evaporation [66–69], pulsed laser deposition [70–74], or
through solution processing if previously dispersed in colloidal form. Although chalcogen loss does not
appear to be an issue for some materials such as BaZrS3, which is very thermally stable, it may cause
problems for other chalcogen perovskites or with specific deposition methods. This problem has been
observed for other chalcogenide absorber materials, such as CZTS, CIGS and Sb2 S3 [75–78]. In these
materials, the volatility of the chalcogenide at elevated temperatures and reduced pressure is problematic as
stoichiometric films are often required to reduce defect density. Chalcogen loss is usually minimised by
depositing and cooling under an inert atmosphere instead of vacuum and the use of rapid deposition rates.
Post growth treatments can also be utilised to try and reverse this chalcogen loss [75–78]. High-temperature
annealing for high crystallinity could be replaced by photonic curing [79–82] or solvent assisted
recrystallization. The possible combinations are abundant, especially if a multidisciplinary approach that
includes inorganic chemistry, material science and device engineering is followed.

4. Conclusions
In this perspective, we have summarized the computational and synthetic achievements and reviewed the
structural, optical and electronic properties of chalcogenide perovskites. The computational studies
consistently indicate the existence of a variety of stable chalcogenide perovskites with bandgaps and high
absorption coefficients suitable for single-junction PV devices. Further, detailed first-principles studies on
some of these chalcogenide perovskites also show the shallow nature of point defects and conclude the
possibility of fine-tuning the optical and transport properties by the B-cation and anion mixing. Despite
these numerous calculations and the features reported, the lack of experimental verification still leaves many
open questions and remaining doubt. In this work, we have proposed future directions for the field,
highlighting that a focus on the preparation of chalcogenide perovskites is urgently required, with a specific
interest in a better understanding of phase chemistry to achieve mixed cation and anion compositions, which
show the most significant promise. Specifically, we suggest an exploration of mixed B-cation compositions as
listed in table 1 because the vast majority of the computational studies to date have focused on Zr and Hf
perovskites. Bandgap engineering in chalcogenide perovskites is shown to be feasible through careful
compositional control and should be widened through computation and experimentation to include a
broader range of compositions, as identified here. Further fabrication and characterisation of thin films
would offer an important step in bridging the gap between the bulk and thin film properties, opening up
opportunities for tailored materials for photovoltaic applications.
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