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Electronic Structure Engineering

The realization of transparent electronics is hindered by the lack of a suitable high-
mobility p-type transparent conductor (TC). This work used ab initio simulations to
search for a p-type TC based on the layered oxychalcogenide [Cu;S;][AsM;05]
structure. The main result of this study was the discovery of the optimum p-type
oxychalcogenide TC, [Cu,S;][BasSc,Os], predicted to have a higher optical band
gap, better hole mobility, and greater stability than its parent compound [Cu5,S]
[Ba3Sc,Os]; this was verified experimentally.
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HIGHLIGHTS

24 compounds were screened
based on the [CusS,][AsM,05] (14/
mmm) structure

Of the compounds, [Cu,S5]
[Ba3Sc,Os] was predicted to be
the optimum p-type TC

[CUQSZ][Ba3SC2O5] had a
theoretical conductivity of 2,058 S
em™"at1 x 102" cm 3

Successful synthesis of [Cu,S;]
[BazSc,Os] was achieved
experimentally
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Benjamin A.D. Williamson,"?¢* Gregory J. Limburn,®> Graeme W. Watson,* Geoffrey Hyett,*

and David O. Scanlon'.25*

SUMMARY

n-type transparent conductors (TCs) are key materials in the modern
optoelectronics industry. Despite years of research, the develop-
ment of a high-performance p-type TC has lagged far behind that
of its n-type counterparts, delaying the advent of ““transparent elec-
tronics”-based p-n junctions. Here, we propose the layered oxysul-
fide [Cu,S,][Sr3Sc,0s] as a structural motif for discovering p-type
TCs. We have used density functional theory to screen 24 composi-
tions based on this motif in terms of their thermodynamic and dy-
namic stability and their electronic structure, thus predicting two
p-type TCs and eight other stable systems with semiconductor prop-
erties. Following our predictions, we have successfully synthesized
our best candidate p-type TC, [Cu,S;][Ba3Sc,0s], which displays
structural and optical properties that validate our computational
models. It is expected that the design principles emanating from
this analysis will move the field closer to the realization of a high
figure-of-merit p-type TC.

INTRODUCTION

Transparent conductors (TCs) are ubiquitous in modern life with applications
ranging from portable electronics to gas sensing and photovoltaics.” At present
the field is dominated by high-mobility, high-conductivity n-type materials such as
IN203,%° Sn05,*7 Zn0,%” and BaSnO3."%"" Equivalent p-type materials, however,
remain elusive despite decades of dedicated research.'”"'® Should a high-perfor-
mance p-type TC be found, the fabrication of transparent p-n junctions would bring
about the realization of transparent electronics as well as provide a wider range of

materials for use as electrodes in current devices such as photovoltaics.'?'*1¢"1%

Multiple design strategies have been created to formulate increased p-type conduc-
tivity while retaining a large optical band gap (Eg™* > 3.1 eV). In particular these are:
(1) p-type doping of n-type TCs;">"7~%/
main group cations such as Sn?*, Pb?*, and Bi**; (3) spinel oxides such as
ZnCo0,0,4:%%?? and (4) the “chemical modulation of the valence band” (CMVB) formu-

lated by Hosono and coworkers based on CuAIO,.*°

2) (n—1)d"°ns? metal oxides incorporating

Details of these methods are described at length by Zhang et al." However, to date
the most robust and successful method for designing p-type TCs is arguably the
CMVB method. Hosono's group reported that the delafossite CuAIO, possessed
the Cu 3d-O 2p mixing present in the valence band of Cu,O while retaining the
wider band gap of Al,03.%° From this study they established design rules that

4')
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Progress and Potential

This work has predicted and
experimentally realized the p-type
transparent conductor [Cu,S;]
[Ba3Sc,Os], and at the same time
has developed design principles
for layered oxychalcogenide
materials of this structure type.
The layered oxychalcogenide
materials offer a large
configurational space of
potentially stable compounds
with tunable functional properties
for a wide range of applications.
The longer-term ambitions of the
research are to use the combined
methods of density functional
theory and experiments to search
for and understand further layered
oxychalcogenide structure types
and configurations for different
semiconductor applications. This
research has the potential to
affect the types of electronic
devices by bringing us closer to
the realism of transparent
electronics. The research
presented will also further the
development of applications for
which transparent conductors are
essential, such as solar cells.
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involved the preferential mixing of a d'° closed-shell cation such as Cu'* with O 2p
states at the valence band maximum (VBM). The effect of this hybridization is that the
typically polaronic nature of holes at the VBM are delocalized, lowering the ioniza-
tion potential while promoting favorable dispersion. This is also achieved via tetra-
hedral coordination of oxygen by reducing the non-bonding states by distributing
the electrons along the four ¢ bonds.?" To maintain high optical transparency, Cu
must be closed shell (Cu'*, d'°) and spatially separated from other Cu atoms in order
to avoid both intra- and inter-atomic d-d excitations (coloration).

Other delafossite materials such as CuGa0,,°?3° Culn0,,*>3° CuCr0O,,%
CuBO,,**3738 CuScO,,%>%>*7 and SrCu,0,*%*! have all been studied, where in
each case the p-type conductivities were typically several orders of magnitude lower
than n-type TCs despite being transparent to visible light. To date the highest re-
ported conductivity for a delafossite TC is for Mg-doped CuCrO, (CuCrO;:Mg) of
220 S cm™".% This typically arises from the deep nature of the acceptor defects in

these materials hindering degenerate conductivity.****

A natural progression is to extend down the chalcogenides to S and Se. It has been
shown that the band gap decreases from Cu,O to Cu,S to Cu,Se, yet with an in-
crease in conductivity.**~*¢ This is indicative of more dispersive VBMs at lower ioni-
zation potentials and, thus, a greater propensity for p-type degeneracy. LaCuOS
and LaCuOSe are two layered oxychalcogenides that have been shown to possess
the 50:50 Cu 3d-Ch 2p mixing at the VBM while retaining relatively wide band
gaps (LaCuOS = 3.1 eV, LaCuQOSe = 2.8 eV'7 4y, Despite the lower band gap,
Mg-doped LaCuOSe displays far higher p-type conductivities (910 S cm™~"*¥) than
Sr-doped LaCuOS (2.6 x 107" S ecm™"*%) due to the increased covalency of Cu 3d
with Se 4p over S 3p.

One of the most promising p-type TCs in recent years is the layered oxychalcoge-
nide [Cu»S,1[Sr35¢,05],°° which possesses a 3.1-eV band gap, high reported hole
mobilities of 150 cm? V="' s7', and undoped conductivities of 2.8 S cm ™" despite
the low carrier concentrations of 10"7 cm™.>" This structure comprises alternating
[Cu,S,]%~ and perovskite-like [Sr3Sc,05]%" layers as shown in Figure 1. Hybrid func-
tional density functional theory (DFT) calculations showed a desirable electronic
structure where p-type conductivity originates from the [Cu,S,]°~ layer while the
[Sr3Sc,05]?* layer accounts for the wide band gap.37

As a quinary material the [Cu,S;][Sr3Sc,Os] structure can be used as a prototype,
allowing for a large configurational space of p-type transparent conducting mate-
rials and, thus, a greater potential for success in finding materials with low hole
effective mass and degenerately dopable. This method of computationally driven
design has been successfully implemented in advancing the search for high-
mobility transparent p-type semiconductors in previous studies.”>* Combining
this with technological breakthroughs in thin-film and solid-state synthesis proced-
ures allow for the fabrication of “designer” layered compounds; thus, greater
control is achievable, allowing previously unobtainable metastable or difficult-to-
synthesize layered compounds to be realized.?*~>% In this work, using cation substi-
tution in the oxide layer, we computationally predict eight layered oxysulfides
with optical band gaps spanning the range 0.78-3.24 eV. Based on our predicted
properties, our proposed champion TC, [Cu;S;][BaszSc;Os), is successfully synthe-
sized, showing excellent agreement with our calculated structural and optical
properties.
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Figure 1. An Overview of the [Cu,S;][A3M,Os] Structure and Associated Bond Types and Angles
(A) The [CuS,][Sr3Sc,Os] and the crystal structure as viewed along the [100] direction where Cu =
blue, S = orange, A?" = green, M3* = purple, and O = black.

(B) The different bond types for A%*~0 and M**-0O and the S-Cu-$ in-plane bond angle. In this
structure the Cu atoms are tetrahedrally bonded to S within the [Cu,S,2* layer while within the
[AsM,Os]?" layer, there exist square-based pyramids of M®** and O. The A?* cations are generally
coordinated in a square anti-prismatic configuration either with 8 oxygens or 4 oxygens and 4
sulfurs.

RESULTS

Computational Results

Thermodynamic Stability Screening

The calculations in this work involved forming variations of the [Cu,S,][AzM,0s]
structure (tetragonal, 14/mmm) and stoichiometry where A = Sr,Ca,Ba,Mg and
M = Sc,Al,Ga,In,Y,La, resulting in 24 compounds. To simplify the nomenclature,
we use the convention “AB” in this work, e.g., [CuS;][Sr3Sc,Os] is “SrSc” and
[Cu,S;,][BaszAl,Os] is “BaAl."” The thermodynamic stability of the 24 compounds at
0 K was calculated relative to ~313 (geometry relaxed) competing stable phases
taken from the Inorganic Crystal Structures Database.®” A stability criterion was es-
tablished from the energy above the convex hull (E above hull) and ranges from 0 to
0.07 eV atom™" following work by Ceder and coworkers.®® An absolute maximum
can also be applied based upon the synthesis temperature (kgT, where T =
800°C) in Liu et al.,”" which gives an E above hull of ~0.09 eV atom™". The E above
hull values for each compound are tabulated in Table S2 and those within the
stability window are shown in Figure 2. Of the 24 compounds calculated, 10 were
identified within this stability criterion: SrAl, SrGa, SrSc, CaAl, CaGa, CaSc, BaAl,
BaGa, BaSc, and Baln. Among these, the parent compound SrSc possesses an E
above hull of 5 x 107* eV atom ™" and as such is predicted to be stable (within
the errors of DFT), while CaSc, BaAl, and Baln are predicted to be metastable with
energies of 0.05, 0.07, and 0.01 eV atom™’, respectively. CaSc, BaAl, and Baln are
expected to form but may not be phase pure when synthesized and, as such, other
competing phases may be present. All compounds where A** = Mgand M** =Y and
La were found to be unstable. To simplify the discussion in this work, we discuss only
the compounds with both A%* = Ca, Sr, Baand M3* = Al, Ga, Scin the main text. The
structural parameters, band structure, optical absorption, and phonons for Baln can
be found in Supplementary Information (Table S5 and Figure S1).
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Figure 2. Depiction of the Stable and Metastable Compounds with Respect to the Stability
Criterion 0-0.09 eV atom "

The green area is the predicted “stable” region (0-0.02 eV atom™"), the white region depicts the
area of metastability (0.02-0.09 eV atom™), and the red region is the unstable region (>0.09 eV

atom™"). The graph predicts ten potentially stable variations on the [Cu,S,][Sr3Sc,Os] structure.

Energy Above The Convex Hull (eV atom™)

Geometric and Structural Properties
All thermodynamically stable compounds displayed the same 14/mmm crystal struc-
ture as the parent compound after relaxation.

Cell Parameters

Table 1 gives the calculated structural parameters for all the stable compounds using
HSEO6. The calculated lattice parameters and bond lengths for the parent com-
pound, SrSc, are in excellent agreement with the experimental values,”® showing
the efficacy of HSEQ6 to predict the structural properties of all 24 compounds. As ex-
pected, when increasing the size of both A%* and M>* cations, the cell parameters,
volumes, and bond lengths all increase while retaining the 14/mmm crystal symme-
try. In terms of volume change, within the Al, Ga, and Sc compounds (Ca — Ba) an
increase in volume by around 20%, 18%, and 16% is seen for each subgroup, respec-
tively, while the a/c parameters expand by around 5%/10%, 4%/10%, and 3%/9%,
respectively.

[CusS,FP Layer. Previous HSEQ6 studies carried out on SrSc®’ as well as LaCuOS
and LaCuOSe?’ showed that the [Cu,Ch,]>~ layer is responsible for the electronic
states that form the VBM and is thus important in terms of p-type conductivity.
Figure 3 displays the change in valence-band-related bond lengths and angles
comparative with increasing a parameter. For each M** group, expectedly there is
a proportional increase in Cu-Cu, Cu-S, and A**-S distances as well as S-Cu-S
bond angles (in-plane) compared with a. In general, a direct comparison of the
basal lattice parameter (a) with the individual electronic and structural properties
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Table 1. Structural Parameters and Bond Lengths for All Stable Predicted Compounds Calculated Using HSE06

dva-o (€a) (A)  dagsyo (i.iiii) (A)

Compound a(d) c(A)  Volume(d) deucu(A)  dous@B)  <scus()

CaAl 3.71 25.66 353.84 2.63 2.39 101.5 1.78, 1.88
SrAl 3.79 26.77 384.47 2.68 2.4 104.13 1.78,1.92
BaAl 3.89 28.26 427.34 2.75 2.41 107.95 1.80, 1.97
CaGa 3.83 25.66 376.07 2.71 2.39 105.3 1.87,1.93
SrGa 3.88 2672  401.88 2.74 2.42 106.85 1.87,1.96
BaGa 3.97 28.22  445.08 2.81 2.41 110.4 1.91, 2.01
CaSc 4.02 25.25 407.69 2.85 2.43 111.67 1.98, 2.03
SrSc 4.08 26.07 433.45 2.89 2.45 114.55 1.97, 2.05
SrSc (experimental) 4.08 25.99 433.45 2.88 2.49 110 1.91, 2.07
BaSc 4.15 27.44 47211 2.94 2.45 115.37 1.99, 2.09

2.36,2.63,2.78
2.51,2.68,2.82
2.69,2.75,2.89
2.37,2.71,2.90
2.53,2.74,2.91
2.70,2.81,2.99
2.41,2.84,3.01
2.55,2.88, 3.04
2.51,2.88, 3.05
2.70, 2.93, 3.07

OPEN ACCESS

da@+)rs (A)
2.97
3
3.21
3.04
3.1
3.25
3.16
3.2
3.18
3.32

The compounds are ordered in groups relating to M** and within these groups in terms of increasing cell lattice parameter (a) or increasing A>* cation. The
different A?*~O and M**-O bond types are shown in Figure 1, and the S-Cu-S bond angles refer to “in-plane” bond angles (where the S and Cu atoms occur

in the same ac plane as each other).

of the system can be applied. An increased Cu-Cu distance is typically preferred to
avoid d—d transitions known to hamper the transparency of Cu-O-based systems.'?
In this work the Cu—Cu distances increase from 2.63 A for CaAl to 2.94 A for BaSc,
suggesting that the latter will be least likely to suffer colorations due to d—d transi-
tions. The Cu-S distances tend to plateau for the Sr and Ba compounds within each
M3* group and have a minimum bond length of 2.39 A for CaAl and a maximum of
2.45 A for BaSc. It is likely that the Cu-S bond length restrains the systems from ex-
panding further and, hence, partially dictates the stability of the [Cu,S,][A3M,Os]
structure to accommodate the different variations. The results herein lie within the
typical range of other copper sulfide-based materials such as CuyS (~2.27-
2.35 A)***® as well as the layered oxysulfide LaCuOS (~2.42 A).*” Judging from
the increase in bond length from LaCuOS to LaCuOSe and even LaCuOTe"?¢*¢°
(2.42 — 2.52 — 2.66 A), selenide- or telluride-based [CuzSl[A3M,Os] systems
may be able to accommodate the increasing cell size and, hence, larger A%* and
M3* cations such as Y or La.

The S-Cu-S bond angles (in-plane, where the S and Cu atoms are in the ac plane)
increase with a producing a “concertina” effect on the [Cu,S,]?~ layer. The calcu-
lated HSEO6 value for SrSc (114.55°) is in reasonable agreement with experiment,
overestimating slightly by ~5°.°° This linear trend, however, is broken slightly
from SrSc to BaSc, whereby it is possible that a limit to the bond angle is occurring;
any larger cells would likely become strained, favoring either a different crystal
structure or the use of Se or Te within the [Cu,S,]1?~ layer. CusS is known to have
an S—-Cu-S bond angle of 109.5°?%% and LaCuOS possesses one of 108.63°.%7

The A?*—S bond lengths were also calculated to establish an “inter-layer spacing”
between the [CuS,]>~ and [Sr3Sc,0s]* layers. In general, from Ca — Sr — Ba
the increase is linear with respect to a and, to an extent, between the different
M3* groups. The maximum percentage increase within the Al, Ga, and Sc groups
is 8%, 7%, and 5%, respectively.

[AsM,Os]°* Layer. The average A2*-O and M>*-O bond lengths increase linearly
relative to both a and c lattice parameters. Predictably the M3*-O bond lengths
are correlated with the change in their respective cell directions; however, for the
A?*_0 bond lengths the analysis can be split into the effect on the xy and z directions

Matter 3, 759-781, September 2, 2020 763
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Figure 3. Bond Lengths and Angles Related to the Valence Band ([CuxS,1%~ Layer), Cu-Cu, Cu-S,
S-Cu-S, and A%*-S with Respect to Increasing Basal Lattice Parameter

due to the tetrahedral bonding of A?* (the different bond types are shown in
Figure 1). Although the bonds in the xy plane increase linearly with a, the bond
lengths in the z direction show little change between increasing A%* cation and,
thus, c parameter.

Electronic and Optical Properties

Density of States.  Figures 4A-4C show the total and partial density of states (DOS)
for SrAl, SrGa, and SrSc, respectively, which will be used as representatives of
each M3* group in this analysis (the full plots for all nine compounds are shown in
Figure S2). Also given are the percentage of states at the VBM together with valence
band widths (upper “uninterrupted” valence bands between —12 eV and 0 eV) in
Table Sé6 and the conduction band minimum (CBM) in Table S7.

Within each M3* group the composition of the upper valence band remains the
same, with only the valence band widths changing among the groups. In general,
the valence band widths decrease with increasing A2* cation radius and are inversely
proportional to the S—Cu-S angle. It can be surmised, therefore, that the more
obtuse the S-Cu-S angle, the smaller the valence bandwidth; however, as shown
in Figure 4 this is not necessarily the case where both Al and Ga s + p states are pre-
sent from ~—10 eV to —7 eV. From ~—7 eV to —5 eV in SrAl and SrGa, significant
mixing between O p, S p, Cu d, and Al/Ga p states is seen. For SrSc, M3* s states
are not seen in this region, instead being replaced with mixing between O p, S p,
Cu d, and Sc d states. After this point the compounds become very similar, with a
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Figure 4. Density of States

Representative density of states (DOS) for the different groups, SrAl (A), SrGa (B), and the parent
compound: SrSc (C). In each example the VBM is set to 0 eV. Full partial and total DOS for all other
compounds can be found in Figure S2.

large proportion of the DOS belonging to Cu d mixed with O p states in a nearly
50:50 ratio from ~—3 eV to ~—2 eV.

From —2 eV to the VBM (0 eV), Cu d states hybridize with S p states over O p almost
exclusively in ~55:~41 Cu/S ratio with negligible contributions from Cu p, Srp + d,
and O p states (Table S6). These results are similar to previous HSE06 calculations
on SrSc®’ and LaCuOCh (where Ch = S, Se, Te).®®

The states at the CBM (Table S7) vary more widely with composition for each
group of compounds. Within the aluminum compounds, it is clear that a hybridiza-
tion between the Cu s, S's, Al s, and O s states generally make up the CBM. The
influence of increasing A" cation radii plays a significant role increasing the Al s
character of the CBM from 5% to 30%, together with O s + p while decreasing the
overall contribution from Cu and S states from 58% in SrAl to just 25% in BaAl. In
CaAl, a significant mixing of Ca s states is present at the CBM, which may be likely
due to possessing the smallest A%*-S bond length (2.97 A).

The gallium systems display predominantly Ga s and O s mixing with a markedly
reduced presence of Cu s and S s states compared with the aluminum compounds.
This large change in M3* “s” character between the Al and Ga compounds is likely
due to the increasingly penetrating s orbitals down group 13, an effect that can
be observed in the lower-lying CBM from InN to AIN.%” As with the Al, an increase
in the Ga s states from CaGa to BaGa are observed from 51% to 68%, respectively.

In both SrAl and SrGa (Figures 4A and 4B), from around 2.7 eV to the peak at 4 eV the
conduction band consists of increasing M®** s and O p and Sr d states, while from 4
eVto 6 eV the latter states increase further with some O, Cu, and M3* states present.

The CBMs of the scandium compounds differ from those of the aluminum and gal-
lium compounds in that negligible quantities of Sc states are observed. The CBM
is predominantly Cu s and S s + p with significant mixing from A?* states. From
CaSc to BaSc the Cu s states increase from 21% to 34%, in contrast to the Al and
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Figure 5. Combined Band Structures for the Stable and Metastable [Cu,S,][A;M,05] Compounds
Calculated Using the HSE06 Functional

The band structures are arrayed in a grid such that the top left corresponds to CaAl and the bottom
right to BaSc. In the stable examples, the valence bands are depicted in blue and the conduction
bands in orange, where the VBM is set to 0 eV. The band structures are ordered in terms of
increasing A%* cation ionic radii (Ca — Sr — Ba) and in terms of increasing M3* cation radii (Al —
Ga — Sco).

Ga compounds where increasing A?* resulted in fewer Cu and S states at the CBM.
Between CaSc and SrSc, a reduction in A" s states is observed. BaSc shows that
the Ba d states dominate at the CBM with no S s or p states (as with CaSc and
SrSc). This is likely due to the decreased Ba—Cu distance over Ca-Sc and Sr-Sc,
respectively, due to the “concertina” effect of the [CuyS,% layer and, thus, a
more compact unit cell. In SrSc, the conduction band from the CBM to 6 eV consists
of an increasing proportion of Sr d and Sc d states. Toward é eV an increased

hybridization with O p, S p, and Cu s states is seen.

Band Structure and Optical Gap. The band structures of all stable [Cu,S;][A3M,Os]
compounds are presented in Figure 5 and the direct, indirect, and optical band
gaps together with hole and electron effective masses at the VBM and CBM, respec-
tively, are shown in Table 2. The value for the optical band gap is taken from the a?
value (analogous to the Tauc relation: (o hv)?) in the absorption spectra compiled
for each of the nine compounds in Figure S3.

From our calculations, 3 of the 24 [Cu,S;][A3M;Os] compounds, CaAl, SrSc, and

BaSc, are found to be transparent, with optical band gaps of 3.17, 3.06, and 3.24
eV, respectively. The optical band gap for SrSc (3.06 eV) is in accordance with that
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Table 2. Fundamental Direct and Indirect Band Gaps Together with the Optical Band Gap for the [Cu,S,][A;M>0s] Compounds Alongside the
Various Effective Masses for Both the VBM and CBM

Compound ng“"d (Direct) ng“"d (Indirect) Eg°pt -X/me T-N/m, T-Z/mg

VBM CBM VBM (h)  VBM (l) CBM VBM (h)  VBM (I) CBM
CaAl 3.14 - 3.17 85.3 0.52 4.54 0.37 0.36 0.81 0.55 0.31
SrAl 2.97 - 3 44.98 0.39 3.05 0.36 0.34 0.75 0.55 0.34
BaAl 2.42 - 2.46 17.34 0.32 2.37 0.37 0.33 0.72 0.56 0.33
CaGa 2.01 - 2.03 85.31 0.23 3.92 0.37 0.25 0.7 0.61 0.26
SrGa 1.69 - 1.71 45.14 0.24 2.7 0.35 0.23 0.62 0.59 0.23
BaGa 0.74 - 0.78 31.3 0.25 2.21 0.33 0.2 0.6 0.52 0.2
CaSc 2.75 - 2.78 22.16 0.37 3.12 0.45 0.34 0.77 0.76 0.33
SrSc 3.04 - 3.06 47.42  0.45 2.5 0.45 0.35 0.75 0.73 0.35
BaSc 3.24 3.04 (T'-X) 3.24 28.54 0.95 (X-IN) 1.9 0.43 0.35 (X-P) 0.72 0.63 -

The optical gap value is taken from a? as seen in Figure S3. The direct gaps for BaSc are displayed for the direct transition at X and the direct transition at T".

seen in the experiment by Liu et al., who observed a band gap around 3.1 eV.”" It
is also possible that SrAl will be transparent; however, coloring or haze may arise
due to the 3.00-eV optical band gap. In general the optical band gaps correspond
to the direct fundamental band gap at I, but for BaSc this is not the case. BaSc is
the only compound to possess an indirect fundamental band gap where the VBM
and CBM are located at I' and X, respectively; however, the difference in energy is
around 2 x 1072 eV between the two points. The indirect and direct band gaps
at X are, however, disallowed transitions due to the d-orbital nature of both the
VBM (Cu d) and CBM (Ba d); thus, the origin of the optical band gap arises from
the direct gap at I" (3.20 V), which is an allowed transition.

Figure 6A shows the change in direct fundamental band gap as a function of a
parameter. In both Al and Ga compounds the band gap shrinks as a function of
increasing cell size, which can be attributed to the increasing M3* s character at
the CBM from Ca to Ba. Due to the larger penetration of the Ga 4s states over Al
3s, the CBM is lowered yet further in the gallium compounds. The lower band
gap, however, does allow for a greater dispersion at the CBM and thus a lower
electron effective mass, as can be clearly seen in the band structures in Figure 5
and Table 2.

Conversely, the scandium compounds, which see barely any Sc-related states at
the CBM, show a widening of the fundamental band gap with increasing a param-
eter. The band gap, therefore, is highly sensitive to the different states at the
band maxima and minima, and no one rule can be used to describe all compounds.

To possess high hole mobilities and thus produce degenerate p-type conductivity,
the effective masses at the VBM must be low (<0.5 m,). For all nine compounds a
band degeneracy exists at the VBM such that one can calculate both a “heavy”
and “light” effective mass (the I'-X direction is amalgamated into one value due
to the heavy nature of the holes in this direction). In the '-N and I'-Z directions,
SrSc experiences heavy effective masses of 2.50 m, and 0.75 m, and light hole effec-
tive masses of 0.45 m¢ and 0.73 m,, respectively, corroborating the high mobilities
(150 cm? V=" s7"°") seen at low carrier concentrations in powder samples of SrSc.

Figure 6B shows the trends of the hole effective masses as a function of a parameter
forthe '-N and I'-Z directions for each M3* group. The heavy effective masses in the
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Figure 6. The Effect of Lattice Parameter a on the Electronic Structure

(A) The direct fundamental band gap as a function of increasing a parameter. The hashed gray
region corresponds to the visible light transparency region.

(B) The VBM hole effective mass as a function of increasing a parameter.

I'-N direction decrease with increasing a, giving maximum values of 4.54 m,, 3.92
me, and 3.12 mg for Al, Ga, and Sc, respectively and minimum values of 2.37 m,
2.21 m, and 1.90 m,, respectively, with the latter belonging to BaSc.

The light hole effective masses in the I'-N direction remain relatively constant in
both the Al and Sc compounds with average effective masses of 0.37 m, and 0.34
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me, respectively. The gallium compounds undergo a slight decrease in magnitude
from 0.37 m, for CaGa to 0.33 m, for BaGa. In contrast to the heavy hole effective
masses seen in this direction, the Sc compounds display slightly higher effective
masses compared with the Al and Ga compounds.

In the I'-Z direction, both heavy and light hole effective masses are low. From CaAl
to BaAl, the heavy effective masses decrease from 0.81 m, to 0.72 m, while the
light hole masses remain around ~0.55 m.. In the gallium compounds, a decrease
is seen in both the heavy and light effective masses with the lowest observed for
BaGa (0.52 m,). Both heavy and light hole effective masses remain fairly similar
in the scandium compounds with the exception of BaSc, which displays a heavy
and light effective mass of 0.72 m, and 0.63 m,, respectively. From CaSc to
BaSc the effective masses decrease with increasing a parameter for both the heavy
and light holes.

From T'-X, however, the hole effective masses are very high (17.34-85.30 m,)
and easily visualized by the lack of dispersion in the band structures. This is likely
due to a lack of overlap between the Cu d and S p tetrahedra in the [Cu,S,]*~
layers. The I'-X direction corresponds to the xy plane and hence with a “flattening”
of this layer due to the more obtuse S-Cu-S angles, so it can be expected that
a better overlap between Cu and S will occur, thus lowering hole effective masses
in this direction. This effect is certainly observed in the aluminum and gallium
compounds where the effective masse reduces from 85.31 me to 17.34 m and
85.31 me to 31.30 m, respectively. The scandium compounds, however, do not
follow the same trend, with the largest values being attributed to SrSc. The very
high mobilities in the experiment by Liu et al.,”" however, suggest it is likely that
the I'-X direction does not limit the mobilities as much as the I'-N and I'-Z
directions.

In general, the electron effective masses in all directions decrease as a function of
increasing a parameter. Due to the lower-lying CBM in the gallium compounds,
the lowest electron effective mass is seen for BaGa with an average effective mass
of 0.20 me, competitive with the industry standard n-type TCs such as In,O3 (0.22
me).°® In the scandium compounds, the trend is broken due to the Ba d states form-
ing an indirect band gap with the CBM at X. Of the stable compounds, therefore,
BaSc possesses the highest electron effective masses of 0.95 me (X-I') and 0.35
me (X=P).

Dynamic Stability

To further analyze the dynamic stability of the predicted structures, we calculated
the phonon dispersion curves, shown in Figures 7A-7C for CaAl, SrSc, and BaSc,
respectively (and for the nine compounds in Figure S6).

It was found that for the three TC compounds (BaSc, SrSc, and CaAl) no imaginary
modes appeared at I, indicating that each structure is dynamically stable; however,
in both the SrSc and CaAl structures imaginary acoustic modes appear around N and
Zfor SrSc and just at N for CaAl, indicating that these might not be the ground-state
structures at lower temperatures.

These results can be indicative of potential structural distortions to reach another
structural phase that is lower in energy. However, the [4/mmm structure may likely
be stable at room temperature, as is the case with SrSc.
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Figure 7. Phonon Dispersion and Dynamic Stability
The phonon dispersion for CaAl (A), SrSc (B), and BaSc (C). SrSc and BaSc are both in the 14/mmm while CaAl is in the C2/m space group. Phonon
dispersion spectra can be found for all compounds in Figure Sé.

Calculated Conductivity

Using Boltzmann transport theory, the p-type conductivities for BaSc, SrSc, and CaAl
were calculated at varying carrier concentrations using HSEO6. From our calculations
we find that BaSc possesses the highest p-type conductivity of 2,058 S cm™'
followed by CaAl (1,767 S cm™") and SrSc (1,673 S cm™") at a carrier density of
1 x 10%" em ™3 (Figure 8). These results compare well with the average hole effective
masses showing that BaSc should have a higher mobility (and thus a larger conduc-
tivity) compared with CaAl and SrSc. In our experiment, powder samples of [Cu,S;]
[Sr3Sc,Os] displayed undoped conductivities of 2.8 S cm™ from a carrier concentra-
tion of ~ 10" cm™.>" From the BoltzTraP calculations we find that for a carrier
concentration of 1 x 10" cm~3, SrSc has a conductivity of 2.03 S cm™". It is likely
that for a powder sample, the accuracy of the carrier concentrations determined
from the Hall effect may be questioned due to the grain boundaries, although
these results help to validate the use of BoltzTraP to determine the conductivity of
these compounds.

Importantly, these values are significantly larger than that of the highest reported
p-type conductivity seen for Mg-doped (220 S cm™") CuCrO,,** making BaSc
potentially the highest performing p-type TC to date. Analysis of the defect chem-
istry of BaSc would, however, be required to determine whether a high carrier con-
centration can be reached for BaSc and the optimum dopant necessary to facilitate
this. For comparison, the calculated conductivities for well-known n-type TCs are
presented in Figure 8 alongside experimental values for Sn-doped In,O3, Al/Ga-
doped ZnO, and F/Sb/Ta-doped SnO, at carrier concentrations of ~1 X
10" ecm™3. Although the p-type conductivities are not of the same order as the
n-type TCs, the significant enhancement in conductivity from BaSc drastically closes
the gap.

Experimental Results

To validate our predictions, we prepared a sample of [Cu,S,][BasSc,Os] by direct
combination of BaO, Sc;03, CusS, and BaS. This yielded a light-brown powder
with a crystalline diffraction pattern.
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Figure 8. Calculated and Experimental Conductivities for n-type TCs (In,O3, SnO5, ZnO), Shown in
Red, and the p-type TCs, Shown in Blue

CuCrO,:Mg refers to Mg-doped CuCrO,. The values are taken for a doping level of ~1 x 102" cm 2.
References are included in Table S8.

X-Ray Diffraction

The powder X-ray diffraction (PXRD) pattern of [Cu,S,][BazSc,Os] is shown in Fig-
ure 9. A Rietveld refinement was carried out against these data using a starting
model based on the previously reported and assumed isostructural [Cu,S;]
[Sr3Sc,0s], but with replacement of strontium ions with barium ions and an appro-
priate expansion in lattice parameters. Refinement of this model against the data
was carried out with refinement of the background function, the Lorentzian and
Gaussian components of pseudo-Voight peak-profile functions, the lattice parame-
ters, the atomic positions, and their isotropic displacements. The refinement
confirmed that [Cu;S;][Ba3Sc,Os] was single-phase crystallizing in the tetragonal
l4/mmm space group with lattice parameters of a = 4.14462(2) A and ¢ =
27.12390(8) A, with a good fit to the data with ¥ = 2.938 and Rp = 7.80%. The
final structural model is given in Table S9. All the structural parameters are given
in Table 3.

All structural properties are in excellent agreement with the calculated HSE06
values by <2% with a slight overestimation of the ¢ direction.

Optical Absorption

Spectroscopic diffuse reflection data were recorded on the sample of [Cu,S;]
[Ba3Sc,0s] and used to produce a Tauc plot, which can be seen in Figure 10. This
shows a strong absorption that can be attributed to a direct band gap of 3.24 eV.
This puts the band gap in the UV range, and therefore we would predict that the ma-
terial should be transparent, which is contradicted by the observed light-brown color
of the powder. However, there is an additional, less intense feature in the plot that
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Figure 9. Indexed Synchrotron Powder X-ray Diffraction Pattern Collected Using the 111
Beamline at the Diamond Light Source, with a Wavelength of 0.82603 A

Black crosses represent the observed diffraction data, the red line the calculated diffraction
pattern, and blue line the difference between these values. This plot shows the final Rietveld
refinement model of [Cu,S;][BasSc,Os]. Note that different scales are used on the intensity and
difference plots. The peak at ~11.44° arises from diluting emulsion added to the sample to reduce
X-ray absorption.

can be related to a band gap of 2.26 eV, which is more consistent with the observed
color. The origin of this is still not clear, but could be due to an amorphous impurity
or d—d transitions within Cu-related defects.

DISCUSSION

From our analysis, two potential p-type TCs have been predicted using hybrid
functional DFT. These compounds are CaAl and BaSc with optical band gaps of
3.17 eV and 3.24 eV, respectively. The synthesis of BaSc powders confirms the pre-
dictions gained from DFT, in particular the wide optical band gap. From the struc-
tural analysis, a clear trend can be seen based on the a lattice parameter. With
increasing cell volume, a narrowing of the [Cu,S,]%~ layer is seen to influence the cur-
vature and width of the valence critical to the electronic properties.

In the delafossite Cu'* oxides, a large Cu~Cu distance is necessary to suppress d—d
transitions; however, it was also found that due to the polaronic nature of the con-
ductivity, a smaller Cu—Cu distance is preferable to reduce the “hopping” distance.
This can be seen in the higher undoped conductivities observed for CuBO, over
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Table 3. Structural Parameters, Bond Lengths, and Optical Band Gap for the BaSc Powders

Parameters Experiment HSE06

a (A 4.14 4.15

c(A) 27.12 27.44

dewcy A) 2.93 294

deus (A) 2.44 2.45

<s-cu-s (°) 116.07 115.37

du@so (c.a) (A) 2.00, 2.08 1.99, 2.09
daso (i) (A) 2.71,2.93,3.04 2.70, 2.93, 3.07
dapars (A) 33 3.32

E,°Pt (eV) 3.24 3.24

CuAl0,.%%°" We find that in the [Cu»S,][A3M»Os] materials, an extended Cu—Cu dis-
tance is correlated with a decrease in the overall effective mass seen in the I'-Z and
I'-N directions. This behavior also exists in LaCuOS and LaCuOSe, where a larger
Cu-Cu distance is not detrimental to the conductivity, and transparency is observed
for LaCuOS.""+¢" Of the predicted TCs, the lowest hole effective masses were seen
for BaSc, making this the most promising discovery from this work.

For BaSc to be a successful p-type TC it would need to achieve large carrier concen-
trations from intrinsic defects such as vacancies and antisites (e.g., V¢, or Srs.) or
through extrinsic doping. Judging from the conductivities found by Liu et al. of
2.8 S cm™! for undoped powders of [Cu,S,][SrsSc,0s],”" it is likely that shallow
intrinsic acceptor defects could be present in the BaSc analog. A full analysis of
the intrinsic defect chemistry, however, is beyond the scope of the present study
due to the sheer number of defect types and charge states to consider. Speculation
on the possible defects can be made by drawing parallels with an already studied
layered oxychalcogenide, LaCuOSe. In this material, it was found that the intrinsic
defects do not fully account for the high conductivities as the lowest formation en-
ergy acceptor, Ve, has a modest ionization energy of ~0.1 eV;*” however, under
p-type favorable growth conditions (a Se/O-rich regime) there is a relatively large
dopability window where minimal compensation occurs. This explains the often re-
ported p-type conductivity from Mg doping (~910 S cm~").*® If a similar situation
arises in BaSc, enhanced p-type conductivity can be expected by doping with
group | cations, for example, without intrinsic or self-compensation.®

Additionally, the polaronic binding energy of holes can be calculated for BaSc and
SrSc, giving rise to values of 0.04 eV and 0.08 eV, respectively, within the ab plane,
categorizing them as type |l compounds as per the convention defined by Davies
et al.%” It is clear that BaSc will be a better p-type conductor than SrSc, although
while these values are slightly above any room-temperature excitation (~0.03 eV
at kgT at 300 K) it can be expected that excitation could occur from photons with
wavelengths greater than mid-infrared (IR).”°

It is also important to understand whether such carrier concentrations would be
detrimental to the optical absorption. As such, transitions from below the VBM
were calculated to simulate the effect of hole doping on the optical properties of
BaSc using the method outlined by Scanlon and Watson.?” The optical spectrum
can be found in Figure S4 and shows that visible light absorption should in fact be
negligible, with the significant transitions occurring in the near-IR, suggesting that
BaSc will remain a transparent p-type conductor upon doping, similar to SrSc.”’
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Figure 10. Tauc Plot, [f(R)hv]? versus Photon Energy, Derived from the Raw Diffuse Reflectance
Spectrum (Inset) Collected Over a Range of 300-2,500 nm at Intervals of 5 nm

The dashed line extrapolated to the abscissa models the linear region of absorption edge for
calculation of the band-gap energy.

Optimizing the band gap in the [Cu,S,][A3M2Os] layered oxychalcogenides is based
upon two observations. Firstly, a smaller valence bandwidth could play a role in
improving the magnitude of the band gap. In general it was seen that a larger
Cu-Cu distance resulted in a smaller valence band width, which could explain the
increase in band gap seen in the scandium compounds (where the CBM is not influ-
enced by M3" states). Secondly, the states that make up the CBM highly influence
the position of the conduction band. In the aluminum and gallium compounds,
the low-lying M3* s states cause a sharp reduction in the band gap. The position
of the conduction band is highly sensitive to the M**-O bond length; thus, larger
cells push the CBM lower in energy. Despite this, because increasing the cell size re-
duces the VBM effective mass, a compromise is necessary for a wide-band-gap,
high-mobility TC. In both the aluminum and scandium compounds there is signifi-
cant mixing of the Cu and S states at the CBM, which could enhance the transparency
that can be seen by the decrease in fundamental band gap with increasing percent-
age of Cu and S states at the CBM. The decrease in band gap in the aluminum com-
pounds with increasing a is similar to that observed in other layered oxychalcoge-
nides such as LaCuOSe (2.82 eV'’), SmOCuSe (2.60 eV’'), and YOCuSe (2.58
eV’?), the reverse of which is observed in the [Cu,S,][A3Sc,05] compounds.

From our analysis, four other compounds were found to be stable, albeit without
band gaps wide enough to accommodate high optical transparencies. It is possible,
however, that these materials could be used in other applications such as photovol-
taics or photocatalysis. SrGa, for example, displays a band gap in the correct range
for a solar absorber (EgP* = 1.71 eV),”? yet despite this the optical absorption onset is
fairly weak. It could be possible, however, to create an alloyed oxychalcogenide such
as SrGa/BaGa or BaAl/BaGa to reduce the band gap or create a stronger absorp-
tion.”* BaAl possesses a band gap in the range of a visible light water splitter’®
(2.42 eV), although the metastability of BaAl may be a limiting factor.
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The thermodynamic stability of the compounds is likely restricted by certain struc-
tural parameters such as the volume, S—-Cu-S bond angles, and Cu-S bond lengths;
thus, going from S to Se to Te could help accommodate a smaller or larger cell size
such as the Mg or La cells found to be unstable in this work. In the literature, the
smallest analog found synthesized under atmospheric pressure is [Cu,S;]
[SrsFe,Os],”® which possessed a volume of 402.69 A%; smaller volumes were attain-
able for [Fe,(P,As),][CasAl,0s]"” (348.29 A3 and 365.16 A3, respectively), although
these were synthesized at 4.5 GPa. These known limits could give rise to difficulties
in atmospheric pressure synthesis of the Al compounds.

Comparing LaCuQOS, LaCuOSe, and LaCuOTe, the S—Cu-S bond angles decrease
from 111.2° — 107.5° — 103.5°, respectively; however, the Cu-S bond lengths in-
crease from 2.42 A — 2.52 A — 2.66 A, respectively.®® It is expected that the VBM
dispersion will increase down the chalcogenides as seen with the increased conduc-
tivity from LaCuOS to LaCuOSe.*’ Including Se and Te into the [Cu,S,][A3M,0s]
structure, however, would likely reduce the band gap as well,'”*¢%7% which
is observed in other layered Cu-chalcogen structures such as BaFCuS (3.2 eV),””
BaFCuSe (2.9 eV®), and BaFCuTe (2.3 eV®').”? However, by combining the design
rules laid out herein, transparency with a selenide or telluride may be possible,
i.e., [CuzSes][(Y/La),Al,Os]. Other known layered Cu'* oxychalcogenide structures
such as [CuS][Sr2Ga03],"" [CuzSl[Bi2YO4l,” or [CuzS,lSr2(Mn/Zn)0,],** to
name a few, could also be explored in the same way.

The prediction of a potential high-conductivity p-type TC has been achieved using
a thermodynamic stability screening guided by chemical knowledge using DFT.
Based on the [Cu,S,][Sr3Sc,Os] structure, 24 compounds were proposed, 8 of which
were found to be stable and to possess semiconductor properties. The compound
[Cu2S][BasSc20s] was found to possess a wide optical band gap (EgF* = 3.24 eV)
and high calculated p-type conductivities (~2,058 S em™ "), which is in the conductiv-
ity range of thin films of industry standard n-type TCs and the largest predicted for
any p-type TC. Synthesized powders of [Cu,S,][Ba3Sc,Os] confirmed the structural
and optical properties predicted by hybrid DFT. This work paves the way for the
design of higher-mobility p-type TCs, increasing the possibility of transparent
electronics.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Benjamin A.D. Williamson (Computational), Geoffrey Hyett (Experimental).

Materials Availability

The new compound generated in this study can be synthesized from commercially
available precursors, as detailed in Experimental Methods. However, we would be
willing to share small quantities (~100 mg) of [Cu;S;][Ba3Sc2Os] upon request,
with reasonable compensation by the requestor for materials costs, processing,
and shipping.

Data and Code Availability

The HSEO6 relaxed CIF files are given in an online Github repository found at https://
github.com/SMTG-UCL/SCSOS or at Mendeley Data: https://doi.org/10.17632/
29g3s8dttnb.1.
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Computational Methods

Ab initio calculations using the VASP code
and hybrid functionals. Variations of the [Cu,S,][AsM,Os] structure (tetragonal,
|4/mmm) were formed where A = Sr,Ca,Ba,Mg and M = Sc,Al,Ga,In,Y,La. This re-
sulted in 24 compounds with the same stoichiometry as [Cu,S;][Sr3Sc,Os] and are

named using the convention “AB,” e.g., [CusS;,][Sr3Sc,Os] is “SrSc” and [Cu,S;]
|9O (

85-87 were performed using both standard

[BazAl,Os] is “BaAl”. These compounds were relaxed using the PBEsol”™ (Perdew-
Burke-Ernzerhof revised for solids) functional with a Hubbard-like U correction value
of 5.17 eV for Cu.?’ The projector-augmented wave method (PAW)"' was used to
describe the interactions between the core electrons and valence electrons, which
are treated explicitly. The 24 compounds were relaxed using a plane-wave energy
cutoff of 500 eV to avoid Pulay stress” and a 6 x 6 X 2 I'-centered k-point mesh
for accuracy. Convergence was deemed complete when the force acting on all the

ions was less than 0.01 eV A ~'.

To screen the compounds in terms of their thermodynamic stability, we also calcu-
lated all known competing phases and elements related to the quinary systems using
PBEsol+U (Tables S1 and S2). This resulted in the calculation of ~313 crystal struc-
tures from the ICSD*” alongside calculating the lowest energy magnetic orderings
for each of the Cu?*-containing compounds. A standard 500-eV plane-wave energy
cutoff was employed to allow for total convergence of these systems together with
k-point meshes generated to allow a sampling density of 0.04 A~", which was found
to be sufficiently accurate. The Chemical Potential Limits Analysis Program
(CPLAP)?® code was used to assess the thermodynamic stability of the 24 [Cu,S;]
[A3sM,05] compounds as well as evaluating the E above hull for the unstable
compounds.

The stable and metastable compounds were then subjected to an HSE06 (Heyd-Scu-
zeria-Ernzerhof)” relaxation to glean accurate electronic and optical properties. The
HSEQ6 hybrid functional has been shown to give a correct description of the band
gap and optical properties of SCSOS®” relative to experiment.”' The optical absorp-
tion spectra were calculated using the real and imaginary parts of the dielectric con-
stant calculated using a Kramers-Kronig transformation and a summation over the
unoccupied bands, respectively, using a method by Furthmiiller and coworkers.””
This sums the absorption spectrum over all direct valence-band-to-conduction-
band transitions ignoring intraband and indirect absorptions.

The effective masses of the valence and conduction band extrema are calculated us-
ing the relationship

1 8E(k) 1
~ okiok; n?’

F?} (Equation 1)
where E(k) is defined as the eigenvalue of the band at a specific kand mj; as the effec-

tive mass.

Phonon dispersions were calculated with Phonopy”® using the finite displacement
method and 3 X 3 X 2 supercells (252 atoms) generated from the optimized struc-
ture. The optimized structure was minimized using PBEsol with a force convergence
criterion of 1 x 1072 and the electronic wavefunction converged to 1 x 1078,

Electrical conductivity values were calculated using Boltzmann transport theory
within the BoltzTraP”’ code. A dense I-centered 13 X 13 X 4 k-point mesh was
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deemed sufficient for use (HSE06) within VASP, which can be read by BoltzTraP.
The calculated conductivity represents a theoretical maximum with the scattering
processes treated by the relaxation time approximation.

The polaron binding energy (Epoiaron) can be calculated using the formalism laid out
by Frohlich:’%78:97

£ 1 meet
polaron = 95 25 5
812 i €5

(Equation 2)

where

1 11

—= (— - —) (Equation 3)
Eeff

and where €. and ¢ are the optical high-frequency dielectric constant and the low
dielectric constant, respectively.

The open-source Python package Sumo'®’ (github.com/SMTG-UCL/sumo) by
Ganose et al. was used in the production of the DOS, electronic band structures,
effective masses, optical absorption, and phonon dispersion plots.

Experimental Methods

Solid-State Synthesis

Scy03 (99.99%, Alfa Aesar) and Cu,S (99.5%, Alfa Aesar) were purchased and used
as supplied. BaO was prepared via the thermal decomposition of BaCOj3 (99%. Alfa
Aesar) under dynamic vacuum (1,000°C, 14 h) in a silica tube closed at one end
before being stored in a nitrogen-filled glovebox (Saffron). BaS was synthesized
by reaction of CS; vapor with BaCO3 (900°C, 8 h). The CS; vapor was generated
by flowing argon (Pureshield, 99.998%; BOC) through a bubbler containing liquid
CS; (99.9%; Sigma-Aldrich). After the vapor exited the reactor, it was passed
through two hydroxide-bleach containing bubblers to oxidize any excess CS; or
H2S. The purity of these precursors was confirmed by PXRD. A 0.5-g powder sample
of [Cu,S;,][BazSc,0s] was synthesized by reaction of BaO, Ba$, Sc;03, and Cu,Sin a
2:1:1:1 stoichiometric ratio. Desired precursor amounts were weighed, mixed, and
ground in an agate pestle and mortar under an inert atmosphere in a glovebox.
The precursor mixture was then loaded into a die (13 mm, Specac), removed from
the glovebox, pressed into a pellet, and immediately returned to the inert atmo-
sphere. The pellet was loaded into an alumina crucible, which was then sealed under
vacuum in a silica ampoule. The sealed sample was heat treated at 800°C for 12 h.
The sample was ground, repelleted, and resealed in an alumina crucible in a silica
ampoule with two further heat treatments at 800°C for 12 h. Sample purity was moni-
tored using PXRD, and once synthesized the sample was found to be air stable by
detection limits of lab PXRD.

X-Ray Diffraction

The purity of precursors and initial phase identification of the targeted product was
confirmed by X-ray diffraction (XRD) using a Bruker D2 in Bragg-Brentano geometry
with a Cu Ka X-ray source (20 kV; 10 mA). Full characterization of the compound
[CusS,][BasSc,0s] was performed using synchrotron XRD data collected from the
111 beamline, Diamond Light Source, using 15-keV X-rays (0.82603 A) over a range
10 < 26 < 100°, with a step size of 0.001° and with a scan rate of 2.5° min™". Rietveld
refinement of structural models against these data was carried out using the GSAS
suite of software with the EXPGUI interface."®"
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Spectrophotometry

Diffuse reflectance measurements were collected using a UV-visible near-IR spectro-
photometer (PerkinElmer Lambda 750 S) using deuterium and tungsten lamps and
equipped with a 100-mm integrating sphere. Diffuse reflectance data were con-
verted into the Kubelka-Munk function, f(R), "%
tion coefficient throughout the visible region, which was used in the construction of a

assumed proportional to the absorp-

Tauc plot.'%*"% The band gap was estimated by determining the x-axis intercept of
a linear fit of the absorption edge. This was fitted by the plotting of a linear function
passing through the two data points between which the largest gradient was
observed.
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