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Abstract

Inorganic phosphosulfides — materials containing phosphorus, sulfur, and at least one metal — are a vast and chemically-
versatile family of materials. Benefiting from a wide range of possible phosphorus oxidation states, phosphosulfide
semiconductors exist as thiophosphate compounds with various types of P-S polyanions, as genuine multi-anion compounds
with or without P-P bonds, as solid solutions, and as many intermediate cases. Since metal phosphides and metal sulfides are
among the highest-performing optoelectronic semiconductors, it seems reasonable to consider the phosphosulfide family as a
potential pool of materials for solar cells, photoelectrochemical cells, and light-emitting diodes. Nevertheless, phosphosulfide
semiconductors have very rarely been characterized with these applications in mind. In this Perspective, we reflect on the
potential applicability of known and hypothetical phosphosulfides as light absorbers and emitters in optoelectronic devices.
First, we distill the existing knowledge accessible through the Materials Project database, finding promising phosphosulfides
among the compounds already present in the database, and identifying what we see as the general advantages and challenges
of phosphosulfides as optoelectronic materials. Then, we propose three concrete research directions aimed at finding novel
high-quality phosphosulfide semiconductors with high light absorption coefficients, high carrier mobilities, and long carrier
lifetimes. In particular, we argue that the versatility of phosphorus in this class of materials could potentially be exploited to
engineer defect tolerance. Finally, we devise and describe a custom synthesis setup dedicated to high-throughput exploration
of thin-film phosphosulfides.

Keywords: Phosphides, sulfides, multi-anion semiconductors, solar cells, water splitting, light-emitting diodes,
optoelectronic properties, materials discovery

photocarrier mobilities p.[1-3] For simplicity, we will refer to
1. Introduction such ideal materials as “high-quality semiconductors”
throughout this paper. Current materials research efforts in
this field are especially targeted at the discovery and
development of semiconductors with relatively wide band
gaps, often above 1.5 eV. The main reason is the lagging
performance of wide band gap sub-cells in cost-effective
multi-junction PV and PEC technologies,[4] as well as the
location of the low-photon-energy edge of the visible region
in LEDs (around 1.6 eV).

The development of new inorganic semiconductors has
often been driven by charge-neutral elemental substitutions in
already-known semiconductors.[5] Even though these
substitutions could be applied on either the cation sites or on
the anion sites, history has given a strong preference to the
cations, generally leading to the development of multi-cation

Optoelectronic energy conversion is very likely to be a key
technology for a sustainable energy future. This broad field
encompasses  photovoltaics (PV, sunlight-to-electricity
conversion), photoelectrochemistry (PEC, sunlight-to-fuel
conversion through electronic processes), and light emitting
diodes (LEDs, electricity-to-light conversion). All these
technologies are based on similar fundamental processes:
Light absorption and emission, electron-hole separation and
recombination, and their transport to/from electrode materials.
Although technology-specific requirements exist, PV, PEC,
and LEDs exhibit a common thread. They all require a
semiconductor material combining a high light absorption
coefficient «, long photocarrier lifetimes 1, and high
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semiconductors. A well-known example is the substitution
starting from CdS to CulnS; and further to Cu,ZnSnS,.[6] The
PV field is full of multi-cation materials, such as the inorganic
halide perovskite CsPbl; and various other ternary absorbers
such as ZnSnN; and AgBiS,.[6,7]

Well-established semiconductors such as InAssP1.« and
Culn1xGaySySe;., are often synthesized with more than one
anion. However, these materials are not genuine multi-anion
compounds but rather anion solid solutions, in which both
anions occupy the same crystallographic sites with different
fractional occupancies. In these cases of anion solid solutions,
the properties of, say, InAssPix can be predicted with
reasonable accuracy from those of the InAs and InP binaries
using Vegard’s law.[8,9] Solid solutions are useful for fine-
tuning the properties of their constituent binaries, such as
lattice parameters and band gaps. However, unique or
unexpected properties are rare. This behavior is in stark
contrast with the genuine multi-cation semiconductors
mentioned in the previous paragraph. These are unique
compounds where each cation occupies a specific
crystallographic site. Hence the properties of CsPbls are
unique, instead of simply being a weighted average of the
properties of Csl and Pbl, With the additional degree of
freedom given by the extra cation, CsPbls turns out to be an
excellent PV absorber, even though Csl and Pbl; are not.

In contrast to the multi-cation case, experimental
investigations of genuine multi-anion materials for
optoelectronic energy conversion are much more sparse.[10]
There has been some experimental work on certain oxynitrides
(e.g., LaTiO;N, TaON [2,10,11]), oxysulfides (e.g.,
Y,Ti,0sS; [11], oxyhalides (e.g., BiOIl [11]) and sulfoiodides
(e.g., SbSI [12]). However, very few multi-anion materials
have been explored and their PV efficiencies are generally
below 5%.[13]

In this Perspective, we will discuss the prospects of multi-
anion and polyanionic phosphosulfides (PSs) as potential
high-quality semiconductors. We will see that PSs are still
nearly unexplored in the context of optoelectronic energy
conversion. Nevertheless, most of the known PS materials
feature band gaps in the visible, crystal structures with three-
dimensional bonding networks, and a remarkable degree of
chemical diversity that is not easily matched by other
inorganic material families. The fundamental reason for their
chemical versatility is the wide range of oxidation states that
phosphorus can take in the simultaneous presence of a more
electropositive element (a metal) and a more electronegative
one (sulfur). The implications for the discovery of
optoelectronic semiconductors are intriguing. In fact, it is
already possible to identify PSs with direct band gaps in the
visible and low carrier effective masses — potential indicators
of high o and high p — when phosphorus is both in its
maximum (+5) and minimum (-3) oxidation state. We will
conclude this Perspective by proposing an approach for the

high-throughput synthesis of known and hypothetical PS
compounds in thin-film form.

2. Review of previous work

2.1 General features of phosphosulfides

The generic case of an inorganic material containing
phosphorus, sulfur and at least one metal in any stoichiometry
and structure will be referred to as phosphosulfide (PS) in this
paper. Judging from the number of compounds present in the
Materials Project (MP) database[14], PSs have received less
attention than oxygen-containing multi-anion materials.
Nonetheless, they are among the non-oxide multi-anion
families with the most entries (Fig. 1a). The “synthesised” bar
refers to materials that have also been synthesised in bulk form
according to the ICSD database.[15]

The known PS materials can crystallize in a wide variety of
structures, in which the overall structural dimensionality (i.e.,
the dimensionality of the network of chemical bonds in the
material) can be 3D, 2D, 1D, or 0D. [16-20] In this paper, we
will always refer to the structural dimensionality — rather than
the thickness — when labeling PS materials as 3D, 2D, 1D, or
0D. PS compounds generally do not react with moisture or
oxygen, except for at the surface. [21-30] An exception is PSs
with high alkali metal content, which are often reported to be
hygroscopic.[20] Various PSs are also reported to be stable in
electrolyte solutions under a wide range of pH values.[31]
Thus, PSs are not intrinsically air-sensitive materials.

Phosphosulfides with P/S < 1. A closer look at the known
PSs indicates that they mainly consist of ternary and
quaternary compositions, and that the preferred (molar)
stoichiometric P/S ratios are 1, 1/3, 2/7 and 1/4, (Fig 1b). PSs
exhibiting the 1/3, 2/7 and 1/4 ratios are usually called
thiophosphates, due to their similarity to their oxide-based
counterparts (phosphates). Rather than being true multi-anion
materials, thiophosphates are polyanionic compounds in
which P and S form a well-defined structural unit (the
polyanion) with P in the center. The metal cations only bond
to the S atoms of the polyanions, and therefore P is in a
positive oxidation state, as it tends to donate electrons to S
within the polyanion (Fig. 1c) (visualized with VESTA [32]).
This is a completely opposite behavior with respect to the
well-known I1l-phosphide semiconductor (In,Ga)P, and also
to other emerging phosphide semiconductors such as ZnGeP;
and CuP,[33,34] In these single-anion semiconductors, P is
always in a negative oxidation state (usually -3, unless P-P
bonds are present). Instead, thiophosphates have more
similarities with polyanionic semiconductors based on other
elements, such as the well-studied PEC material BiVOa.[2]

The most common polyanions in thiophosphates are [PS4]*
in materials with P/S = 1/4 such as CusPSs; [P2Ss]*, and
[P2Se]* in materials with P/S = 1/3 such as KPSz and NiPSs;
and [P,S7]* in materials with P/S = 2/7 such AgsP,S;.[20]
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These polyanions are shown in Fig. 1c. In all these cases
except for [P,Se]*, each phosphorus atom is tetrahedrally
coordinated to four sulfur atoms. The polyanions simply differ
by the number of shared S atoms between pairs of tetrahedra
(no sharing in [PS4]*, corner-sharing in [P,Se]?, and edge-
sharing in [P2S7]%). The [P2Se]* polyanion can still loosely be
visualized as two linked tetrahedra, but with a P-P bond rather

than S atoms as the link. In all these thiophosphates, P is in the
+5 or +4 oxidation state (Fig. 1c).

Phosphosulfides with P/S = 1. The non-thiophosphate
compounds with P/S = 1 in the MP database are an
intermediate case between the two extremes of “textbook” P-
S polyanions and separate P and S anions that are independent
of each other. A common anionic motif is a simple P-S bond
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Figure 1. a) Number of unique compounds available in the Materials Project (MP) database[14] among materials containing two
anions among O, P, N, S, and an arbitrary number of metals. The “synthesised” bar refers to materials that have also been

synthesised in bulk form according to the ICSD database [15]. b) Number of unique, thermodynamically stable PSs available in the
MP database, grouped by number of elements and coloured by anion stoichiometry. Throughout this paper, “stable” means that
the energy above the calculated stability hull (Enun) is lower or equal to 0.2 eV. ¢) Summary of general features found in PSs grouped
by the anion stoichiometry including the formula of the most common polyanions, the known oxidation states of phosphorus in
these polyanions, their structure represented as a ball and stick model visualized with VESTA [32] and the bonds found in the
materials with the respective anion ratio.

https://doi.org/10.26434/chemrxiv-2024-pr17h-v2 ORCID: https://orcid.org/0000-0001-6241-4303 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0



https://doi.org/10.26434/chemrxiv-2024-pr17h-v2
https://orcid.org/0000-0001-6241-4303
https://creativecommons.org/licenses/by/4.0/

(as in FePS), or two P-S bonds linked by P-P bonds (as in
PdPS). Unlike the case of thiophosphates, here P participates
in bonding with the metal cations, so it typically appears in
intermediate oxidation states (-1 or -2). Among the known
compounds with P/S =1, there are also cases where P-S bonds
are completely absent and only metal-S and metal-P bonds
exist as in conventional multi-anion materials like oxynitrides
or oxyhalides. In these cases (such as YPS and TaPS) the P
oxidation state can be between -3 and -1, depending on
whether P only bonds to metal atoms or also to other P atoms.

Phosphosulfides with P/S > 1. To the best of our
knowledge, PSs with a P/S ratio above 1 have never been
synthesized and are rarely present in computational materials
databases. The only such material available on MP seems to
be Zr,PsS. Nevertheless, a 2019 computational screening
study by Amsler et al. [35] based on density functional theory
(DFT) included four PSs with P/S = 2 in their pool of
candidates (Mg4P,S, CasP2S, SrsP,.S, and BasP,S).
Unexpectedly, the authors found all these compounds except
for Mg4P.S to be thermodynamically stable in a previously
unknown crystal structure derived from the BasAs; structure.
The implications of this recent discovery on optoelectronic
energy conversion applications will be discussed later. At this
stage, we simply note that the results by Amsler et al. suggest
that a large portion of the PS material space (i.e., compounds
with P/S > 1) may still be awaiting discovery.

2.2 Common applications of phosphosulfides

Several PS materials have demonstrated high technological
value and/or unique properties not found in other groups of
materials. For example, LijoGeP;S:, demonstrated record
ionic conductivity in 2011 and Li-based thiophosphates are
among the most promising solid electrolytes for solid-state
batteries;[36] in 2020, CulnP;Ss was found to be a
ferroelectric material with exotic features;[37] and in 2020,
unique excitonic effects were found in atomically-thin,
antiferromagnetic NiPS3.[38] In general, thiophosphates with
3D structural dimensionality have predominantly been
investigated as solid electrolytes for Li and Na batteries[39]
and as non-linear optical materials.[40] Thiophosphates with
2D structural dimensionality (often referred to as “van der
Waals” materials) have mainly been studied in the fields of Li
and Na battery electrodes [41-44], ferroelectrics [45-47],
magnetic materials[16,17,48-50], and catalysts for the
oxidation of S? [51], the reduction of CO, [52], the HER
[26,53-57] and the OER [24,29,57].

Conversely, only few papers report on optoelectronic
characterization of PS semiconductors.[30,35,58-66] Even
when such characterization is presented, the samples are
generally synthesized in bulk form (crystal or powder) or as
nanoparticles. This has so far prevented the fabrication of
solid-state devices, such as solar cells and LEDs. PSs in thin-
film form, which would be particularly advantageous for

optoelectronic applications, are almost absent from the
literature. In the following section, we will review the few
studies involving PS in the context of optoelectronic energy
conversion.

2.3 Previous studies on phosphosulfides for
optoelectronics

The only computational study investigating an appreciable
range of PS semiconductors for optoelectronic applications is
the DFT screening study by Han and Ebert.[58] The authors
considered 18 ternary thiophosphates with a MPS; (M = Na,
K, Rb, Cs, Cu, Ag), MPS, (M = B, Al, Ga, In, Sbh, Bi) and
MsPSs (M = Li, Na, K, Rb, Cu, Ag) composition. All these
compounds are based on the tetrahedral [PS4]* or [P,Se]*
polyanions but have different crystal structures. Band gaps
between 1.7 and 4.1 eV were determined with the state-of-the-
art HSE06 functional.[67] Many of the investigated materials
had sufficiently low carrier effective masses to be considered
for optoelectronic applications where electronic transport
matters. NasPS, revealed high p-type dopability, a band gap
above 3eV and a low hole effective mass, making it a
potential p-type transparent conductor. AgsPS4 was identified
as the most promising PV absorber in the study, due to a direct
band gap in the visible and lack of deep defects with a low
formation energy. Since the band alignment of AgsPS, with
the water redox potentials was found to be favorable, AgsPS,
was also suggested as a potential PEC water splitting absorber.
Both NasPS, and AgsPS, are 3D PSs.

Some of the thiophosphates screened by Han and Ebert
have been experimentally investigated. Tiwari et al. studied
the optoelectronic properties of BiPS, powders for solar
energy conversion.[59] BiPS4, a 3D PS, was found to have a
direct band gap of 1.72 eV, n-type conductivity, moderate
electron effective masses, and an encouraging carrier lifetime
around 1 ns.[59] Shaddad et al. utilized a BiPS4/BiVO,
heterojunction to increase the photocurrent of a bare BiVO,
photoanode for PEC water splitting.[26]

The Cu3PS4.xSex solid-solution series (3D) was synthesized
in powder form by Itthibenchapong et al., and investigated as
a potential PV absorber.[60] With increasing sulfur content,
the band gap increased from 1.35 eV (CusPSes) to 2.38 eV
(CusPS4). This band gap range covers the requirements of
many optoelectronic energy conversion technologies. [60]
Spectrally narrow photoluminescence close to the band gap
energy and a PEC response were subsequently measured for
pure-sulfide CusPS, nanoparticles,[61] which were also
employed as a hole transport layer in perovskite solar
cells.[30]

The optoelectronic properties of the 2D PS GaPS, were
computationally investigated by two groups. Liu et al.
predicted a reduction of the band gap and improved band
alignment for unassisted PEC water splitting upon
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introduction of single transition metal atoms into GaPS4.[57]
Shen et al. performed defect calculations in GaPS, to derive
favorable growth conditions for n- and p-type doping.[62]
Furthermore, they found that a higher optical band gap in
GaPS, compared to the fundamental calculated band gap is
due to dipole-forbidden transitions. This feature was
independently found in AgsPS4,[58] despite the substantially
different structures in the two compounds. Pd3(PS4)2, another
2D PS material with [PS4]* anions, was experimentally
studied by Roy et al., who reported a PEC response from
exfoliated nanosheets of this material.[53]

A few 2D thiophosphates with [P2Sg]* anions have also
been optoelectronically characterized to a limited extent. In
1979, Brec et al. characterized MPS; crystals and powders
(M= Mn, Fe, Ni, Zn, Cd, Inges)[63] and reported their band
gaps (1.5-3.5 eV), electrical resistivity (10%-10* Qcm) and o
(exceeding 10* cm™ just above the fundamental band gap).
These materials were also computationally examined by
Zhang et al. for PEC applications.[64] The authors calculated
their band alignment and optical absorption coefficient, and
concluded that FePS; and NiPS; exhibited a promising
combination of properties for PEC water splitting. Cropek et
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al. characterized two different phases of Ag.PS; with 3D
structural dimensionality. [66] Both phases were found to be
air-stable, n-type semiconductors with indirect band gaps of
2.5 eV and detectable PEC responses. After the discovery of
ferroelectricity in CulnP,Se,[37] Li et al. reported the bulk
photovoltaic effect in single crystals and exfoliated flakes of
this 2D quaternary thiophosphate featuring the [P,Se]*
polyanions.[65] Wang et al. employed exfoliated CulnP,Sg
sheets in PEC cells, and observed an increased photocurrent
when oxygen was incorporated on the CulnP,Se surface.[55]

We could only find a single, very recent study on the
optoelectronic properties of a [P,S7]* thiophosphate (Feng et
al. [54]). Using first-principles calculations, the authors
concluded that two different phases of Ag.P,S7 possess high o
in the visible and suitable band edge positions for PEC water
splitting.[54] Moving to non-thiophosphate PSs with P/S = 1,
Roy et al. demonstrated working photodetectors based on
exfoliated PdPS sheets.[25] Houari and Benissad suggested
CoPS as a PV absorber based on first-principle
calculations.[68]

As mentioned in Section 2.1, it appears that no materials
with P/S > 1 have been synthesized in any form. However, the
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Figure 2. Calculated band gaps for the most stable (i.e., lowest Enun) ternary PS for each metal cation and each P/S ratio of 1/1, 1/3, and
1/4. Only materials with Enun < 0.2 eV are considered. For two materials with equal stoichiometry and Enun, preference is given to the one
with a band gap closer to 2 eV. The band gaps include a correction to the PBE-level band gaps [69] available on the MP database, to
account for their systematic underestimation. The corrected values are obtained by polynomial regression between the PBE band gaps
and the more accurate band gaps calculated at the HSEO6 level [70] on a sample of 62 PSs available in the SNUMAT database [71].
More details are explained in the SI. The position in the periodic table indicates the third constituent element of each PS. Metallic

compounds (band gap of 0) are displayed in black.
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recent computational screening study by Amsler et al.
suggests that some of these hypothetical P-rich compounds
may have very promising properties for optoelectronic
applications. The authors investigated ternary compounds
with a X4Y,Z stoichiometry, where X =Mg, Ca, Sr, Ba; Y =P,
As, Sb, Bi; and Z=S, Se, Te.[35] The study included machine-
learning prediction of stable stoichiometries, global structure
prediction, and detailed DFT calculations of the hypothetical
materials that resulted from the first two steps. Three out of
four phosphosulfides (CasP;S, SrsP.S, and BasP.S) were
found to be on the convex stability hull in their lowest-energy
structure. Thus, these materials are likely to be synthesizable.
All three materials exhibited a direct band gap at the T" point
and high band edge dispersion (i.e., low effective masses). The
former is often correlated with a high a, the latter with high p.
Their band gaps were found to decrease when moving down
the group. At the PBE level, CasP,S had a band gap of 1.8 eV
and BayP,S had a band gap of 1.3 eV. At the HSE level (known
to yield more accurate band gaps), the corresponding band
gaps were roughly 2.7 eV and 2.0 eV, respectively. These
combined features indicate that these newly discovered PSs
could be highly interesting for visible light emission,
multijunction solar cells, and PEC water splitting
applications.[35] Their potential air sensitivity should,
however, be investigated.

3. Semi-quantitative screening of the known ternary
phosphosulfides

We have seen that some PSs have been studied for their
optoelectronic properties, but only very few materials have
been reported in more than a single publication. In addition,
work has almost only focused on thiophosphates. Does the PS
material family warrant a broader, rational search for new
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semiconductors? If so, where should we search? To help
answer these questions, we examine selected properties of all
the ternary PSs present on MP and predicted to be
thermodynamically stable by DFT. The examined properties
are band gap (Fig. 2), structural dimensionality (Fig. 3), and
effective masses (Fig. 4). When specific materials are
discussed, reference is made to their Materials Project ID.

3.1 Band gaps

The band gaps (calculated at the PBE level[69] and
corrected to the HSE level[70]) of the lowest-energy ternary
PS for each metal cation and the most common P/S ratios are
displayed in Figure 2. See Supplementary Information for
details on the correction and the data used from the SNUMAT
database [71]. PSs span the whole range from metals to wide-
gap insulators, but most of them are predicted to be
semiconductors, often with band gaps in the visible. This is a
promising trend for applications within optoelectronic energy
conversion. Ternary PSs from s-block metals generally feature
the widest band gaps followed by the ternaries incorporating
p-block and Group 12 metals, while the PSs including d-block
or f-block metals feature the lowest band gaps. For most metal
cations, a P/S ratio of 1/1 generally yields the narrowest band
gaps and a P/S ratio of 1/4 the widest band gaps.

3.2 Structural dimensionality

Although thiophosphates with 2D structural dimensionality
have received particular attention,[16,21,31,72] data mining
from the MP database reveals that most of the known PSs
actually have 3D dimensionality (Fig. 3a). For quaternary and
quinary PSs, the share of 3D-structured materials is even
higher than what is found in ternary systems (Fig. 3a).
Interestingly, most of the 2D-structured materials appear in
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Figure 3. a) The number of stable (Enun < 0.2 eV) ternary, quaternary, and quinary PSs available in the MP database grouped by structural
dimensionality (0D, 1D, 2D, 3D). b) The structural dimensionality of the available stable ternary PSs grouped by P/S ratio with P/S ratios of

1/4, 2/7, 1/3, 1/1 and a summary of all others.
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the P/S = 1/3 category (Fig. 3b) in combination with the
[P2Se]* polyanion (Fig. 1c).

The predominance of 3D structures is encouraging for
optoelectronic energy conversion application, because 3D
structural dimensionality is usually a necessary (though not
sufficient [73]) condition for good photocarrier transport in all
directions. Specifically, 3D structures with high spatial- and
energy overlap between the orbitals constituting their band
edges usually result in high band dispersion and low effective
masses of electrons and holes in all directions. Since p is
inversely related to the effective mass, low effective masses
are usually correlated with high carrier mobilities. Indeed, all
the inorganic PV absorbers with demonstrated efficiencies
above 15% have 3D structural dimensionality.[74]

3.3 Effective masses

Along with the structural dimensionality, it is useful to
extract quantitative values of the effective masses of the
ternary PS semiconductors for which a band structure
calculation is available on MP. The direction-averaged
effective masses of holes and electrons (extrapolated using the
BoltzTrap2 package [75,76]) in these PSs are displayed in Fig.
4. We find that a few compounds have low effective masses

P/S = 1/4; electrons

in both the valence and conduction band. Some examples are
the previously identified AgsPSs (mp-12459), CusPS, (mp-
3934) and NasPS4 (mp-28782), [58,60] the newly identified
Zr(PSs3)2 (mp-8203). as well as various narrow-gap compounds
with d- and f-block metals.

However, at least one of the effective masses is greater than
the rest mass of the electron mo in most of the known ternary
PSs (Fig. 4). Therefore, the predominance of 3D structures in
PSs is generally not sufficient to ensure high p in this class of
compounds. We also note that holes in PSs are generally
heavier than electrons, as often seen in semiconductors. Since
low effective masses are not fundamentally prohibited by low
dimensionality in PSs, we argue that one of the key areas of
research in PS semiconductors for optoelectronic energy
conversion should be to identify design rules for obtaining low
effective masses.

4. Searching for new phosphosulfide semiconductors

The analysis in the previous section indicates that it might
be necessary to move beyond the already-known ternary PSs
to find more than a handful of candidates for high-quality
semiconductors. Assuming that PSs with band gaps in the
visible are plentiful (Fig. 2), the key questions are where to

P/S = 1/3; holes
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Figure 4. Calculated direction-averaged carrier effective masses for electrons and holes in the most stable ternary PSs (Enun < 0.2 €V) for each
metal cation and each P/S ratio of 1/1, 1/3, and 1/4. Only materials with an electronic band structure calculation available on MP are
considered. Thus, the materials shown here for each metal cation and P/S ratio do not always correspond to the ones shown in Fig. 2. In the
case of two materials with equal stoichiometry and Enun, preference is given to the one with the smaller sum over the effective masses of
both carriers. The effective masses are extrapolated from the MP band structures using the BoltzTraP2 package [75,76] at room
temperature and under low doping density. The position in the periodic table indicates the third constituent element of each PS.

https://doi.org/10.26434/chemrxiv-2024-pr17h-v2 ORCID: https://orcid.org/0000-0001-6241-4303 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-pr17h-v2
https://orcid.org/0000-0001-6241-4303
https://creativecommons.org/licenses/by/4.0/

find new materials (i) with low effective masses, required to
achieve high p, and (ii) with low defect densities and/or
capture cross sections, required to achieve high t. While we
do not have exact answers to these questions at this stage, we
will argue in the next three sections that there is significant
scope for the discovery of new PSs with such desirable
properties. The three main strategies we will outline are:
Increasing the number of elements from ternary to quaternary
compounds (Sec. 4.1), exploring P-rich compositions with P/S
> 1 (Sec. 4.2), and exploiting the chemical versatility of
phosphorus (Sec. 4.3).

4.1 Increasing the number of elements

Unlike most elements, phosphorus can take a wide range of
oxidation states from -3 to +5 in solid-state materials. PSs are
an ideal material family to see these extreme oxidation states
in action. We have already seen that compounds with P/S <
1/3 prefer high positive oxidation states for phosphorus (+5,
+4), whereas negative oxidation states (-1,-2,-3) are favored in
compounds with P/S > 1. Since phosphorus can easily form
bonds with other P atoms in the solid state,[34,77] all other
intermediate oxidation states are in principle possible. The
availability of such a wide range of oxidation states indicates
that there should be many combinations of elemental
compositions that satisfy the requirement of charge neutrality.
This translates into a large number of hypothetical PS
materials that are chemically plausible and not intrinsically
metallic.

To verify this hypothesis, we estimate the number of
hypothetical charge-neutral PS compositions with the
SMACT package [78]. For ternary PSs, the result is 1,737
distinct compositions assuming M,PpS, formulas including
metals up to Bi and stoichiometric coefficients a,b,c between
0 and 10. For comparison, the number of charge-neutral
ternary oxysulfides (M.OpSc) is only 228 using the same rules.
For quaternary PSs, the number of distinct charge-neutral
composition is 202,829, assuming M1,M2,P.Sq formulas with
stoichiometric coefficients up to 10. Again, the number of
oxysulfides is significantly lower (31,499).

Although the charge neutrality filter does not guarantee
thermodynamic stability, these numbers give an idea of the
enormous size of the quaternary PS chemical space, even
when compared to other quaternary spaces that do not contain
elements with the same versatility as phosphorus. Besides the
advantage in size, what are the prospects of finding high
quality semiconductors among quaternary PSs? An
encouraging trend is that the number of already-known stable
quaternary PSs exceeds the number of corresponding ternaries
(Figure 1). Hence, quaternary PSs should not have intrinsic
problems with thermodynamic stability. Other promising
features of the existing quaternary compounds are a higher
fraction of materials with 3D structural dimensionality with
respect to ternaries (Figure 3), and a higher fraction of

materials with a P/S = 1/4 ratio (Figure 1), which typically
have lower effective masses (Figure 4) than the P/S = 1/3 case.

Another question one may ask is: Can quaternary systems
contain semiconductors with improved properties with respect
to the ternaries? As an instructive example, let us consider the
case of KAQ,PS, (mp-12532). In terms of composition, this
compound only differs from AgsPSs (mp-12459) by the
replacement of one Ag atom per formula unit by a K atom.
Although the structures of the two materials are different, they
are 3D in both cases. The band gap is predicted to increase
from AgsPSs to KAg.PS, (1.0 to 1.2 eV at the PBE level, 1.8
to 2.1 eV with HSE correction). Even though effective masses
often tend to increase with increasing band gaps, [79] the
direction-averaged hole effective mass of KAg.PS, actually
decreases by 0.48 mo, while the electron effective mass
remains approximately constant. The resulting effective
masses in KAg:PS4 (0.25 my for electrons, 0.78 mg for holes)
are typical of high-quality optoelectronic semiconductors.
This interesting trend might be explained in very qualitative
terms by the inductive effect, [80] in which the presence of an
electropositive cation (here, K*) increases the covalency of the
remaining bonds (here, Ag-S), and therefore the dispersion of
the bands.

Although the band gap of KAg,PS, is indirect (thus o might
be low), this example demonstrates that the properties of
quaternary PSs can be superior to the weighted average of the
properties of their ternary constituents. Thus, we expect that
optimal combinations of properties (high a, p, and 1) should
be accessible in quaternary PSs with an appropriate
combination of elements.

4.2 Increasing the phosphorus content

We have seen that the majority of the known PSs are
polyanionic thiophosphates with low P/S ratios (1/3 and
below). Although a combination of visible band gaps and low
effective masses can be found in some cases (Fig. 2 and Fig.
4), many thiophosphates exhibit relatively flat bands and high
effective masses. Disperse bands and low effective masses
seem to be more common in PSs with higher phosphorus
content and with separate P and S anions, rather than
polyanions. For example, a significant fraction of the known
compounds with P/S = 1 have low effective masses (Fig.4).
While this is a promising trend, three questions remain open
for this class of PSs. 1) Are low effective masses common
simply because compounds with P/S =1 tend to have narrow
band gaps? 2) Are compounds with P/S = 1 only
thermodynamically stable when the metal belongs to either the
d-block or the f-block? 3) Are there really so few quaternary
compounds with P/S =1 as Fig. 1b seems to suggest?

Moving to even P-richer compositions, all the currently
known PSs with P/S = 2 (CasP,S, SrsP,S, and BasP,S)[35]
have a favorable combination of direct band gaps in the visible
and low effective masses. The only compound we could find
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with P/S = 3 is Zr,PsS (mp-1215423). This PS is only slightly
metastable (18 meV above the convex hull) and is predicted
to be a semimetal at the PBE level. Due to the systematic band
gap underestimation of the PBE functional, Zr,P3S might as
well be a semiconductor. It is also plausible that other ternary
and quaternary compounds with P/S = 3 may exist.

In Fig. 5, we show some of the structural motifs seen in PS
compounds with P/S > 1 and independent P and S anions.
They contrast with the polyanionic motifs shown in Fig. 1c for
materials with lower P/S ratios. In some of the materials
shown in Fig. 5 (Y2PS, CasP-S) the coordination environments
of P and S are nearly identical, which may promote disorder
in the anion sublattice under certain experimental conditions.
This can be a beneficial feature, because control over the order
parameter in a semiconductor can be exploited to fine-tune its
properties.[81] Other materials shown in Fig. 5 (YPS and
Zr,P3S) have rather different coordination environments for P
and S, so less prominent disorder effects are expected.
Substantial P-S disorder also seems unlikely in thiophosphates
because S and P are in significantly different chemical
environments with very different oxidation states and ionic
radii.

From the analysis in this section, we argue that research on
P-rich phosphosulfides would be of particular interest, both
for fundamental materials discovery and for optoelectronic
energy conversion applications.

4.3 Exploiting the chemical versatility of phosphorus to
engineer defect tolerance

Our analysis so far has focused on where to find PSs with
low effective masses and direct band gaps in the visible. These
features are correlated with high pand high o in an appropriate
photon energy range. However, we have not touched upon the
third desirable feature mentioned in the Introduction, i.e., a
high carrier lifetime t. Compared to the case of a and p, it is
much more difficult to find simple properties available in
materials databases that can be correlated to t. The carrier
lifetime is inversely related to the product of the concentration
and capture cross section of crystal defects that are active as
Shockley-Read-Hall recombination centers. In addition, the
closer a defect state is to mid-gap, the higher the Shockley-
Read-Hall recombination rate will tend to be at constant .[82]
For most compound semiconductors, the dominant defects are
not extrinsic impurities, but rather native defects that are
thermodynamically favored. Developing general design rules
for semiconductors with high t and low recombination rates
(“defect-tolerant™) has proved elusive. Nevertheless, there is
some consensus that the nature of the electronic states at the
band edges plays an important role.[83-85] Relevant factors
include the constituent orbitals, their hybridization, and
whether they form bonding or antibonding states.

In this sense, the chemical versatility of PSs gives a design
handle that is not available in most other material classes. To
see how, we recall our conclusion (Sec. 3.3, Sec. 4.1, Sec. 4.2)
that some semiconductors with high o and high p are likely to
be found among PSs with different P/S ratios and oxidation
states. This implies that the phosphorus states can be “moved
around” between the valence and the conduction band by
changing the material, while still keeping a high a and high p.

Zn,PsS

K

=

Figure 5. Some structural motifs seen in PSs with high P/S ratios and without P-S polyanions. The structures of PSs YPS (mp-1191026), Y2PS

(Mp-1216056), CasP2S [35] and Zr2PsS (mp-1215423) are represented as a ball and stick model and visualized with VESTA [32] Phosphorus
is always displayed in purple, sulfur in yellow and the respective metal in the third colour. This figure is intended to complement Fig. 1 by

including materials with separate P and S anions.
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Because the differences in P oxidation states in PSs are so
large, we also expect large variations in hybridization and
bonding types. It seems probable that some of these materials
will be significantly more defect-tolerant than others, although
it is impossible to determine which ones simply based on
chemical intuition.

An exemplary case is the comparison of AgsPSs and
Ba,P,S (Fig. 6). From a chemical standpoint, these two
materials are completely different. AgsPS, is a 3D
thiophosphate featuring the common [PS4]® tetrahedral
polyanion, no metal-phosphorus bonds, and P in the +5
oxidation state. P states give an appreciable contribution to the
conduction band minimum (CBM), which is predominantly of
Ag(s) character. The valence band maximum (VBM) consists
of hybridized Ag(d)-S(p) orbitals and contains ho meaningful
contributions from P states. BasP,S is a 3D PS with
independent P3- and S% anions and no other bonds than metal-

P and metal-S bonds. Opposite to the case of AgsPS., the
VBM of BasP,S is dominated by P(p) states as in IlI-V
semiconductors. On the other hand, the CBM in BasP,S is
mainly composed of Ba(d) states without substantial
contributions from P orbitals. Although sulfur states give
important contribution to both band edges in AgsPS., they are
virtually absent in BasP,S.

Despite all these differences, we recognize similar
desirable features in the band structures (visualized with the
GPAW code[86]) of AgsPS,and BasP2S (Fig. 6). Band gaps
are direct and lie in the visible (after applying the HSE
correction), and both the CBM and the VBM have high band
dispersion. Thus, both materials have significant potential for
high a and high p. Since the chemical origin of the band edges
is completely different in the two materials, tuning the P/S
ratio (or equivalently, the oxidation state of P) is a design knob
unique to PSs. As the character of the band edges can be tuned
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Figure 6. Comparison of Ag3PSa (mp-12459) and BaaP2S [35] as a demonstration of the unique chemical versatility of PSs. The crystal
structure, electronic band structure, and orbital-resolved electronic density of states (DOS) are shown for AgsPSa (top row) and BaaP2S
(bottom row). Most of this information is already available elsewhere. [14,35] For the sake of consistency, we have recalculated the band
structures and DOS at the PBE level using the GPAW code. [86] Even though the character of the band edges is entirely different in the two
materials (see DOS), the resulting band structures have similar features (direct band gaps, disperse bands). The same color code is used for
atoms and for electronic states. Silver is displayed in grey, sulfur in yellow, phosphorus in purple and barium in green.
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while preserving an optimal band structure, we believe it may
be possible to “screen for defect tolerance” by a combined
computational and experimental approach, with the ultimate
goal of achieving a high t.

5. Prospects for experimental discovery and
development of phosphosulfide semiconductors

We have argued that the space of unexplored PSs is vast,
with considerable potential for finding high-quality
semiconductors. Computational screening methods based on
high-throughput DFT are a useful tool to search for materials
with the desired properties in large chemical spaces.[87,88]
However, some of the key properties that are linked to high
PV performance (most notably t) are prohibitively expensive
to calculate for more than a handful of materials.[89]
Additionally, many physical effects that are likely to affect the
experimental t (defect clusters, entropic effects, grain
boundaries etc.) have to be neglected to make the problem
computationally treatable. Finally, it is challenging to predict
the properties of hypothetical materials with unknown crystal
structures, because both composition and structure are
required in first-principles calculations as input. Many
hypothetical PSs with P/S > 1 and many hypothetical
quaternary PSs have unknown crystal structures. Thus, we
argue that high-throughput experiments [90-92] are necessary
to rapidly explore the synthesizability and properties of known
and unknown PS semiconductors.

5.1 Potential synthesis methods

Let us consider the synthesis methods reported for PSs so
far. Are any of them appropriate for high-throughput studies
of optoelectronic materials? Most authors have employed
classic high-temperature solid-state reactions and chemical
vapor transport of bulk PS powders and crystals.
[17,21,31,48,93] These approaches are low-throughput, as the
timeframe for a synthesis run is often in the range of weeks,
due to the slow solid-state diffusion process in bulk materials.

Many known PS crystals with 2D dimensionality have been
exfoliated to produce one- or few-atom-thin 2D PSs.
However, neither the crystal growth nor the exfoliation
process are high-throughput, and this method cannot be used
for materials with 3D dimensionality. Very recently, Zhou et
al. reported a versatile chemical vapor deposition (CVD)
method enabling the growth of 8 atomically-thin ternary
thiophosphates, as well as 5 quaternary thiophosphate solid
solutions.[72] The precursors for sulfur and phosphorus were
the elemental solids. Metal chloride powders were used as
metal precursors. The vapor composition was simply the
evaporated precursors in an Ar/H, carrier gas. While this
method was designed for atomically thin 2D materials, it may
be possible to extend it to grow thicker films of any
dimensionality. Some high-throughput capabilities might be
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engineered in a CVD setup by exploiting temperature
gradients at the substrate and in the precursors.

Several papers have reported synthesis of PSs of various
dimensionalities as nanoparticles or other nanostructured
forms.[26,30,61,94-96] Although nanoparticle synthesis is
amenable to high-throughput combinatorial experiments,[90]
material properties may be affected by size effects. Further,
measurements of various electrical and optical properties
require aggregation of nanoparticles into larger units
(typically thin films). In these cases, problems with
insufficient nanoparticle coalescence and film compactness
can affect the results.

Interestingly, thin films are among the least commonly
investigated material forms for PSs. To the best of our
knowledge, thin-film synthesis has only been reported for six
of the 258 experimentally synthesized PSs present in the ICDS
database (Fig. 1). All of them are thiophosphates: BiPS,4
[26,59], CusPS4 [30,61], SnoP2Se [45], LisPS4 [97], NasPSs
[98], and members of the Li-Ge-P-S system [99]. Relevant
optoelectronic characterization was conducted for BiPS4 and
CusPS,, but these films consisted of spin- or drop-cast
nanoparticles and may not be fully representative of fully
coalesced polycrystalline films. The other films were grown
by standard deposition techniques (thermal evaporation or
pulsed laser deposition) but they were not optoelectronically
characterized.

Despite their very limited presence in literature, we believe
thin-film samples are the most convenient option for high-
throughput discovery and development of PS semiconductors
for optoelectronics. One of the main reasons is that it is
relatively straightforward to engineer compositional and/or
temperature gradients along two independent directions of the
substrate in a single growth run using physical vapor
deposition methods. These gradients typically result in
material property variations across the substrate, which can be
quickly measured by characterization instruments equipped
with automated stages. Thus, it becomes possible to collect
property-versus-composition or  property-versus-process-
parameter combinatorial libraries with a high throughput
across ternary and quaternary systems alike. This
combinatorial approach to materials research for
optoelectronic semiconductors has already been applied to
both thin-film sulfides and thin-film phosphides.[33,100-102]

In addition to their compatibility with high-throughput
methods, thin films grown from controlled deposition sources
are usually compact and have smooth interfaces. These
features are ideal for optical and electrical measurements.
Finally, standard thin-film thicknesses between tens of nm and
a few pm are in the optimal range for most PV/PEC absorbers
and LED emitters with reasonable properties. In fact, the large
majority of solar cell technologies with meaningful
efficiencies is based on thin-film PV absorbers,[13,74] with
silicon being a notable exception due to its unusually low light
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absorption coefficient. Hence, basic materials research on
thin-film samples can immediately be translated into device
prototypes.

While this article has so far focused on the discovery of new
PS compounds, thin-film combinatorial methods are also ideal
for studying PS solid solutions, structural disorder, doping by
impurities, and the effects of non-stoichiometry. In fact, some
quaternary PSs may be more stable in the form of pseudo-
binary solid solutions, rather than as unique compounds. The
GaP-znS solution is a well-documented
example.[95,103,104] Recent CVD work on atomically-thin
PSs also demonstrated growth of 5 quaternary solid
solutions.[72] Ternary PSs are unlikely to form solid solutions
in theory, because S and P have a different number of valence
electrons, so charge neutrality is difficult to enforce with a
single metallic element. Nevertheless, Li- and Cu-based PS
solid solutions have been reported in certain composition
ranges.[52,105] Sulfur is also known to be an effective dopant
in GaP.[106]

5.2 Our strategy for rapid exploration of
phosphosulfide semiconductor thin films

Our vision for high-throughput experimental exploration of
PS thin films is summarized by the cartoons in Fig. 6. The full
synthesis suite consists of three glove box-integrated tools
with access to reactive sources of P and S (Fig. 6a). The tools
are a reactive sputter system, a reactive rapid thermal
annealing furnace (RRTP), and a simple thermal evaporator.
Among them, the main deposition technique is combinatorial
reactive sputtering (Fig. 6b), an established method to create
combinatorial libraries by taking advantage of elemental
composition- and growth temperature gradients across the
substrate.[33,34,90,91,100,101,107,108] Reactive gaseous
sources of S and P are rather uncommon in sputter deposition
systems. Nevertheless, the few examples available in the
literature have demonstrated high versatility and high material
quality.[33,34,34,100,107-111]

Forageneric quaternary PS system M1-M2-P-S (where M1
and M2 are two different metals), a desirable outcome of
sputter deposition of PSs is a combinatorial library with a
gradient in the M1/M2 ratio in one direction, and in the P/S
ratio in the perpendicular direction (Fig. 6¢). A M1/M2
gradient is straightforward to obtain by appropriate orientation
of the M1 and M2 targets (Fig. 6b). Conversely, the P/S ratio
gradient is difficult to achieve if both the P and the S sources
are non-directional, as for the case of H,S and PH3 gases. A
possible solution is to employ compound targets (a metal
sulfide and a metal phosphide) rather than metallic targets.
However, many of such targets are not commercially
available, they have a high cost, a low deposition rate, and the
target stoichiometry limits the range of compositions
achievable in the final film. In our opinion, a more versatile
solution to obtain P/S composition gradients is to employ a
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directional source for either sulfur or phosphorus, or both.
Shown in Fig. 6(b) is the combination of a non-directional PH;
source for P, and a directional evaporation source for S. Due
to the very high vapor pressure of Sg (the standard solid-state
form of sulfur) and its relatively low reactivity at low
temperatures, Sg is first evaporated at a low temperature in an
effusion cell. Then, it is cracked into smaller, more reactive
molecules in a separate high-temperature zone of the source.
By appropriate orientation of the sulfur source, the result
shown in Fig. 6¢ is expected, which gives rise to the desired
orthogonal gradients in composition.

There are two remaining potential problems with a PS film
synthesis approach exclusively based on reactive sputtering.
The first is linked to the volatility of S and P, even when
incorporated in solid-state compounds. For many metal
sulfides and phosphides, heating in a non-reactive atmosphere
leads to decomposition reactions, typically resulting in
preferential loss of S in sulfide films [112] and P in phosphide
films.[34,111] Since temperatures significantly above room
temperature are required to crystallize most inorganic
materials, the decomposition temperature may be lower than
the crystallization temperature for a wide range of targeted PS
compounds. The solution to this problem is to ensure high
partial pressures of S and P during high-temperature
crystallization. Since these species are the gaseous products of
decomposition reactions, their intentional addition to the gas
mix pushes the decomposition reaction towards the left (i.e.,
towards the desired solid PS compound) due to Le Chatelier’s
principle. While relatively high concentrations of S and P in
the gas phase could potentially be enforced in the sputter
system described above, their partial pressures would still be
rather low, because the total pressure in a sputter deposition
process is limited to the 10°-10 bar range.[113]

Reactive annealing of the sputter-deposited combinatorial
libraries in a separate RRTP unit with access to gaseous PH3;
and H,S sources and an accessible total pressure up to 1 bar
can solve this problem. Another advantage of including an
RRTP setup is that it is technically much easier to reach
temperatures in excess of 1000 °C and avoid corrosion in an
RTP furnace than in a sputter system. In fact, an ex-situ
annealing step in a S-containing atmosphere is common
practice in sulfide thin film synthesis [114-118] as it can
ensure film crystallization without the loss of sulfur. In many
labs, transferring a thin film from deposition equipment to
reactive annealing equipment requires exposure to ambient
air. This limits the applicability of the two-step film growth
process (deposition + annealing) to materials that do not react
with oxygen or moisture when they are not crystallized or not
fully sulfurized/phosphorized. Sacrificial capping layers can
be deposited on top of air-sensitive films to slow down their
reaction with air,[115] but this adds complication to the
process, and at least a small fraction of the capping layer is
likely to be incorporated into the final film and may affect its
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electronic properties. Transfer of thin-film samples between
the deposition and the annealing systems in a glove box under
an inert atmosphere (Fig. 6a) can solve these issues.

The second potential problem with PS thin-film synthesis
is dealing with M1-M2-P-S material systems where either M1
or M2 is a volatile metal. Such “problematic” metals are
Group 1 (alkalis), Group 2 (alkaline earths), and Group 12
elements. Since volatile metals tend to sublime in vacuum at
very low temperatures, they are difficult to sputter in a
controlled manner and can cause contamination problems that
are in some cases irreparable. To address this problem, we
propose the inclusion of a very simple thermal evaporator with
replaceable parts in the deposition suite (Fig. 6a). In this

separate chamber, Group 2 and Group 12 elements
(constituting, say, M1 in the M1-M2-P-S system of interest)
can be deposited from metal sources, while the substrate is not
intentionally heated. In a thermal evaporator, even Group 1
elements can be evaporated as pure metals by using alkali
metal dispensers as sources [119]. The volatile M1 can be
evaporated before or after sputter deposition of a M2-P-S
combinatorial library, and the resulting M1/M2-P-S film stack
can be reactively annealed in the RRTP to aim for
crystallization of the M1-M2-P-S material of interest. Due to
the typically high solid-state diffusion coefficients in volatile
metals, no significant kinetic barriers are expected for the
diffusion of the M1 layer into the M2-P-S matrix. Glove-box

Thin-film synthesis suite

Combinatorial
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Figure 7: Cartoon of a PS-dedicated thin-film synthesis suite for high-throughput development of PS semiconductors. a): Overview of the
glove-box-integrated system with the three individual setups described in the main article. a): Overview of the glove-box-integrated
system with the three individual setups described in the main article. b): Scheme of the combinatorial reactive sputter process involving
two metal targets (M1 and M2), a directional S source (the Ss cracker), and a diffuse P source (diluted PHs gas). c): Example of a
combinatorial thin-film material library on a substrate, as expected from the combinatorial sputter deposition process. The arrows
indicate gradients in elemental composition due to the directionality of the sources. The dots indicate potential measurement points for
high-throughput characterization of material properties as a function of composition.
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integration is key for handling and transfer of the air-sensitive
Group 1 and Group 2 metal thin films.

A thin-film deposition suite similar to the one described in
this section has been designed and is currently being installed
in our laboratory. It is our hope that it will allow rapid
combinatorial exploration of (almost) any ternary and
quaternary PS system with any molar ratio between the
desired metals, and with a very wide range of P/S ratios.
Clearly, there should be effective safety measures in place
before working with such a setup. Among them, the potential
release of PH3 and HS gases should be prevented, reaction
products should be neutralized, and materials of unknown
toxicity and reactivity should be appropriately handled.

6. Conclusion

We reviewed trends in composition, structure, and
optoelectronic properties of inorganic phosphosulfides, aided
by the existing literature and the Materials Project database.
Based on this analysis, we assessed their potential as
semiconductors for optoelectronic energy conversion
applications. We believe that phosphosulfides deserve much
closer research attention, as this material family likely
contains semiconductors with strong light absorption and
favorable charge transport and recombination properties. The
main arguments leading to this recommendation are the
following:

1) Among the known phosphosulfides, the majority are
semiconductors with band gaps in the visible and three-
dimensional structural networks, indicating their potential
to absorb relevant fractions of the solar spectrum and to
ensure good electronic transport in all directions.

2) Direct-gap, low-effective-mass semiconductors are
already known in ternary phosphosulfide systems (e.g.,
AgsPS4, BasP,S), even though 3D structural networks in
PSs do not always translate to low effective masses.

3) The high chemical versatility of phosphorus in
phosphosulfides implies that direct-gap, low-effective-
mass semiconductors can be generated by completely
different combinations of frontier orbitals. AgsPSs and
BayP,S illustrate this concept. This is a unique design
handle for phosphosulfides, and it could be exploited to
engineer defect tolerance by engineering the orbital
character of the bands.

4) Phosphosulfides are a vast material space, because of the
wide allowed range of phosphorus oxidation states. We
estimate that the number of chemically plausible
phosphosulfides exceeds the corresponding number of
oxysulfides by almost an order of magnitude.

5) Phosphorus-rich phosphosulfides (i.e., those with P/S >
1) have never been synthesized. Nevertheless, the few
ones that have been computationally studied appear to be
thermodynamically  stable and  with  optimal
optoelectronic features.

6) Quaternary phosphosulfides are often thermodynamically
stable, and there are concrete examples of quaternaries
with improved optoelectronic properties with respect to
their ternary constituents. KAg,PS; is an illustrative case.

We recommend the utilization of high-throughput
experimental methods to screen a larger range of the PSs in
thin-film form and exploit synergies with the modern arsenal
of computational materials science, including high-throughput
DFT and machine learning. In concrete terms, we propose a
custom suite of thin-film growth setups centered around
reactive combinatorial sputter deposition, including options
for reactive annealing and incorporation of volatile metals by
thermal evaporation.
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