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Metal Chalcohalides: Next Generation Photovoltaic

Materials?

Francisco Palazon

Metal chalcohalides have recently been highlighted as so-far overlooked
semiconductors that could play an important role in the future of photovoltaics
(PV). Indeed, the blooming field of emergent PV technologies is still in search for
stable, efficient, and environmentally-friendly light-harvesting materials to be
used either in single-junction solar cells or multijunction devices in combination
with silicon or another absorbers. Under the broad terms of metal chalcohalides,
there exists a plethora of semiconductor materials with different chemical,
structural, and optoelectronic characteristics. While some have already been
implemented in solar cells with power conversion efficiencies up to 4-5%, others
are only theoretically described. This perspective article offers a general overview
of these materials as potential next-generation absorbers in PV and also
discusses possible limitations, not only related to intrinsic materials’ properties

Among the different alternatives to silicon
proposed since the 1970s the most prom-
ising ones in terms of efficiency are either
organic semiconductors or inorganic
metal chalcogenides and hybrid organic—
inorganic lead halide perovskites.
Organic PV, despite a recent jump in
efficiency and the development of non-ful-
lerene acceptors, still suffers mainly from
insufficient stability.””! Inorganic metal
chalcogenides and lead halide perovskites,
as well as gallium arsenide present differ-
ent bottlenecks, especially linked to scar-
city and/or toxicity of the different
elements involved such as cadmium and

but also to processing conditions.

1. Introduction

The development of photovoltaics (PV) is strongly related to the
discovery and implementation of different light-harvesting
semiconductor materials.!"! First generation solar cells were,
and still are, based on crystalline silicon. However, despite
the predominance of silicon in PV for the last 40 years, alterna-
tive absorbers have been investigated either to outperform sili-
con in specific aspects (e.g., efficiency, ease of production,
lightness, or flexibility) or to be used in combination with it
in multijunction solar cells. Indeed, recent developments
clearly point toward the use of tandem or multijunction devices
to reach high power conversion efficiencies (PCEs), beyond the
thermodynamic limit for a single-junction device (~33%).”
This requires the use of materials with different bandgaps to
efficiently harvest different parts of the solar spectrum.”
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lead. Furthermore, lead halide perov-

skites, especially hybrid organic—inorganic

ones, suffer from relatively poor stability

toward humidity and heat.’) Kesterites
(CuyZnSn(S:Se), or CZTS), with a slower evolution in record
efficiency than perovskites, could perhaps become a viable alter-
native based on abundant and low-toxicity elements.[
However, the fabrication of high-quality kesterite thin films
for PV remains challenging and not easily upscalable. Tin-based
perovskites hold some promise to combine the advantages of
lead halide perovskites in terms of efficiency, bandgap tunabil-
ity, and ease of production with a lower toxicity derived from the
removal of lead cations. However, to date it is not yet clear if
fully replacing lead by tin in metal halide perovskites can result
in a stable and viable photovoltaic absorber. Indeed, the insta-
bility of Sn(II)-based perovskites represents a major hurdle,
with Sn(Il) being preferentially oxidized in air to Sn(IV).”
This has triggered the research on other lead-free perovskite-
inspired materials®® including but not limited to vacancy-
ordered perovskites such as Cs,Snlg or Cs3Bi,Brg. Hence, it
is fair to say that the search for alternative light-harvesting mate-
rials is still, or perhaps more-than-ever, a timely topic and an
exciting research field."”)

In this perspective article, we will explore a class of rather
overlooked inorganic semiconductors that may play an important
role in the future development of photovoltaics: metal chalcoha-
lides. These materials can be very broadly defined as M, XY,
compounds, where M is one or a combination of several metal
cations and X and Y are one or a combination of several chalco-
gen and halogen anions (a, b, and ¢ can take different values).
This broad definition encompasses different materials which
can be classified by the nature of the metal cation(s). Several
recent review and perspective articles have highlighted the rele-
vance of some of these materials for photovoltaics and related
applications.’*** Nevertheless, these are almost exclusively

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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focused on pnictogen chalcohalides, which are of obvious rele-
vance (see Section 3) but not the only existing candidates. In this
section, we will survey some of the most relevant metal chalco-
halide materials for photovoltaics with a focus (though not exclu-
sively) on low-toxicity and earth-abundant elements. We will also
report and discuss the few existing photovoltaic devices and per-
formances based on these light absorbers. Finally, we will give an
outlook to the potential future development of metal chalcoha-
lides as next-generation PV materials.

2. Transition and Post-Transition Metal
Chalcohalides (M = Ag, Cu, Sn, Pb, or Others)

Several transition and post-transition metal chalcohalides with
different stoichiometries have been experimentally and/or theo-
retically described, some of which may be judged relevant for PV.
Among these, different environmentally-friendly silver-based
chalcohalides have been reported. Ag;SI and Ag;SBr were first
reported by Reuter and Hardel in 1960, who described their anti-
perovskite crystal structure." Indeed, this crystal structure is
similar to the well-known perovskite structure with cations in
place of anions and vice versa (see Figure 1). This analogy
may be better understood by writing these chalcohalides as
ISAg; and BrSAg;, though the former writing is more common
and will be employed hereafter.

Ag;SI and Ag;SBr have been studied mainly for use as solid
electrolytes owing to their superionic conductivity which was
noted already in 1966 by Takahashi and Yamamoto.!" This prop-
erty however varies with the crystalline phase. Indeed at least four
different polymorphs exist for Ag;SI for which only the high-tem-
perature phase may be superionic (ionic conductivity around
1.5Scm™") while the two reported stable phases at room

Perovskite

Antiperovskite

Figure 1. Schematic representation of the perovskite and antiperovskite
crystal structure. Both are isostructural but with anions in place of cations
and vice versa. The perovskite structure to the left may be obtained for
example with green ball=Cs™, yellow ball=Pb*", and red ball=CI~
(CsPbCl3). In contrast, the antiperovskite structure may be obtained with
red ball =17, yellow ball = S>7, and green ball = Ag" (AgsSI or ISAg;) for
instance. Note that high-symmetry cubic (anti)perovskites are depicted
here (based on VESTA rendering of SrTiO; crystallographic information
file retrieved from the Inorganic Crystal Structure Database). However,
slight distortions lead to tetragonal and orthorhombic (anti)perovskites,
often more stable at room temperature. More details on different perov-
skites, antiperovskites, and related structures may be found elsewhere. 6}
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temperature show ionic conductivities one or two orders of mag-
nitude lower.””! The discussion on ionic conductivity here is par-
ticularly related to seminal claims of ion mobility as a cause for
hysteresis in lead halide perovskite-based PV. Indeed, lead halide
perovskites have also been reported to be fast ion conductors.["®!
Nevertheless, most publications on perovskite PV of the last few
years do not show hysteresis in current-voltage curves. Moreover,
Calado et al.l™®! showed that hysteresis in perovskite PV is not
directly linked to ion mobility, but rather to poor interfaces with
contact layers, which can be suppressed by proper passivation.
Hence, high ionic conductivity should not be a barrier for the
implementation of Ag;SX (X = Br or I) antiperovskites in photo-
voltaics. Indeed, these antiperovskites appear as relevant alterna-
tive materials, especially due to their bandgap around 0.9-1.1 eV at
room temperature.”**"! This makes them interesting for single-
junction solar cells as well as for low-bandgap bottom cells in
tandem configurations, although no reports exist to date on these
uses. The lack of reports on AgsSI- or Ag;SBr-based PV devices
may be in great part simply linked to these materials being over-
looked among the many so-called emerging PV materials.
However, it may also be due to difficult and energy- and time-con-
suming synthetic approaches.’*?*) We should note that Ags;SI
ultrathin films have been produced by laser ablation.*”
Nevertheless, the target material for laser ablation had to be
pre-synthesized in vacuum at 750 °C for 3 h, which may be con-
sidered as a process that is not promising in terms of upscaling.
The development of silver chalcohalide antiperovskite PV appears
thus to be limited, at the current moment, by costly synthetic and
deposition processes. Notwithstanding this limitation, silver chal-
cohalide antiperovskites appear promising not only for their
environmentally-friendly character and suitable bandgap, but also
for their chemical versatility. Indeed, similar to lead halide perov-
skites, different partial cation- or anion-replacements have been
reported including Cut and Cd* for Ag™ or I” and ClI~ for
Br~ in Ag;SBr.*?# These substitutions lead to changes in con-
ductivity and phase stability. It is foreseeable that bandgap tuning,
which was not investigated in these reports, may also be achieved
in such mixed-cation and/or mixed-halide antiperovskites.
Eventually, Ag;SBr has also been studied for thermoelectric power
generation,” which is a closely related field to photovoltaics.

Aside from silver chalcohalides, other ternary metal sulfo-
chlorides and sulfofluorides may be relevant for photovoltaics.
Indeed, SnsS,Cl,, CdsS4Cl,, Sn,SFg, and Cd,SF, were theoreti-
cally predicted to be stable compositions with bandgaps through-
out the visible range.BO] Also, SnsS,Cl, is predicted to have low
and balanced electron and hole effective masses of 0.5 m and 0.4
m,. Thus, with a bandgap of 0.9 eV, low charge carrier effective
masses and comprising generally low-toxicity elements, this
material may be especially suited as low-bandgap absorber in
multijunction solar cells.

Lead chalcohalides have also been recently studied and
experimentally demonstrated as colloidal nanostructures
with kinetically trapped metastable phases at ambient condi-
tions.*Y In particular, lead sulfohalides are demonstrated with
tunable bandgap depending on stoichiometry and halide.
Pb,S3Br, nanocrystals have been effectively implemented in
single-junction solar cells with an average PCE of 0.2% (see
Figure 2).

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 2. Pb,S;Br; colloidal nanocrystals implemented in a single-junction solar cell. a) Transmission electron microscopy image of the nanocrystals
with size distribution inset. b) Cross-section scanning electron microscopy image of the solar cell with legend and c) flat band energy diagram.
d) Current density-voltage characteristic and photograph of a representative sample as inset. Adapted with permission.”"! Copyright 2020,

American Chemical Society.

Finally, it might be worth noting that thallium chalcohalide
semiconductors such as TlgSel, have also been employed for
X-ray and gamma-ray detections,*” although they are unlikely
to be adopted for PV, given the high toxicity of thallium.

3. Heavy Pnictogen Chalcohalides (M = Sb or Bi)

Pnictogen chalcohalides combine a trivalent heavy pnictogen cat-
ion and a divalent chalcogenide and monovalent halide anions.
They can thus be written with the general chemical formula MXY
where M = Bi or Sb; X =S, Se, or Te; and Y = Cl, Br, or I. While
they may be viewed as post-transition metal chalcohalides, their
particularities and specific relevance for PV as will be discussed
hereafter, makes it more convenient to discuss them in a sepa-
rate section. Heavy pnictogen chalcohalides are also commonly
referred to as V-VI-VII materials, following the widespread nota-
tion of inorganic semiconductors, based on the element groups
in the periodic table. Similar to what can be said about lead halide
perovskites,?*) V-VI-VII semiconductors cannot be considered
new materials. Indeed, the synthesis of antimony sulfoiodide,
SbSI, can be traced back to Henry and Garot in 1824.2% In
the 1960s these materials started to gain more interest in the sci-
entific community, due to their optical and electrical properties.
Especially, photoconductivity and ferroelectricity of antimony
sulfoiodide were demonstrated by Nitsche, Merz, and coworkers
in 1960 and 1962.1>3%! Moreover, Nitsche and Merz experimen-
tally revealed in 1960 the distinct colors of the different V-VI-VII
semiconductors, which can be related to their bandgap tunability
(see Table 1). This is possibly the main characteristic sought after
today for the development of multijunction photovoltaic devices.

Sol. RRL 2022, 6, 2100829 2100829 (3 of 9)

Table 1. Table adapted from Nitsche and Merz.®*! A, indicates the
wavelength of maximum photocurrent.

Material Color Amax

SbSBr Orange needles 5450-5500 A
Sbsl Red needles 6300-6400 A
SbSeBr Dark red needles 6500 A
SbSel Black needles 6500 A
SbTel Black needles 7200 A
BiSCl Red needles 5900 A
BiSBr Dark red needles 6350 A

BiS| Black needles 7850 A
BiSeCl Dark red needles High dark current
BiSeBr Black needles High dark current
BiSel Black needles High dark current

Table 1 also reveals a needle shape for all V-VI-VII crystals.
This may be linked to the pseudo-1D crystal structure of these
materials (Figure 3)*”! and growth rate anisotropy, which can
be problematic for the formation of dense thin films in a planar
photovoltaic device.*®

Following the reports on photoconductive,** electro-
optical,**! electro-mechanical,*”! and ferroelectrical®®! effects
from 1960 to 1962, SbSI has been investigated for different
electronic applications. In particular, in the last two decades,
several demonstrations have been published on the implemen-
tation of SbSI in different devices. In 2002 Surthi et al.*" grew
thin films of SbSI by pulsed-laser deposition and used them for
ferroelectric memory applications. More recently, in 2015

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

www.solar-rrl.com

(c)

O O ()

1%y
1t
IR

Figure 3. SbSI crystal structure viewed along the a, b, and c axes. Yellow balls represent S?~, purple balls represent I~ and orange balls represent Sb*™.
The view along the c-axis highlights the 1D structure that can be related to the macroscopic needle morphology (see Table 1). Figure created with VESTA
software based on crystallographic information file 25572 from the Inorganic Crystal Structure Database.

Chen et al."*" used SbSI single crystals as photodetectors while
in 2017 SbSI nanowires were used in combination with carbon
nanotubes for photocatalysis by Tasviri and Sajavi-Hezave.[*!
These results suggest that SbSI and other V-VI-VII semicon-
ductors may also be of interest for photovoltaic applications. In
fact, theoretical calculations by Walsh, Scanlon, and coworkers
in 2015-2017 pointed out the relevance of these materials
which had “so far been passed over for other materials” in
PV.74344 gimilarly, Wlazlak et al. stressed the relevance of
these “rediscovered semiconductors” in a review article from
2018.1'% In particular, the authors highlight several features of
these materials that can also be found in lead halide perov-
skites and have contributed to the success of the latter in this
field, including low electron and hole effective masses, photo-
ferroicity, and the ns? configuration of trivalent heavy pnicto-
gens (idem to Pb(II)) which is considered to be the origin to the
defect tolerance of lead halide perovskites.

To the best of our knowledge, the first experimental use of
V-VI-VII semiconductors as light-harvesting materials in solar
cells was reported by Nie et al. in 2018.5% In this work, the
authors grew SbSI on mesoporous TiO, by a three-step process
involving the chemical bath deposition of Sb,S; followed by
spin-coating of Sbl; and thermal annealing to react the chal-
cogenide and halide antimony salts into the desired SbSI. The
use of a mesoporous electron transport layer, aside from max-
imizing the interface with the light absorber and thus the
charge extraction, possibly also has a positive effect in limiting
the highly anisotropic growth of SbSI (see Table 1). Several
organic hole transport materials were tested in this work
and a power conversion efficiency (PCE) of 3.05% was
achieved (see Figure 4a), later improved to 3.62% in a subse-
quent report.[**! Note that this later work also describes the use
of SbSI as interlayer in Sb,S;-based solar cells with optimized
charge transfer and a PCE of 6.08%. To increase the efficiency
of V-VI-VII solar cells, the same group reported the use of
mixed-cation (Sbg¢7Big 33)SI in an adaptation of the former
work where the initial Sb,S; layer is reacted with Bils instead
of SbI;.**I As already noted in the 1960s (see Table 1) Bi-based
V-VI-VII generally absorb a larger portion of the solar spec-
trum due to a narrower bandgap, which is more suitable
for single-junction solar cells. Indeed, Nie et al. achieved a
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considerably higher short-circuit current (Js) close to
15mA cm ™2 than with SbSI (Joc =9 mA cm™?) and an overall
higher PCE of 4.07% (Figure 4b). A complete replacement of
Sb by Bi in V-VI-VII materials reduces the bandgap even
further, in the range of 1.3-1.6 eV.I"*!**7~%] This was used
by Tiwari et al.P% to fabricate BiSI-based solar cells. While
the reported efficiency of 1.3% (Figure 4c) is lower than
in previous reports by Nie et al.*®*¢! employing SbSI, it is
worth noting that in this work the authors employ a planar
architecture with BiSI layers grown by a single molecular
precursor on top of SnO,. The highly irregular morphology
consisting of flake-shaped grains or crystallographic domains
is probably a major hurdle to the overall photovoltaic perform-
ances. Hence, if the morphology of V-VI-VII thin films can be
improved during deposition or via different post-deposition
treatments, we could expect a further improvement in PV
efficiency.

Eventually, it is also interesting to note that bismuth chal-
cohalides have been employed in related fields such as photo-
electrochemical cells®" and ionizing radiation detectors.[*%

4. Mixed-Metal Chalcohalides

Mixed-metal chalcohalide semiconductors have also been
reported and investigated for PV. These are usually formed by
the combination of a heavy pnictogen (Bi or Sb) and a transition
metal cation with a chalcogenide and a halide anion. One exam-
ple is the silver bismuth sulfoiodides AgsBilg_,,S, which can be
seen as a derivative of the mixed-metal halide Ag;Bils by partial
halide-for-chalcogenide anion-exchange. Pai et al.*>*! proposed a
one-step spin-coating approach (see Figure 5a) where small
amounts of bismuth tris(4-methylbenzodithioate) was added
as a sulfur source together with Agl and Bil;. After thermal
annealing, the corresponding Ag;Bilg ,,S, thin films are
formed. It must be noted that XPS characterization of the thin
films also shows signs of metallic Bi(0) (Figure 5b). This is remi-
niscent of metallic lead found in lead halide perovskites,[54] and
could undermine the photovoltaic properties by acting as
nonradiative recombination centers. Notwithstanding this last
observation, as the molar fraction of sulfur (x) is varied from

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. Photovoltaic results (current density—voltage curves and external quantum efficiency —-EQE- and integrated short-circuit current) reported with

V-VI-VII absorbers. a) Results obtained by Nie et al.*® with SbSI. b) Results obtained by the same group with mixed antimony-bismuth sulfoiodide.

[46]

¢) Results obtained by Tiwari et al.®® with BiSl. (a,b) are based on a mesoporous architecture, while (c) uses a planar configuration. The red-shift in
bandgap with introduction of Bi (as replacement of Sb) can be observed by the EQE onset shift. This translates into a higher short-circuit current with
similar architecture (a,b). Adapted with permission.*® Copyright 2018, Wiley. Adapted with permission.l*) Copyright 2019, Wiley. Adapted with

permission.”® Copyright 2019, American Chemical Society.

0 to 6% a progressive bandgap narrowing is observed from 1.87
to 1.76 eV (Figure 5c). This results in generally higher short-cir-
cuit current (Figure 5d) due to the higher external
quantum efficiency (Figure 5e) at longer wavelengths.
Nevertheless, fill-factor (FF) and especially open-circuit voltage
(Vo) are decreased with the lower-bandgap sulfur-containing
materials so that an optimal loading of 4% is found with a power
conversion efficiency of 5.4%.

Aside from this silver-bismuth chalcohalide that can arguably
be referred to as a sulfur-doped metal halide rather than a true
chalcohalide material, there exists a number of reported copper-
bismuth chalcohalides including CusBi,S;15,%%) CuBi,Sesl,P%
and Cu;BigS10l.5% These have been experimentally synthesized
and characterized. Optical absorption measurements reveal
bandgaps of ~0.7 eV. This may seem excessively low for PV
at first, but the present record in efficiency for a multijunction
solar cell combines absorbers with bandgaps down to 0.69 eV.>!
Other copper bismuth chalcohalides have been reported with
complex compositions and mixed valency elements.”->®!

Similarly, Cd-,**% In-*? and Hg-®"! quaternary pnictogen
chalcohalides have been investigated, but seem unlikely to
be implemented today as alternative PV absorbers due to
the scarcity and/or toxicity of these elements. Lead-based
compounds, despite lead toxicity, have been employed. In
particular, Nie et al. reported the use of Pb,SbS,I;3 in a sin-
gle-junction solar cell (Figure 6a—d).[*” To do so, a first layer
of Sb,S; was grown by chemical bath deposition on mesopo-
rous TiO,. Then, Pbl, dissolved in DMF was spin coated on
top followed by thermal annealing. These last two steps were
repeated several times to achieve full conversion of the Sb,S;

Sol. RRL 2022, 6, 2100829 2100829 (5 of 9)

layer into the desired Pb,SbS,I5, as verified by X-ray
diffraction (Figure 6a). This film was found to possess a
bandgap of 2.19eV (Figure 6b). Single-junction solar cells
were fabricated with Pb,SbS,;I3 on mesoporous TiO,
leading to a PCE of 3.12% and a Voc exceeding 600 mV
(Figure 6¢,d). These results, though promising, present
several pitfalls, among which: 1) the toxicity of lead, 2) the
complex deposition method including prior growth
of Sb,S; followed by conversion requiring repeated spin-
coating and annealing steps, and 3) the limited light absorp-
tion (and hence limited short-circuit current) due to a very
wide bandgap.

These shortcomings were overcome by the same group
in a subsequent report on the tin analogue S1,SbS,15.1% This
material could be synthesized as thin film with good phase
purity (Figure 6e) by a simpler one-step spin-coating
approach with a mixture of SbCls;, Snl,, and thiourea as
sulfur precursor dissolved in DMF. The resulting
bandgap of 1.41eV (Figure 6f) is much narrower than that
of the lead analogue, and better suited for photovoltaics.
As a result, the short-circuit current increases significantly
to 16 mA cm™? (Figure 6g,h) to reach a PCE of 4.04%. Still,
open circuit voltage and fill factor remain relatively low
(Figure 6g).

Furthermore, bismuth analogues Sn,BiS,I; and Sn,BiSIs,
with experimentally determined direct bandgaps of 1.22 and
1.32eV could also be employed and be optimal for single-
junction solar cells.*

Eventually, it is important to mention that mixed-metal
chalcohalides are not all pnictogen-based. Indeed, different

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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indicate the presence of metallic bismuth. c) UV-vis absorption spectra and Tauc plot inset of films with different loadings of sulfur. d) Current density—
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ranging from 0% to 6% given in the legend). Adapted with permission.®® Copyright 2019, Wiley.
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mercury-based mixed-metal chalcohalides have been reported
with bandgaps in the visible range, such as ZnHg;Se,Cl, with
a bandgap of 2.23eV!® and Hg;InS¢Cls with a bandgap of
254V

5. Hybrid Organic-Inorganic Metal Chalcohalides?

In a clear analogy with halide perovskites and so-called “vacancy-
ordered perovskites”,*”) some hybrid organic-inorganic metal
chalcohalides have been proposed with methylammonium
(MA) as monovalent small molecule cation. Vigneshwaran
et all% and Li et al®’ synthesized MA;Bi,ly as well as sul-
fur-doped analogues MA;Bi,(S,lo 5,) obtaining a change in
bandgap upon sulfur addition and achieving a PCE of 0.15%.
These, however, may be considered more as chalcogenide-doped
metal halides rather than chalcohalides, similar to previously dis-
cussed reports on silver-bismuth materials.’* In 2018, Nie
et al.”" reported the synthesis and implementation in solar cells
of MASbBSI,. Nevertheless, the existence of this material was later
disputed by Li et al.”! Therefore, to date, there is no unambigu-
ous report of hybrid organic-inorganic metal chalcohalide
semiconductors.

6. Conclusion

As we have seen in the previous sections, metal chalcohalide
semiconductors represent a vast family of materials with differ-
ent compositions, stoichiometries, and optoelectronic properties.
Many of these can be considered relevant for photovoltaics, based
on different criteria such as bandgap energy and charge carrier

www.solar-rrl.com

mobility as well as low-toxicity compositions. The degree of
investigation of these mostly overlooked materials is also vari-
able, with some materials having been already implemented
in solar cells with different architectures and others being only
theoretically described. These aspects are summarized in
Table 2.

Figure 7 provides a direct visualization of the potential use of
different chalcohalides for single-junction (Figure 7a) and two-
terminal tandem (Figure 7b) solar cells.

As shown in Table 2 and Figure 7, the wide variety of com-
positions in metal chalcohalides translates into a wide range of
bandgap energies that are relevant for photovoltaics. As such,
the Dbest-suited candidates for single-junction devices
(Figure 7a) appear to be Sn—Bi-S—I compounds with different
stoichiometries, which on top of their ideal bandgap are com-
posed of relatively low-toxicity elements. In fact, Sn,BiS,I3 has
already been implemented in solar cells as described in
Section 4 with a PCE of 4.04%,/®*! which is among the highest
reported to date on all metal chalcohalide semiconductors. If we
look at either side of these compounds in Figure 7a, we find
both low-bandgap and wide-bandgap alternatives, that may be
especially relevant for tandem devices (Figure 7b). It must be
noted though that, so far, only the wide-bandgap metal
chalcohalides have been implemented in (single-junction) solar
cells 145465033621 Thege could potentially be combined with
well-established silicon solar cells in high-efficiency tandem
devices. Furthermore, Figure 7b reveals that all-chalcohalide
tandem cells could in principle reach very high efficiencies
as well (e.g., PbsS;I,/Ag;SI combination could yield over
45% maximum theoretical power conversion efficiency). For
this, implementation of low-bandgap chalcohalide absorbers

Table 2. Summary of reported metal chalcohalide semiconductors, bandgap energy, and power conversion efficiency of solar cells employing these
materials as light-absorbers. The bandgap energy value is derived from experimental data when available.

Type Composition Experimental report Bandgap PCE
V-VI-VII Sbsl Yes 2.15 eV 3.62%!**! (mesoporous)
BiSI Yes 1.57 evEQ 1.32%8% (planar)
(Sbo.67Bio33)S! Yes 1.62 evie! 4.07%*?! (mesoporous)
Transition and post-transition AgsSI Yes 0.9-1.1ev 12021 —
metal chalcohalides AgsSBr Yes > o
SnsS4Cly No 0.91eVBY (theoretical) —
CdsS,Cl, No 2.75 V¥ (theoretical) —
Sn 4SFe No 3.36 eVEY (theoretical) —
Cd,SF No 2.15eVEY (theoretical) —
Pb;S,Cl, Yes (nanocrystals) 2.02eVBY —
Pb,S3Br; Yes (nanocrystals) 1.98 eV 0.29%P"
Pb,S;l, Yes (nanocrystals) 1.76 eVEY
Mixed-metal chalcohalides Ags3Bilg.2xSk Yes 1.76-1.87 eV 5.5%
Cu3Bi,Ssl3 Yes > (black) B3 —
CuBi,Se;! and Yes 0.7 eVP® —
Cu3BigSol
Pb,SbS,l; Yes 2.19eV 3.12%!°4 (mesoporous)
Sn,BiS,ls Yes 1.221541. 411831 v 4.04%%® (mesoporous)
Sn,BiSIs Yes 1.32eVI%4 —
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Figure 7. Theoretical maximum PCE achievable with different metal chalcohalides in single-junction (a) and two-terminal tandem (b) solar cells.
a) Representation of maximum theoretical PCE under AM 1.5G as a function of bandgap energy (Eg). Different chalcohalides are placed according
to reported Eg values (see Table 2). For clarity, different compositions are colored by similarity, that is, low toxicity mixed-metal chalcohalides in green;
silver chalcohalide antiperovskites in orange; V-VI-VIl compounds in blue; and lead-based (ternary and quaternary) chalcohalides in red. b) Theoretical
maximum efficiency of a 2T tandem photovoltaic device. Different low-bandgap and wide-bandgap metal chalcohalides are indicated with vertical and
horizontal lines according to their bandgap energy (see Table 2). Adapted with permission.”* Copyright 2019, Arizona State University.

in solar cells remains to be demonstrated. One of the major bot-
tlenecks for the further development of metal chalcohalide
absorbers resides in the complex synthesis and/or thin-film
deposition conditions of these materials. Indeed, as we have
previously discussed, some of these such as Ag;SI antiperov-
skites typically require very high temperatures and long synthe-
sis times,[**?%] whereas others such as lead chalcohalides may
only be stable in bulk form at high pressure.*") Hence, beyond
spin-coating of molecular precursors dissolved in organic sol-
vents and mild annealing on a hot plate (methodology largely
employed for perovskite PV), novel or unconventional synthesis
and deposition approaches should be considered such as mech-
anochemical synthesis,”? pulsed laser deposition,”*) and/or
colloidal synthesis.!]
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