
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 4

:1
4:

36
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal
Discovery of two
aDepartment of Chemistry, Materials Inno

Liverpool L7 3NY, UK. E-mail: M.J.Rosseinsk
bDepartment of Physics, University of Oxford

Cite this: DOI: 10.1039/d5ta06204g

Received 31st July 2025
Accepted 14th March 2026

DOI: 10.1039/d5ta06204g

rsc.li/materials-a

This journal is © The Royal Society
new Cu–Sn chalco–halides for
potential solar absorber applications
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We explore multiple-cation chalco–halide phase fields evaluated by their synthetic accessibility using

machine learning models. Exploratory synthesis guided by computational tools leads to the discovery of

two new compounds; CuSn2SI3 and Cu0.35Sn5.29S2I7, their structures, and electronic and optical

properties are reported herein. This is the first report of a stable quaternary compound in the Cu–Sn–S–

I phase field. The two new compounds show related crystal structures where Sn4S2I4 layers are

a common structural motif in both. These Sn4S2I4 layers are connected by Cu2I2 layers and disordered

Cu–Sn–I layers, forming the three-dimensional structures of CuSn2SI3 and Cu0.35Sn5.29S2I7 respectively.

Electronic band structure calculations using density functional theory show the presence of a direct

band gap in CuSn2SI3 and suggest anisotropic transport, in line with the layered structure of the

compound. A mixture of the two compounds with ∼86% CuSn2SI3, shows a band gap in the visible

region, close to 2.1 eV and a significant photo-induced charge carrier mobility of ∼1.3 cm2 V−1 s−1. This

demonstrates Cu–Sn chalco–halides can form a promising phase space to explore for solar absorber

materials, with further design and tuning of band gap.
Introduction

The need for efficiently and sustainably harvested solar energy to
meet the rising energy requirements of humankind is paramount.
In recent years, lead halide perovskites and related materials have
attracted the attention of multidisciplinary researchers, and have
emerged among leading candidate materials for future energy
applications,1–4 demonstrating a dramatic increase in power
conversion efficiencies over the last decade.5,6 While their low cost
of production from simple solution-based methods7 and the
excellent device performance make them attractive for commer-
cial applications, the presence of the toxic element lead (Pb) and
the poor long term stability of these materials, which oen
incorporate organic cations, have been limiting factors in their
development.8–10 Replacing Pb2+ with isoelectronic Sn2+ or Ge2+ in
the halide perovskites, while reducing toxicity, compromises
stability even further.8 However, the presence of the heavy s2

cation has been found to be critical in ensuring high perfor-
mance,11,12 by giving rise to electronic energy levels that are
tolerant to high defect concentration. In addition to this, effective
application of lead halide materials in devices, especially as
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of Chemistry 2026
multijunction solar cells, requires multiple materials with strong
absorption onsets at different energies within the solar spectrum.

Multiple anion compounds, especially those that contain
chalcogenide and halide anions (chalco–halides) have emerged
as promising materials for various applications, due to the
additional exibility in tuning the chemical structure, dimen-
sionality and material properties that the different anions
provide.13,14 In the context of solar absorbers, these materials
are expected to be more stable than halides because of the
stronger covalent bonds formed by the chalcogenide anions,
thus providing a way to improve the stability of halide-based
materials while retaining their excellent absorption and
optical properties.15 However, most of the chalco–halides
studied for solar absorber applications are lower dimensional
ternary compounds16 (e.g. SbSI,17 BiSeI,18 etc.). Such a reduction
in dimensionality in two-dimensional (2D) or one-dimensional
(1D) structures tends to give rise to less dispersive electronic
bands, leading to lower charge carrier mobilities. Conversely,
such at bands could also lead to high absorption coefficients,
arising from the high density of states near the band gap, or
formation of tightly bound excitons due to quantum
connement.19–21 Exploration of the chalco–halide chemical
space could offer additional degrees of freedom to control the
electronic and structural dimensionality to maximise both
absorption as well as charge carrier mobilities.
J. Mater. Chem. A
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Several copper containing compounds, especially chalco-
genides, such as Cu2ZnSnS4 (CZTS) and CuInxGa1−xSe2 (CIGS)
are established solar absorber materials. One of the reasons
these materials are promising for optoelectronic applications is
due to the ability of low valence, d10 cations such as Cu+, Ag+,
etc. to promote defect tolerance by formation of shallow
defects.11,22–25 Chalco–halide materials containing multiple
cations, particularly d10 cations are highly underexplored for
solar absorber applications,15 with CuBiSCl2 being a notable
exception, and the combination of multiple anions could
enable access to more diverse structure types and offer greater
control of material properties. Other known quaternary chalco–
halides with a d10 and an s2 cation oen contain the Bi3+ cation.
Only a handful of other s2 cation containing quaternary
compounds are known including CdSnSX2 (X = Cl, Br),26 Hg2-
PbS2I2,27 Cu5SbS3I2,28 CdSbS2X (X = Cl, Br),29 etc. Exploration of
such space thus presents an opportunity to identify new and
potentially functional materials.

In this article we report on the synthetic exploration of Cu
containing chalco–halide phase elds, guided by computational
tools and the discovery of two new quaternary compounds. We
investigate the structure, optical properties, and electronic
band structure of CuSn2SI3 to evaluate its performance as
a candidate solar absorber material.
Experimental and computational
methods
Determining phase elds

An unsupervised machine learning algorithm, based on a vari-
ational autoencoder (VAE) was used to assess the synthetic
accessibility of the phase elds, similarly to the approaches
developed in ref. 30 and 31. We rst select compounds for
which a nite (non-zero) band gap is reported in the materials
platform for data science (MPDS) database32 resulting in 68 823
entries. The phases were then aggregated into phase elds, i.e.,
Ag3AlF6 and AgAlF4 represent the same phase eld Ag–Al–F,
which resulted in 40 785 unique phase elds as the training
data, which introduces a bias towards elemental combinations
exhibiting a nite band gap (Fig. S1).

Two VAE models were built based on different schemes for
element descriptions – Mat2Vec33 and Local structure-induced
Atomic Features (LEAFs)30 – reecting knowledge of their exis-
tence and characteristic structural motifs of local atomic envi-
ronment, respectively. During training, the VAE reduces the
dimensionality of the 200- and 37-dimensional elemental
descriptors, for Mat2Vec and LEAFs respectively, aligning
similar values in the latent space, and through such encoding
and decoding learns the patterns of elemental combinations
characteristic of the synthetic accessibility.

The candidate phase elds consisted of all possible combina-
tions of the elements Cu-M-Ch-X-X0with M being a cation with s2

electronic conguration among Sn, Bi, Pb, and Sb, and Ch stands
for the chalcogen anion S or Se, X are halide anions among F, Cl,
Br, and I, and X0 was from {Ch, X}, which are then subjected to the
trained VAEs for ranking: the lower the score themore similar is the
J. Mater. Chem. A
combination to the training data in the latent space of the model,
and we hypothesise it is more likely to be synthetically accessible,
i.e. more likely to contain synthetically stable compounds.

Points distribution algorithm

The points distribution algorithm attempts to evenly space out
suggested compositions whilst avoiding known phases in
a phase eld.34 The phase eld is rst discretised using a 2D
orthogonal grid of approximately 500 points spanning all
charge balanced compositions. A Markov Chain Monte Carlo
(MCMC) method is then used to identify a suitable solution
consisting of a small subset (ve) of these points. At the heart of
the MCMCmethod is the function used as a proxy to the energy
which is used to evaluate how good a solution is. The proxy
energy function attempts to jointly maximise all pairwise
distances between suggested points as well as all pairwise
distances between suggested points and known phases. The
MCMC method begins with a random initial distribution of
points. This distribution is then perturbed by randomly
updating a selection of the points to new positions. The new
distribution is then accepted with a probability based on the
improvement in the proxy energy function. The process is then
repeated 50 000 times, and the best distribution obtained
during the entire run is used as the initial sampling suggestion.
For this solution, the discrete grid is constrained to exclude any
compositions with less than 5% (molar) of either copper or tin.

Exploratory synthesis

The initial compositions as suggested by the points distribution
algorithm, equally spaced out from each other and known
compounds were: C0–Cu2.44Sn1.13S2.27I0.16, C1–Cu1.68Sn1.74S2.58,
C2–Cu0.63Sn2.31S2.19I0.87, C3–Cu1.98Sn0.95S0.81I2.26, and C4–
Cu1.81Sn1.29S1.49I1.41. The precursors used were copper(I) iodide
(CuI, 99.998%metals basis, Puratronic), copper(I) sulde (Cu2S,
99.5%metals basis, Thermosher Scientic), tin(II) iodide (SnI2,
ultra dry, 99.999% metals basis, Thermosher Scientic), and
tin(II) sulde (SnS, 99.5%, Thermosher Scientic). The
precursors were weighed out in the required stoichiometry of
the chosen initial compositions and ground well to mix using
amortar and pestle, inside an argon-lled glovebox. The ground
mixtures were then sealed in evacuated quartz tubes and heated
to a temperature of 400 °C (T1), at a rate of 5 °C per minute. Aer
dwelling at 400 °C for 12 hours, the reactions were slowly cooled
down to room temperature at a rate of 6.3 °C h−1. A similar set
of reactions were carried out with the same initial composi-
tions, and protocol but with the temperature set to 600 °C (T2) at
a rate of 5 °C per minute. Aer dwelling at 600 °C for 12 hours,
the reactions were slowly cooled down to room temperature at
a rate of 6.3 °C h−1. Finally, a third set of reactions were run at
700 °C (T3). The lowest temperature of 400 °C was chosen such
that it is above the melting point of SnI2 (320 °C) to aid reaction
of the precursors. Subsequent higher temperatures were chosen
to facilitate melting of the rest of the precursors with higher
melting temperatures while remaining below the boiling point
of SnI2 (714 °C), to avoid issues with possible over pressuriza-
tion of the ampoule and loss of iodides. The reactions were
This journal is © The Royal Society of Chemistry 2026
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labelled using the initial composition and the temperature
used, e.g., C1T3 for initial composition C1–Cu1.68Sn1.74S2.58 run
at the temperature T3–700 °C.

Powder X-ray diffraction (XRD) was carried out on all een
samples, and single crystals were harvested from the reactions
that had highest intensity of unindexed peaks (C3T2 and C4T3).
Single crystal X-ray diffraction studies on such crystals, revealed
two new structures – CuSn2SI3 and Cu0.35Sn5.29S2I7. Once the
two new structures were solved, the powder X-ray diffraction
patterns of all the exploratory reactions could be satisfactorily
tted with a mixture of precursors, known ternaries and bina-
ries, and the two new structures, indicating no other new
compounds have been formed with the compositions and
reaction conditions we used. The reaction products of explor-
atory syntheses were mixtures of various known and newly
found phases, not single phase pure compounds. This is ex-
pected as the initial compositions were predicted for explora-
tion and not as target compositions, and conditions were not
optimised. With the compositions obtained from single crystal
XRD, we attempted to synthesise CuSn2SI3 and Cu0.35Sn5.29S2I7
as high purity powders via solid state synthesis.

Solid state synthesis of CuSn2SI3

The precursors CuI, SnI2, and SnS were weighed out in the
molar ratio 1 : 1 : 1, and ground well to form a homogenous
mixture using a mortar and pestle, in an argon lled glovebox.
The powder was then pressed into a 10 mm pellet using
a stainless-steel die and a uniaxial press with a weight of 2 tons
for about 1 minute. The pellet was then sealed in an evacuated
quartz tube and heated up to 250 °C with a rate of 60 °C h−1.
Aer dwelling at 250 °C for 24 hours, it was slowly cooled down
to room temperature at a rate of 5 °C h−1. This resulted in
a mixture of CuSn2SI3, Cu0.35Sn5.29S2I7, and unreacted SnI2.
Hence the process was repeated with intermediate grinding and
pelletizing, as well as with increasing dwell time at 250 °C to one
week. Aer three repeated reactions the products formed were
∼85% (by weight) CuSn2SI3 as estimated from powder XRD.
Further ring of the reaction did not make any discernible
difference in the purity. Attempts to make Cu0.35Sn5.29S2I7 by
similar methods always resulted in a mixture of phases-Cu0.35-
Sn5.29S2I7, CuSn2SI3, and unreacted precursors, with samples
containing <70% Cu0.35Sn5.29S2I7. Hence, we did not carry out
any optical property measurements on Cu0.35Sn5.29S2I7.

Powder samples prepared through solid state synthesis were
ball milled in a planetary ball mill with a zirconia pot and 5 mm
diameter balls (1 : 10 weight for sample to balls), at 300 rpm for
20 minutes, to obtain particle sizes of several micron. Powder
XRD and energy dispersive X-ray spectroscopy (EDX) conrmed
non-degradation of sample in the process. The milled powder
was used for making cold pressed pellets and used for terahertz
spectroscopy measurements.

Single crystal X-ray diffraction

X-ray diffraction measurements on orange-red, needle shaped,
single crystals picked from the exploratory synthesis attempts
C3T2 and C4T3 were carried out in-house using a Rigaku
This journal is © The Royal Society of Chemistry 2026
MicroMax-007 HF X-ray diffractometer equipped with a Mo Ka

rotating-anode microfocus source and a Saturn 724 + detector.
Themeasurements were performed with the sample at 300 K for
CuSn2SI3 and at 100 K for Cu0.35Sn5.29S2I7. Cell renement and
data reduction were performed using the CrysAlisPro soware.
The structure was solved and rened using SHELX,35 imple-
mented through Olex2.36 The crystal structures were visualised
using the soware VESTA37 for creating the images.

Powder X-ray diffraction

Preliminary phase identication of powder samples was done
using powder X-ray diffraction using an in-house Rigaku
Smartlab diffractometer with a Mo Ka source (l = 0.7107 Å) in
the Debye–Scherrer geometry. Powder samples were sealed in
0.3 mm diameter borosilicate capillaries inside an Ar-lled
glovebox for measurements. Synchrotron powder X-ray diffrac-
tion measurements were carried out at the beamline I11 at the
Diamond Light source, Didcot,38 UK. Rietveld renement on
powder XRD data was carried out using TOPAS Academic V5
soware.

UV-visible spectroscopy

UV-visible spectra on powder samples were measured using an
Agilent Cary 5000 spectrometer in the diffuse reectance mode.
The reectance data were transformed using Kubelka–Munk
equations to obtain absorption data.

Scanning electron microscopy (SEM)

Imaging and EDX measurements were done on a Tescan S8000
microscope using a X-MaxN detector from Oxford instruments.
Powder and crystals were mounted on an aluminium stub using
a carbon tape. The sample was coated using carbon to avoid
charging. Analysis of EDX spectra was done using Aztec
soware.

X-ray photoemission spectroscopy (XPS)

X-ray photoemission spectra on powder samples were measured
at HarwellXPS, Didcot, UK. Measurements were carried out
using a Kratos Axis SUPRA XPS tted with a monochromatic Al
Ka X-ray source (hn= 1486.6 eV), a spherical sector analyzer, and
3 multichannel resistive plate, 128 channel delay line detectors.
All data were recorded at 150 W and a spot size of 700 × 300
mm2. Survey scans were recorded at a pass energy of 160 eV, and
high-resolution scans were recorded at a pass energy of 20 eV.
Electronic charge neutralization was achieved using a magnetic
immersion lens. All sample data were recorded at a pressure
below 10−8 Torr and temperature of 294 K. Data were analysed
using CasaXPS v2.3.26PR1.0. The background was tted using
a Shirley background and peaks tted using a Gaussian–Lor-
entzian (GL(50)) peak shape. The spectra were calibrated with
respect to the Fermi edge of a Ni foil reference.

First principles studies

First principles density functional theory (DFT)39,40 calculations,
as implemented in the plane-wave basis code Quantum
J. Mater. Chem. A
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Espresso,41,42 were carried out for the primitive cell of CuSn2SI3.
The PBE exchange correlation functional43 was used with norm-
conserving fully relativistic Vanderbilt pseudopotentials44 as
available in the PseudoDojo database.45 We used kinetic-energy
and charge-density cutoffs of 100 Ry and 400 Ry, respectively.
We performed unconstrained variable-cell relaxations on the
experimentally measured structure using a uniform G-centred k-
point grid of 8 × 8 × 3 aer which the unit cell volume
expanded by 11% (see Table. S10), without signicant changes
to the relative atomic positions as compared to the unrelaxed
structure. We note that structural optimisation with PBEsol
yields a unit cell volume in better agreement with the experi-
mental structure than that obtained using standard PBE (2% vs.
11%, respectively). However, a comparison of computed band
structures for both the experimental and PBE relaxed structures
(see SI Fig. S12), shows relatively minimal differences in the
conduction and valence band edge states. Subsequent calcula-
tions presented in the main manuscript are performed on the
PBE relaxed structure. We compute the density of states using
a uniform 16 × 16 × 6 k-point grid (772 irreducible k-points),
including spin–orbit coupling (SOC). The effective mass tensor
is calculated as the inverse of the second derivative of the energy
with respect to the wave-vector, with derivatives being calcu-
lated using the nite difference method with a 5-point stencil
and an optimised increment of 0.01 Bohr−1. The effective mass
tensor is computed and diagonalised using the effective mass
calculator (emc) code.46,47 We also included spin–orbit coupling
for the relaxed structure using a q-point grid and k-point grid of
4 × 4 × 2.
Charge-carrier mobility measurements

The effective electron–hole sum mobility at THz frequencies
was measured using the optical-pump terahertz-probe (OPTP)
method for a pressed pellet of CuSn2SI3 of known thickness (See
SI for full details of the experimental technique and data anal-
ysis). In the OPTP method, charge carriers are photoexcited in
a semiconductor with ultrafast laser pulses (wavelength l = 400
nm), and the corresponding change in conductivity is measured
through changes in the transmission of a single-cycle terahertz
pulse. A value for the electron–hole sum mobility may be
extracted from such data, provided the initial charge-carrier
excitation density is known.48–50 The pellet of CuSn2SI3 was
pressed at room temperature using the pre-synthesized powder
described above to achieve uniform densication. The resulting
pellet measured 0.49 mm in thickness, 5 mm in diameter, and
had a mass of 51.9 mg, corresponding to a calculated density of
approximately 5.40 g cm−3.
Results and discussion
Computationally guided phase eld determination and
exploration

We employ a computationally guided approach to identify the
previously unexplored phase eld of Cu–Sn–S–I as promising
and explore it experimentally resulting in the discovery of two
new compounds. This was attained through a two-step process.
J. Mater. Chem. A
1. Identifying Cu–Sn–S–I phase eld. Using chemical
knowledge and promising characteristics for solar absorbers,
we rst select a subset of element combinations denoted as Cu-
M-Ch-X0-X, with M being a cation with s2 electronic congura-
tion among Sn, Bi, Pb, and Sb, and Ch stands for the chalcogen
anion S or Se, X are halides anions among F, Cl, Br, and I, and X0

was from {Ch, X}. This way we incorporated an s2 and a d10

cation, known for imparting defect tolerance, while two cations
provide greater extent of tuneability. The choice of chalco–
halide compounds was inspired by the fact that many ternary
lead and tin halides have shown excellent optical absorption
and charge carrier mobilities, but poor stability in ambient
atmosphere/moisture. The addition of chalcogen anions to
these halides are known to improve the stability. With this
element selection, there still is a large number of choices to
explore, and we used an unsupervised machine learning algo-
rithm, based on a variational autoencoder (VAE) to assess the
synthetic accessibility of the phase elds, similarly to the
approaches developed in ref. 30 and 31. This algorithm ranks
the candidate elds with its likelihood to have a stable
compound. The candidate phase elds, Cu-M-Ch-X-X0, were
subjected to the trained VAEs for ranking. A Pareto front opti-
mising the results of the two VAE models we used (Mat2Vec and
LEAFs, see methods for details) is shown in Fig. 1 for Ch = S.

Among the ranked test elds according to both models, the
top ve combinations contained Sn2+. Chloride containing
combinations were also consistently found higher ranked than
other halides. We selected a quaternary phase eld derived from
the top ranked quinary candidate Cu–Sn–S–I–Cl phase eld
(circled in Fig. 1) in order to begin experimental investigation.
The four-element eld Cu–Sn–S–I does not have any reported
quaternary compounds and is among the less explored elds
with a low number of known ternaries and thus was chosen for
exploratory synthesis attempts. The known ternary compounds
in this phase eld are listed in Table S1.

2. Exploratory synthesis to identify new compounds. Once
the phase eld was chosen, we need to explore it in a systematic
manner, by attempting synthesis with varying initial composi-
tion and reaction conditions. A points distribution algorithm
was used to suggest ve plausible initial compositions for
experimental synthesis within the quaternary cut of the phase
space as restricted by the choice of precursors – Cu2S, CuI, SnI2,
and SnS. The algorithm ensures that the separation between
these ve compositions and from the precursors is maximised
whilst also avoiding known phases. These ve compositions,
C0–C4, were weighed out and reacted at different temperatures
(see Methods). Aer this, all products were analysed with
powder X-ray diffraction. Samples which had unidentied
peaks were then subject to single crystal XRD, where numerous
single crystals from each batch were screened to nd a unit cell
not reported in ICSD. Two new structures were discovered this
way, with the compositions of CuSn2SI3 and Cu0.35Sn5.29S2I7.
Structure determination and description

The crystal structure of CuSn2SI3 (Fig. 2) was solved from single
crystal X-ray diffraction data with C2/m (#12) symmetry, and unit
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Phase field and initial composition selection for exploratory synthesis. The VAEmodels of synthetic accessibility are trained for phase fields
for which a band gap value greater than zero is reported in MPDS. Two different models are trained based on Mat2Vec and LEAFs descriptions of
constituent elements. At the prediction stage, the Pareto front of the scores from the two models for the candidate combinations of elements is
presented, where a lower score denotes higher synthetic accessibility. For the selected highest ranked (lowest score) phase field, a quaternary cut
of the Cu–Sn–S–I phase field is explored with the precursors used for the synthesis at the corners. Known ternaries are shown by red points
along the boundaries. A points distribution algorithm suggested the five points shown in green as possible starting points, away from known
compounds, for exploratory synthesis.

Fig. 2 (a) The three-dimensional crystal structure of CuSn2SI3. (b) Polyhedral environments for each cation; one CuI4 tetrahedral site, and the
SnS3I4 and SnSI6 capped trigonal prismatic environments. (c) CuI4 tetrahedra share edges along b to formCu2I2 layers. (d) The Cu2I2 layers (purple
shading) and Sn4S2I4 layers (green shading) are stacked along the c axis to form the three-dimensional structure of CuSn2SI3. The red dashed
circles highlight longer Sn–I distances (3.7528(8) Å) which provide connectivity along the a axis within the Sn4S2I4 layer. (e) The Sn polyhedra face
share to form Sn4S2I4 layers.

This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. A
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cell parameters (obtained from powder XRD) of a = 14.0369(1) Å,
b= 4.30723(5) Å, c= 14.4467(1) Å, a= 90° b= 97.007(5)°, and g=

90° (Tables S11–S17). The structure is formed of three different
cation environments (Fig. 2(b)): a slightly distorted tetrahedral
copper environment and two different capped trigonal prismatic
coordination environments with tin at the centre. The Sn1 site
occupies an SnS3I4 environment in which the Sn2+ cation is di-
splaced from the centre yielding two shorter (3.4546 Å) and two
longer (3.7579 Å) Sn–I distances. Sn2 occupies an SnSI6 envi-
ronment in which the S2− anion caps a single face with a range of
Sn–I distances of 3.1285–3.7563 Å, again reecting the off-centre
Sn2+ cation position.

These environments combine in CuSn2SI3 to produce Sn4S2I4
layers and Cu2I2-like layers which stack alternately along the c
axis to give the three-dimensional structure (Fig. 2(d)). Fig. 2(c–
e) show the top-down view of both layers. The Sn4S2I4 units,
formed via face-sharing of the SnS3I4 and SnSI6 environments
(Fig. 2(e)), are connected along the a axis of CuSn2SI3 by Sn–I
distances of 3.7528(8) Å (red dotted circle in Fig. 2(d)), slightly
longer than the typical ∼3.6 Å Sn–I distances in SnI2,51 or
Sn2SI2.52 These distances contribute sufficient valence in bond
valence sum53,54 (BVS) calculations, increasing the valence for
both the Sn1 and Sn2 sites closer to the formal +2 oxidation
state expected for Sn (Table S2–S4). These Sn4S2I4 structural
units are the same as found in Sn2SI2.52 and Sn4SI6,55 and
similar motifs are observed in other chalco–halide compounds
such as Pb5S2I6.56 The presence of stereo chemically active lone
Fig. 3 (a) The three-dimensional crystal structure of Cu0.35Sn5.29S2I7. (b
octahedron, a SnSI6 capped trigonal prism, and a SnS3I5 bicapped trig
octahedral Sn sites to form the Cu0.35Sn1.29I3 layer. (f) The layered struct
and Sn4S2I4 layers (green shading). (g) The Sn4S2I4 layers are similar to
Sn4S2I4 unit which changes the environment of Sn1 to a bicapped trigon

J. Mater. Chem. A
pair cations can favour the formation of lower dimensional or
layered structures, as observed in other s2 compounds.29

The crystal structure of Cu0.35Sn5.29S2I7 (Fig. 3) was, like
CuSn2SI3, solved from single crystal XRD in the monoclinic space
group C2/m with unit cell parameters (at 100 K) of a = 14.1572(8)
Å, b= 4.3847(2) Å, c= 17.1829(11) Å, a= 90° b= 110.303(7)°, and
g = 90° (Table S18–S20). The structure consists of the same
Sn4S2I4 innite layers as seen in CuSn2SI3 (Fig. 3(f and g)), thus
the in-layer a and b unit cell parameters are comparable between
the two materials. These Sn4S2I4 layers stack alternately along the
c axis with thicker Cu0.35Sn1.29I3 layers (purple layer in Fig. 3(f)) to
give the material composition Cu0.35Sn5.29S2I7, which accounts
for the increased c lattice parameter. This thicker Cu0.35Sn1.29I3
layer is disordered (Fig. 3 (c–e)), with partial occupancy of two
slightly distorted tetrahedral copper environments (Cu1 occu-
pancy 0.096(4); Cu2 occupancy 0.078(4)) and one octahedral SnI6
environment (occupancy of 0.644(2)) (Fig. 3(b)) in which the Sn2+

cation is displaced from the centre yielding one shorter (3.0567
Å), four similar (∼3.099 Å), and one longer (3.2032 Å) Sn–I
distances. It is the occupancy of the Sn octahedral site that
prevents the complete lling of the neighbouring face-shared Cu
tetrahedral sites as seen in ordered CuSn2SI3, driving the disorder
within this layer. The Sn2 site in Cu0.35Sn5.29S2I7 occupies
a similar SnSI6 environment as in CuSn2SI3, however, the Sn1 site
occupies a bicapped trigonal prismatic SnS3I5 environment
involving one extra I− compared to CuSn2SI3 because of a smaller
S–Sn–I angle (Fig. 3(g)).
) Polyhedral environments for each cation; two CuI4 tetrahedra, a SnI6
onal prism. (c–e) show the arrangement of the tetrahedral Cu and
ure of Cu0.35Sn5.2S2I7, comprising Cu0.35Sn1.29I3 layers (purple shading)
those in ordered CuSn2SI3 (Fig. 2) with reduced S–Sn–I angles in the
al prism.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Comparison of the anion nets in (a) CuSn2SI3 and (b) Cu0.35Sn5.29S2I7 with anion rows labelled based on Schäfli notation. The stacking of
these nets in (c) and (d) yields layered motifs in the ab plane of S2I4 and I− anions which alternate along the c axis. The orange line shown in both
(c) and (d) represents the single-layer anion nets shown in (a) and (b). The structures of (e) CuSn2SI3 and (f) Cu0.35Sn5.29S2I7 shown along the same
projection as in (c) and (d) formed from Sn4S2I4 (shaded green) and Cu2I2-like (shaded purple) layers.
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Similar modications of the M4S2X4 structural motif are
observed in Pb2BiS2I3 and Sn2BiS2I3,57 while disordered and
mobile Cu+ cations are also a common feature among many Cu-
based chalco–halides such as Cu3Bi3S5I2,58 Cu3Bi2S3I3,59 and
Cu4BiSeI4.60

The structures of CuSn2SI3 and Cu0.35Sn5.29S2I7, with C2/m
symmetry and comparable a and b lattice parameters, consist of
motifs which are common to both materials, such as the Sn4S2I4
This journal is © The Royal Society of Chemistry 2026
innite layers. This can be understood via comparison of their
anion arrangements (Fig. 4) which are related between the two
materials. The anion nets of both CuSn2SI3 and Cu0.35Sn5.29S2I7
combine alternating regions of well-known hexagonal and
square nets ({36} and {44} in Schläi notation, respectively),
separated by ve-coordinate S2− anions ({33.42}) as shown in
Fig. 4(a) and (b). There is one additional row of I− anions in
Cu0.35Sn5.29S2I7 compared to CuSn2SI3 (Fig. 4(b)), consistent
J. Mater. Chem. A
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with the increased I− to S2− ratio in Cu0.35Sn5.29S2I7. These nets
stack in similar ways in both structures such that the extended
layered motifs become visible within the ab plane and alternate
along the c axes of both structures (Fig. 4(c) and (d)). The
additional row of I− anions in Cu0.35Sn5.29S2I7 (Fig. 4(b))
expands the c lattice parameter compared to CuSn2SI3. The
environments generated by the S2I4 layers are occupied exclu-
sively by Sn2+ in both materials to yield the Sn4S2I4 innite
layers in the ab plane (green shading in Fig. 4(e) and (f)). Cu+

occupies environments within the I− only layers in both mate-
rials (purple shading in Fig. 4(e) and (f)).

The Sn4S2I4 unit which exists in both CuSn2SI3 and Cu0.35-
Sn5.29S2I7 is the building block of the ternary Sn2SI2 itself and
exists in other ternaries such as Sn4SI6, and also analogous
M4S2X4 units (where X = halogen, M = Pb2+, Bi3+, Sb3+) exist in
Pb5S2I6,56 BiSI,61 SbSI,62 and CdBiS2Cl.29 The capped trigonal
prismatic coordination of cations is common to many of these
compounds showcasing the robust nature of these structural
units. However, in the case of most other known structures, the
addition of a different cation (i.e. M-M0-X-X0) leads to it being
incorporated into the structural unit either expanding or di-
srupting the motif, as in cases of CdBiS2Cl, Cu3Bi2S3I3,59 In2-
BiSe4I,63 and Hg2PbS2I2 27 (Fig. S2 and Table S5). However, in the
case of CuSn2SI3 and Cu0.35Sn5.29S2I7, Cu

+ is not incorporated
into the Sn4S2I4 units and leads to the formation of separate
structural layers. The two new compounds discovered here
represent some of the few sulphide-iodide quaternary
compounds with group 14 s2 cation (Sn2+ or Pb2+). The absence
of a large number of similar compounds could be attributed to
the large size difference between the S2− and I− anions.
Fig. 5 Synchrotron powder X-ray diffraction pattern of as synthesised C
86% by weight of the sample, with the disordered Cu0.35Sn5.29S2I7 being
Black circles show the measured data and the red line is the calculated p
shown as a blue line and the Bragg peak positions of the phases presen

J. Mater. Chem. A
A CuSn2SI3 powder sample was prepared by solid state
synthesis as described in the Methods. A Rietveld renement
against synchrotron powder X-ray diffraction data is shown in
Fig. 5. It conrms the majority phase formed (with 86% weight
percent) is the desired CuSn2SI3, with the primary impurity
being Cu0.35Sn5.29S2I7. Repeated rings and different tempera-
tures did not increase the purity of the samples. The structural
and renement parameters are given in the SI Tables S14 and
S15. Powder XRD data measured at 100 K is also shown in the SI
(Fig. S3).

The elemental analysis of the crystals and powder sample
were carried out using Energy Dispersive X-ray Spectroscopy in
a scanning electron microscope. The resulting atomic percent-
ages of Cu, Sn, S, and I are plotted in ternary diagrams in Fig. S4
in SI, along with an image of the crystal in Fig. S5. Themeasured
compositions form a cluster of points close to the target
composition. The oxidation states of the various elements
present in the CuSn2SI3 sample were conrmed using the core
level XPS measurements, and are shown in SI Fig. S6–S10. The
binding energies obtained from tting the spectra were
compared with the values from the literature to conrm the
oxidation states of the different species present in the
compound (Tables S6–S9). The values obtained agree with the
assignment of the oxidation states Cu+, Sn2+, S2−, and I− in
CuSn2SI3.
Optical property measurements

To gain an understanding of the optical properties and band gap
of the material, UV-visible spectroscopy was carried out on the
powder sample of CuSn2SI3. The measured diffuse reectance
uSn2SI3 sample measured at room temperature. CuSn2SI3 constitutes
the primary impurity and the binary iodides present in small amounts.
attern from a Rietveld refinement. The difference between the two are
t are plotted as well.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 The pseudo-absorption spectrum for CuSn2SI3 measured using UV-Vis spectroscopy. (a) Themeasured diffuse reflectance data is plotted
after transforming as Kubelka–Munk function F(RN) as a function of wavelength. (b) A Tauc plot for the absorption spectra assuming a direct band
gap. Red dotted line shows the linear fit giving a band gap of Eg = 2.1 ± 0.2 eV.
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data was converted using the Kubelka–Munk function64,65 and
plotted in Fig. 6. The absorption falls sharply above ∼500 nm,
indicating an absorption onset around that energy range,
consistent with the orange-red colour of the sample. To estimate
the optical band gap, a Tauc analysis66 was performed assuming
a direct band gap, as shown in Fig. 6(b). The linear t to the plot
of (F(RN)hn)2 versus hn gives an intercept to the x-axis, at 2.1 ±

0.2 eV (error dened as the standard deviation obtained from
multiple measurements from the same batch of powder sample).
However, the powder sample is not phase pure and the impuri-
ties present could be contributing to the absorption edge and
hence the band gap values obtained this way. We eliminate the
possibility that the absorption onset is coming from either CuI or
SnI4, as CuI has a much wider gap of∼3 eV67,68 and by measuring
Fig. 7 . (a) The electronic band structure calculated for the ordered phas
closed path Y2–G–M2–Y2 in the Brillouin zone (See SI Fig. S12(a) and S12(
as the relaxed structure, respectively, with the Brillouin zone shown in Fig
the partial DOS for each atom is shown in SI Fig. S13. 7(b) The charge
shaded regions) and the conduction band bottom (CBB) (green shared r
direct bandgap.

This journal is © The Royal Society of Chemistry 2026
samples with added SnI4 to examine the effect this has on the
absorption spectra (Fig. S11). Although SnI4 has a bandgap close
to where we see the absorption edge, we conclude ∼2% of SnI4
cannot give rise to the absorbance we observe from the powder
sample of CuSn2SI3. This leaves the determined band gap to be
from a mixture of CuSn2SI3 and Cu0.35Sn5.29S2I7. Although the
measured optical absorption onset suggests a band gap of
approximately 2.1 eV, which is too high for use in a single junc-
tion solar cell, one cannot rule out the potential for use in
amultijunction cell, for example in conjunction with perovskites,
where absorption occurs across the visible energy ranges and
record high efficiencies are reported.69 Also, it is to be noted that
this is the rst report in the Cu–Sn chalco–halide family of
compounds. Further exploration and attempts to tune the band
e of the relaxed structure of CuSn2SI3 using DFT(PBE) + SOC along the
b) for the band structure along the full path for the experimental as well
. S12(c)). The orbital projected k-resolved DOS in the Brillouin zone and
density distribution corresponding to the valence band top (VBT) (red
egions) at the point Y2 in reciprocal space that also corresponds to the

J. Mater. Chem. A
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gap by examining analogues and by chemical substitution are
possible avenues for future research.

Electronic band structure calculations

The electronic band structure of CuSn2SI3, shown in Fig. 7(a), is
calculated from DFT (PBE) + SOC along a path Y2 (−0.5, 0.5, 0) –
G (0, 0, 0) –M2 (−0.5, 0.5, 0.5) – Y2 in reciprocal lattice units. See
Fig. S12(a) and S12(b) for the full path. We nd a direct band
gap, with dispersive bands in the directions corresponding to
the Cu–I or Sn–S–I planes of the structure, and non-dispersive
otherwise (for example along Y2–M2). As shown in Table 1, we
calculate a band gap of ∼1.0 eV within semi-local DFT (PBE) +
SOC, and of ∼2.5 and ∼1.8 eV using the PBE0 70 and the HSE71

hybrid functionals, respectively. The differences between these
calculated band gaps and the experimental band gap estimated
from optical absorption experiments are consistent with
previous benchmarking data reported in the literature.72

To better understand the origin of at bands between Y2 and
M2, we computed the charge density distribution for the valence
band top (VBT) and the conduction band bottom (CBB) at these
specic points in the Brillouin zone (see Fig. 7(b) for Y2). The
red and green iso-surfaces show the charge density at the VBT
and the CBB, respectively. The charge density corresponding to
the VBT is clearly centred around the Cu2I2 layers. Along the
crystallographic c-axis, each such layer is spatially well sepa-
rated from the next one by the Sn4S2I4 layer in between leading
to minimal overlap between the different Cu2I2 layers. This
leads to the formation of a at band at the VBT along the cor-
responding direction in k-space which is Y2–M2. Similarly, the
charge surfaces for the CBB are primarily centred around the Sn
atoms in the Sn4S2I4 layers and separated along the c-axis,
leading to a at band at the CBB as well. Further, the atom-
projected band structure shown in SI Fig. S13 with corre-
sponding atom and orbital resolved density of states (DOS)
Table 1 Comparison of the experimentally obtained bandgap with
predictions from DFT + SOC and DFT + SOC with Hybrid functionals
PBE0 and HSE, for the volume relaxed structure of CuSn2SI3

Method Bandgap (eV)

Experiment 2.1 � 0.2
DFT 1.0
PBE0 2.45
HSE 1.79

Table 2 Effective masses at the valence band top and the conduction b
units of electron mass (me) along the specified direction of eigenvectors

High-symmetry point
m* (me)
(Harmonic mean) m1(me) (d

M2 (−0.5, 0.5, 0.5) VBT (hole) 1.31 0.45 (1, −
CBB (electron) 0.45 0.21 (1, −

Y2 (−0.5, 0.5, 0) VBT (hole) 1.40 0.48 (−1,
CBB (electron) 0.46 0.21(1, −1

G(0, 0, 0) VBT (hole) 2.58 0.92 (1, −
CBB (electron) 0.72 0.423 (1, −

J. Mater. Chem. A
conrms that the contributions to the VBT arise primarily from
Cu and I atomic orbitals, while the CBB consists mostly of Sn
with very small contributions from S and I orbitals. The pres-
ence of at bands along with dispersive bands in the Y2–G–M2

direction indicates a possibility of highly anisotropic electron
and hole transport. To quantify this, we calculated and
compared the effective masses of the holes and electrons at the
high symmetry points Y2 and M2 along the three directions, as
tabulated in Table 2.

The effective mass calculations at Y2 and M2 show clear
anisotropy in three different directions. The direction along the
crystallographic c-axis (m3) has the heaviest effective masses for
both holes and electrons. In the other two orthogonal directions
the effective masses are much smaller at a fraction of a free
electron mass indicating a possible high mobility of charge
carriers. Also, the average effective mass of the holes is∼3 times
larger than the average effective mass of the electrons. It is to be
noted that, in semiconductors with anisotropic and non-
parabolic bands, the experimental effective mass oen
depends on the carrier concentration73,74 which we are not
considering in our calculations here. Despite highly anisotropic
chemical and electronic structures manymaterials like Sb2Se3,75

BiSI,76 etc. have been successfully incorporated into solar cells
with high efficiency with careful synthesis of oriented thin
lms. Thus, the anisotropic electronic bands do not rule out the
potential of CuSn2SI3 for solar absorber applications.

An understanding of the contributions to the band edges
coming from different elements is critical to further understand
the photo-induced charge carrier transport and to predict ways
to tune the band gap. We compare the DOS near the Fermi
energy obtained from DFT calculations with an experimentally
measured X-ray photoemission spectroscopy valence band
spectrum for CuSn2SI3 in Fig. 8. The calculated density of states
has been processed with a Gaussian smearing of 0.25 eV
accounting for the lifetime broadening in the measured data
and spectrometer resolution,77,78 to aid comparison with the
experimental data. The background was subtracted from the
measured XPS data and scaled to match with the DOS.

The total DOS and the XPS valence band data agree reason-
ably well. As discussed before, the VBT contributions come
primarily from Cu and some overlap with I, according to DFT
calculations. The measured XPS spectrum shows a broad and
asymmetric peak, centered around ∼2.5 eV. The calculations
roughly capture this peak position, with the asymmetric peak
and bottom for the high symmetry k-points M2 and Y2 for CuSn2SI3 in
in crystal units in the reciprocal space

irection) m2 (me) (direction) m3 (me) (direction)

1, 0) >>1 (1, 1, 0.09)< >> 1 (0.04, 0.04, 1)
1, 0) 0.56 (1, 1, −0.04) >>1 (0.16, 0.16, 1)
1, 0) >>1 (1, 1, −0.21) >>1 (0.32, 0.32, 1)
, 0) 0.59 (1, 1, 0.03) >>1 (0.1, 0.1, 1)
1, 0) >>1 (1, 1, −0.07) >> 1 (0.19, 0.19, 1)
1, 0) 1.9 (1, 1, 0.91) 0.78 (−0.85, −0.85, 1)

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Comparison of the total density of states as obtained from DFT
+ SOC and the valence band spectrum obtained from X-ray photo-
emission spectroscopy measurements. The DFT data has an experi-
mentally motivated Gaussian smearing of 0.25 eV.

Fig. 9 Differential transmission of the THz electric field amplitude,
proportional to THz transient photoconductivity, recorded using
optical-pump terahertz-probe spectroscopy for a CuSn2SI3 cold-
pressed pellet. Curves were recorded following excitation with
400 nm (3.1 eV) light pulses of 200 mJ cm−2

fluence. A value of 4m =

1.3 ± 0.2 cm2 V−1 s−1 was extracted for the effective electron–hole
sum mobility from the peak value after excitation under knowledge of
the density of absorbed photons.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 4

:1
4:

36
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
centered around ∼2 eV with multiple shoulders. The smaller
peak further away from the Fermi energy (∼7.5 eV) is also
reproduced, although with a much higher intensity and with
a slight shi. The disparities in intensity could be arising, in
part, from the different photoionization cross sections for
different atomic orbitals, which are not accounted for in DOS
calculations. We also note that the relative intensity of the main
peak and the peak at ∼1 eV in calculations (which is a barely
visible shoulder in experimental data) is better reproduced with
PBE0 and HSE DOS, as shown in SI Fig. S14. This is expected, as
the semi-local DFT not only underestimates the band gap, but
also band widths.72 Nevertheless, the general agreement
between DFT and XPS data shows that the calculations have
captured the band edge properties of the compound very well.
Charge carrier mobility

Terahertz (THz) photoconductivity measurements were per-
formed to assess the mobility and dynamics of charge carriers
in CuSn2SI3. Fig. 9 shows the change in photoconductivity in
a cold-pressed pellet of CuSn2SI3 as a function of time aer
photoexcitation with 35 fs-laser pulses at a photon energy of
3.1 eV. From the value of the initial amplitude immediately aer
excitation, and under knowledge of the absorbed photon
density (see SI for details) a value of the effective electron–hole
sum mobility of 4m = 1.3 ± 0.2 cm2 (V s−1) was extracted. This
value is comparable to THz mobilities measured for other newly
emerging solar absorbers, such as Cu4x(AgBi)1−xI4,79 (AgI)x(BiI3)y
rudorffites80 and AgBiS2,81 but about an order of magnitude
lower than those typical for tin iodide perovskites.82 The
conductivity signal decays within the rst ∼10 ps aer photo-
excitation, suggesting rapid recombination or trapping of
charge carriers, which may be mediated by both point defects
and impurity phases. Since both types of defects may also
This journal is © The Royal Society of Chemistry 2026
inuence the charge-carrier mobility through scattering events,
further material purication and renement is likely to offer
increases in both mobility and lifetime of charge carriers.

Conclusions

We discover two new semiconducting Cu-containing chalco–
halides, CuSn2SI3 and Cu0.35Sn5.29S2I7, through exploratory
synthesis guided by computational tools. These compounds
form a three-dimensional structure with related anion lattices.
Layers of Sn4S2I4 are connected by different layers forming the
two different compounds, highlighting the structural versatility
and possibility to explore more such structures. CuSn2SI3 has
a band gap in the visible region of ∼2 eV and moderate charge-
carrier mobilities comparable to those of recently emerging new
solar absorber materials in the metal halide and chalcogenide
space, making this a possible candidate material for solar
absorber applications, e.g., in multi-junction cells with further
design and further tuning of the bandgap. Electronic band
structure calculations using DFT suggest CuSn2SI3 to be a direct
band gap material with at bands formed due to lack of overlap
between the Cu2I2 and Sn4S2I4 layers, and highly anisotropic
effective masses. These compounds open a relatively less
explored class of d10–s2 cations containing chalco–halides as
a path for making semiconductors with promising electronic
properties.
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