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Metal phosphosulfide materials have sparked growing interest due to their wide range of properties and
applications. Despite a sizable presence in the bulk materials synthesis literature, reports of
phosphosulfide thin films are extremely scarce. This may be due to the hazardous, volatile, and corrosive
nature of many phosphorus and sulfur precursors, combined with the high sulfur chemical potential
needed to incorporate large amounts of this volatile element in the (PS4~ and (P.Se)*~ thiophosphate
anions that are common in this material family. To overcome these limitations, we introduce directional-
and-diffuse multi-anion reactive sputtering (DADMARS). DADMARS uniquely combines sputtered metal
sources, reactive gas, and a thermally cracked evaporated nonmetal source with a high chemical
potential to gain access to challenging multi-anion chemistries in thin-film form. In this study, we
employ Cu, PHs, and S, as the sputtered, gaseous, and evaporated sources to deposit polycrystalline
CusPS4 thin-film thiophosphate semiconductors with the narrowest X-ray diffraction peaks recorded for
a phosphosulfide thin film. Single-phase CusPS, can be grown over relatively large areas (8 x 8 cm? and
extendable) at temperatures down to 375 °C, which is lower than for similar sulfide semiconductors
CulnS; and CuyZnSnS4. This suggests potential compatibility with established device fabrication
processes. CuzPS4 thin films exhibit remarkable environmental, radiation, and chemical stability, with
negligible etch rates in the 0-14 pH range. Thin-film CusPS, is a p-type semiconductor with a bandgap
of 2.3-2.5 eV, strong light absorption, and detectable photoluminescence at room temperature. This
combination of stability and optoelectronic properties positions CuzPS,4 as a promising earth-abundant
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1. Introduction been reported. Yet, well-characterized thin-film phospho-
sulfides are almost non-existing, with the known reports (less
Inorganic compounds containing phosphorus, sulfur and at than ten)>**?** exhibiting amorphous*** or uncoalesced
least one metal (phosphosulfides) are relatively well explored in  films,* solid solutions rather than unique compounds,* or
the form of bulk crystal or powder samples, with over 250 re- questionable prospects for the deposition technique to be
ported compositions in the Inorganic Crystal Structure Data- extended to other phosphosulfides.>!® 2D material growth has
base (ICSD).* Most - although by no means all - of these known  so far resulted in isolated flakes tens of um in size.”® None of the
compounds are thiophosphates, the sulfur analogues of phos- previous reports of thin-film growth has demonstrated contin-
phates. Common thiophosphate compositions are M,PS,, uous large-area deposition, high crystalline quality with grains
M,PS;, and M, P,S,, where M is a metal and phosphorus is in the larger than a um, or extensive characterization.
+5 or +4 oxidation state. Recently, synthesis of thiophosphate The lack of thin-film phosphosulfide materials research
nanoparticles,>® thick films from slurries of bulk powders,** hinders at least three important developments: (i) applications
and 2D thiophosphates near the atomically-thin limit (via where the thin-film form is necessary or highly desirable (e.g.,
single-crystal exfoliation® or chemical vapor deposition”®) has photovoltaics, solid-state lighting, photoelectrochemistry,
microelectronics, quantum technology, and any kind of on-chip
application); (ii) property measurements where the material
“National Centre for Nano Fabrication and Characterization (DTU Nanolab),  ghould be continuous over a sufficiently large area (e. 2, light
Technical University of Denmark, 2800 Kongens Lyngby, Denmark. E-mail: mittma@ . . .
dtudk; ancro@deu.dk absorption coefficient and some electrical measurements); and
(iii) high-throughput determination of composition-structure-

*Department of Energy Conversion and Storage (DTU Energy), Technical University of ) ) 3 >
Denmark, 2800 Kongens Lyngby, Denmark property relationships as a function of growth conditions.
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In this contribution, we propose a thin-film growth strategy
combining a sputtered metal vapor, a cracked evaporated sulfur
beam,'*® and a diffuse source of phosphorus (PH;)."** This
growth technique can be broadly classified as reactive sputter-
ing, but it is made unique by the different nature of the two
reactive sources, one being a diffuse gas and the other a direc-
tional beam. We refer to it as directional-and-diffuse multi-
anion reactive sputtering (DADMARS). Since the metal, phos-
phorus, and sulfur sources are independent of each other and
spatially separated, this deposition technique has two major
advantages. First, it can be used to attempt growth of any
phosphosulfide compound regardless of the metal (or metals)
and of elemental composition. Second, it is compatible with
both high-throughput combinatorial research (due to the
directionality of the metal and sulfur vapors) and large-area
uniform deposition. The highly tunable chemical potential of
the cracked sulfur beam enables us to access compounds with
high sulfur content, such as thiophosphates, where a diffuse
H,S source with lower chemical potential may not be suffi-
cient.'® We previously suggested this deposition strategy in
a perspective article," and now we report the first example of
a phosphosulfide thin film grown by this method.

The proposed technique is applied to grow thiophosphate
Cu;PS, films. Cu;PS, is a p-type semiconductor first synthesized
in bulk form in 1894.>* It has a band gap in the visible range**>”
and preliminary but incomplete indications of photo-
activity,»*>*¢ in addition to high chemical stability.>* The natu-
rally occurring isostructural compound (enargite CuzAsS,) has
received more detailed attention as a material for optoelec-
tronics/photoelectrochemistry**~*® with significant coalescence
and grain growth in nanoparticle-coated thin films* and
encouraging non-radiative carrier lifetimes in the ns range.*” On
the other hand, detailed investigations on the optoelectronic
properties of CuzPS, are missing, with a lack of absorption
coefficient, photoluminescence spectra, carrier lifetimes, and
reported difficulties in carrier mobility measurements due to
the low density of pelletized bulk samples.>* We hypothesize
that the paucity of reports about the electrical and optical
properties of Cu;PS,, their dependence on growth conditions,
and optoelectronic/photoelectrochemical applications is due to
the lack of a suitable technique to deposit phosphosulfide films
in general (points (i-iii) above).

In fact, the main focus of research on Cu;PS, has been
within applications for which thin-film samples are not neces-
sary, e.g., as an electrode for Li-ion,*** Mg-ion,* and Na-ion
batteries,>** electrocatalysis,***” second harmonic genera-
tion,**** and ammonia sensing.*® Cu;PS, has been prepared by
solid-state reactions,>** chemical vapor transport,*”” ball
milling®*** and solvent based synthesis.>* These methods yield
Cu;PS, in crystal, powder, or nanoparticle form. Unlike the case
of Cu;AsS,, the only reported attempts to deposit CuzPS, films
from nanoparticles did not result in nanoparticle coalescence
and grain growth.>*

Employing the DADMARS technique, we prepared contin-
uous single-phase CuzPS, thin films with substantial grain
growth at temperatures below 500 °C. The Cu;PS, films show
remarkable stability in air and chemical resistance across the
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full pH range from acidic (pH = 0) to basic (pH = 14). Beyond
the synthesis, we combine detailed experimental characteriza-
tion with electronic structure calculations via density functional
theory (DFT) to provide insights into the material's bonding and
optoelectronic behavior. Overall, CuzPS, appears to be a chem-
ically resilient and promising candidate for future applications
involving light and electricity.

2. Experimental details
2.1 Equipment

The film deposition apparatus used in this work is a custom
reactive sputtering chamber (Kurt J. Lesker) with three magne-
tron sources, an S-cracker and separate gas inlets for the inert
and reactive gases (Fig. 1la). The S-cracker (Nano4Energy/
Gencoa) is a directional sulfur beam source, where elemental
sulfur is first heated in an effusion cell to reach its equilibrium
vapor pressure. It is then released towards the main deposition
chamber via a pulsed valve and heated further to crack the Sg
rings of low-temperature sulfur into smaller, more reactive
species. The sulfur vapor flux at the substrate is controlled by
the duty cycle of the pulsed valve. The combination of sputter
targets and reactive species from both gaseous sources (PH;)
and evaporated sources (S,) gives flexibility for the synthesis of
challenging materials. The setup enables controlled
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Fig. 1 DADMARS synthesis apparatus: (a) scheme of the reactive
sputter chamber combining a Cu target, a directional S source and two
separate gas inlets, one for the reactive gases like PHs and one for Ar.
(b) Partial pressures of the gases tracked by OES during deposition of
CuzPS4 (c—e) EDX composition maps of Cu (c), P (d), and S (e) in
a combinatorial film deposited with this setup.
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compositional and thickness gradients by adjustment of the
angles and positions of the sputter targets and the S-cracker
nozzle with respect to the stationary substrates. The deposi-
tion chamber is directly connected to an actively purified N,-
filled glovebox (LC Technology) so samples can be retrieved and
stored without air exposure.

2.2 Synthesis

The Cu;PS, thin-film samples were synthesized by directional-
and-diffuse multi-anion reactive sputtering (DADMARS) using
a metallic Cu target in a magnetron source, reactive PH; gas,
and a cracked sulfur beam. RF power was supplied to the Cu
target at 25 W which resulted in a target DC self-bias between
175 and 200 V during the deposition step with the reactive
sources turned on. The pressure during the deposition was
controlled to be 5 mTorr under 3.5 sccm of PH; and 131.5 sccm
of Ar. The S-cracker was run with a cracking temperature of
400 °C, where S, is expected to be the dominant species at these
pressures.*’ The background sulfur partial pressure (away from
the direct sulfur beam) was adjusted to be between 0.2 and 0.5
mTorr, as measured by an ion gauge before introducing the
other gases. The partial pressures of all gases during deposition
were monitored in real time by optical emission spectroscopy
(OES, Fig. 1b) using a remote plasma generator (OPTIX, Gen-
coa). The PH; partial pressure (0.10-0.14 mTorr) is rather stable
over an hour (Fig. 1b) and close to the value expected from the
relative PH; flow rate (0.13 mTorr). The OES-measured sulfur
partial pressure (0.3-0.4 mTorr) is also stable and consistent
with the ion gauge value (Fig. 1b).

The deposition rate, determined by dividing the measured
sample thickness by the deposition time, was between 0.5 and 2
A s depending on the position on the substrate. The highest
rates were obtained at positions closest to the Cu target. The
deposition time varied between 25 and 100 min, so film thick-
nesses were in the hundreds of nm range. The substrate holder
was positioned face down above the targets in the chamber. A
combination of substrates was mounted to cover an area of
about 8 x 8 cm? (Fig. 1). Details on the substrate materials used
for each measurement are provided in the SI (Tables S1 and S2).
During deposition, the substrate holder was kept at floating
potential and at a temperature of 465 °C.

2.3 Characterization

The bulk, depth-averaged elemental composition and thickness
of the thin films was determined by energy dispersive X-ray
spectroscopy (EDX) using a FEI Quanta FEG 250 equipped
with an Oxford Instruments EDX detector. The elemental
composition was mapped as a function of position throughout
the combinatorial samples using the LayerProbe software
(Oxford Instruments), resulting in composition maps such as
the ones shown in Fig. 1c-e. The LayerProbe software calculates
a self-consistent film composition and mass thickness by fitting
EDX spectra containing both film- and substrate features. The
film thickness was calculated from the mass thickness
assuming the density of bulk CuzPS, (4.33 g cm ™ ).%
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Scanning electron microscopy (SEM) images were recorded
with a Zeiss Gemini SEM 560 to inspect the thin-film
morphology.

The surface composition and chemical states of the elements
were determined by X-ray photoelectron spectroscopy (XPS)
using an Al-Ka source. The valence band onset was measured by
ultraviolet photoelectron spectroscopy (UPS) using a He-I
source. Both measurements were conducted in a Thermo
Fischer Nexsa system. The samples were transferred between
the glovebox and the measurement instrument in a dedicated
vacuum transfer module to avoid ambient air exposure and
surface oxidation. Therefore, XPS and UPS measurements were
conducted on the native sample surface without in situ ion-
beam sputtering.**

X-ray diffraction (XRD) measurements were performed to
probe crystal structure, phase purity, and stability in air, acid,
and base. A Rigaku SmartLab diffractometer in the parallel
beam 6#-26 geometry with a rotating Cu-Ka source, focusing
optics and a 2D detector was employed.

The vibrational fingerprints of the films were investigated
with Raman spectroscopy, using a Renishaw InVia confocal
Raman microscope with a 785 nm excitation wavelength.

An Agilent Cary 7000 instrument with an integrating sphere
was used to measure direct and diffuse UV-Vis-NIR trans-
mission and reflection spectra for the determination of the
absorption coefficient of the film. Photoluminescence (PL)
properties were measured using a custom setup with a 405 nm
laser for excitation.

Different substrate materials (crystalline Si, fused silica, and
soda lime glass) were chosen to accommodate the requirements
of each characterization technique. Composition, crystal
structure and morphology were examined across all types of
substrates to ensure consistency of the thin films deposited on
the different substrate materials. Further details are available in
Tables S1 and S2.

All characterization, except for XPS and UPS, was conducted
on air-exposed thin films. Experimental data was managed and
analyzed in a local customized NOMAD Oasis database infra-
structure.* Further details on the measurement conditions,
instruments and data analysis are available in the SI.

3. Computational details

CuzPS, properties were calculated using Density Functional
Theory (DFT) using a plane wave basis set as implemented in
the VASP***° software. The exchange-correlation hybrid func-
tional Heyd-Scuseria-Ernzerhof (HSE06)**> was used in this
work, unless otherwise specified. Hybrid functionals signifi-
cantly alleviate the systematic band gap underestimation
problem of semilocal functionals, and generally yield opto-
electronic properties in much better agreement with experi-
ment.*®* All calculations were submitted using the SLURM
frontend MyQueue.* The initial structure of Cu;PS,, extracted
from the Materials Project, entry mp-3934, was relaxed
through a geometry optimization. A plane wave energy cut-off of
680 eV was selected for all calculations. All calculations, except
that of the effective masses, used a Monkhorst-Pack k-point

© 2025 The Author(s). Published by the Royal Society of Chemistry
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grid of 5 x 5 x 4 Bloch vectors to describe the Brillouin zone.
During the structure relaxation, a convergence threshold of
0.01 eV A™* of force per ion was used.

A non-self-consistent calculation was employed to determine
the electronic band structure from the relaxed structure, fol-
lowed by a frequency-dependent absorption calculation for the
absorption spectrum. The sigma broadening factor of 0.02 was
used for the band structure calculation, while the absorption
spectrum calculation and the orbital-resolved density of states
(DOS) calculation were resolved with a sigma broadening factor
of 0.1 and plotted with the sumo®® package. The conductivity
effective masses were calculated at room temperature in the low
carrier concentration limit using the BoltzTraP2 %’ package on
a single point calculation with a (11 x 11 x 11) k-point grid.

The charge/bonding properties and thermodynamic stability
landscape of the Cu-P-S system (convex hull) were calculated
using the Perdew-Burke-Ernzerhof gradient corrected func-
tional for solids (PBESol).*® The convex hull was based on in-
house calculations on all the known ternary and binary Cu-P-
S phases and plotted with the pymatgen package.>**° The charge
and bonding analysis was performed using the LOBSTER®
package on a single point calculation. LOBSTER extracts local
properties by projecting the plane wave basis set onto a local
basis set.

4. Results

4.1 Composition and phase identification

Depending on the relative fluxes of the precursors, the bulk
elemental composition of the Cu-P-S films can either exhibit
combinatorial gradients following the geometry of the sources
(Fig. 1c-e) or be locked to the CusPS, composition within the
error bar of the EDX measurement (Fig. 2a). At sulfur partial
pressures above 0.2 mTorr, the Cu;PS, composition is locked
over an area of at least 8 x 8 cm? (Fig. 2b).

For an exemplary film with stoichiometric CuzPS, composi-
tion in the bulk, the surface composition is also essentially
stoichiometric within the error bar of the XPS measurement
(Table 1). Thus, CusPS, does not exhibit the strongly Cu-poor
surfaces typically observed in the related compounds Cu,-
ZnSnS, and CulnS,.*** Oxygen contamination is 2.7% in the

36
PY% 18

@

Fig.2 Large-area CusPS, deposition. (a) Bulk film composition at 120
different points spanning an 8 x 8 cm? area, as measured by EDX. The
stoichiometric CusPS,4 point is marked with an orange X on top of the
data points in the ternary plot. (b) Photograph of a deposited film on
the substrate holder.
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Table 1 Atomic bulk and surface composition at the same location of
a thin film exhibiting the enargite structure. The sum of Cu, P, and S
contents is normalized to 100%. The ideal stoichiometric composition
is also given

Cu% P% S%
Bulk (EDX) 37.8 £ 0.5 12.1 £ 0.2 50.1 + 0.7
Surface (XPS) 35.4 £ 1.8 11.9 + 0.6 52.7 £ 2.6
Stoichiometric 37.5 12.5 50.0

bulk after air exposure (EDX, semiquantitative), and 5.1% at the
as-deposited surface without nominal exposure to air (XPS).
Oxygen is the only impurity conclusively detected by EDX,
whereas XPS measurements also reveal adventitious carbon and
<0.1% Sb (Table S3) due to parallel work on Sb-containing
materials in the same chamber (see SI). Using in situ ion-
beam sputtering in the XPS chamber, O, C, and Sb appear to
be mainly confined to the surface. All other peaks in XPS survey
spectra can be indexed to Cu, P, or S core level peaks, Auger
peaks, or their satellites (Fig. 3).

Sixteen peaks can be identified with a high degree of confi-
dence in the XRD pattern of a film with stoichiometric Cu;PS,
composition (Fig. 4a). All these peaks can be indexed to a single-
crystal CusPS, reference (Collection Code: 29705) from the
Inorganic Crystal Structure Database (ICSD)*® The bulk crystal
structure (enargite) is based on the CuzAsS, mineral and
belongs to the orthorhombic space group Pmn2, (Fig. 4b).**
Enargite is a wurtzite-like structure with distorted tetrahedra.
The distortions in CuzPS, are rather small and more
pronounced in the CuS, tetrahedra, with tetrahedral angles in
the 104.4-114.0° range (CuS,) and in the 108.3-111.3° range
(PS,).* It is important to note that P does not act as a P>~ anion

in CusPS,;, in stark contrast with classic phosphide
o | o
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Fig. 3 XPS survey scan of an as-deposited enargite CuszPS; film
without nominal air exposure. The labeled peaks are either core level
or Auger peaks. The remaining features are satellites of such peaks or
hybridized valence band states. Different elements are marked with
different colors.

Chem. Sci., 2025, 16, 21862-21873 | 21865


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05882a

Open Access Article. Published on 14 2025. Downloaded on 11.6.2026 12:07:20.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

El
T CuzPS, film
Z
@ [ 9 § oagw o = N ~ o
c O = = NOO o — o N o~ [N]
o [fed 2 dana a o aos N N
< I S
= = =
Qo
KS)
CusPS, ref.
ICSD: 29705
T T 1 I I
30 40 50 60 70 80

20 (degrees)

Intensity (a.u.)

CusPS,|ref.

250 350 450 550
Wavenumber (cm™1) (C)

(b)

R ) TR
| TR et 4 \',c (<N
‘x.{f.”\* =T
3021m\ E?(d) 1&m r"

Fig. 4 Structural and morphological characterization of CuzPS,4 films.
(a) Experimental XRD pattern of the thin-film sample and simulated
pattern from a reference enargite single crystal (ICSD Collection Code:
29705).38 (b) Enargite crystal structure of CuzPS, represented as a ball
and stick model with polyhedra visualized with VESTA.®* (c) Raman
spectrum of the thin film and the positions of peaks and mode
assignment previously reported for CuzPS,4.#+¢® (d) SEM micrograph of
the CusPS, thin film tilted to 20° with respect to the substrate plane. (e)
Top view SEM micrograph of the CuzPS, thin film.

semiconductors like GaP. Instead, P is present as P°" and it does
not bond to Cu, but only to S. Enargite CuzPS, can then be seen
either as a metal thiophosphate containing the well-known
[PS,]>~ polyanion,® or alternatively as a classic double-cation,
single anion sulfide where P>* has a similar role to In*" in
CulnS,. In fact, bonding and chemical state analysis (shown
later in Fig. 8) reveals many parallels between CusPS, and
CulnS,.

The relative intensities of the XRD peaks in Fig. 4a are
similar to those expected for a randomly oriented Cu;PS,
powder sample. This indicates a (nearly) random orientation of
the grains in the thin film, as also supported by the 2D
diffraction image from the XRD measurement (Fig. S2). A LeBail
refinement on the XRD pattern (Fig. S3) was performed to
extract the unit cell parameters. The lattice parameters
(a =7.29, b = 6.30, ¢ = 6.06) deviate less than 0.5% from the
lattice parameters of the reference (@ = 7.28, b = 6.33,

21866 | Chem. Sci, 2025, 16, 21862-21873
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¢ = 6.08),” so we conclude that the present film is structurally
very similar to a well-defined reference crystal. No additional
peaks from impurity phases were observed. The full width at
half maximum (FWHM) of the (002) XRD peak in our film is 0.25
24, significantly narrower than the XRD peaks in the same °26
region reported for any phosphosulfide thin film demonstrated
so far>**** including nanoparticle-coated Cu;PS,.>*

The Raman spectrum of one of our enargite CusPS, films
(Fig. 4c) is consistent with previous reports on CuzPS, powders,
with well-defined peaks at 282, 299, 318, and 391 cm ™" attrib-
uted to A4, E, and F, modes, expected for a spectroscopically
active PS,>” tetrahedron with Ty symmetry.**> SEM images
display a continuous (Fig. S5) polycrystalline thin film with
grains of varying sizes and orientations (Fig. 4d and e). This
leads to significant surface roughness. The average grain size as
inferred from SEM images at different tilts is several hundreds
of nm, but the grain size distribution is broad with some grains
exceeding 1 um.

The above discussion is based on single-point measure-
ments, but we systematically observe that any film with Cu;PS,
stoichiometry within the error bar of the EDX measurement
shows enargite XRD peaks without clear secondary phases,
regardless of thickness, substrate type, and position in the
chamber. Importantly, 120 EDX measurements and 100 XRD
measurements done on equally spaced grids across a 8 x 8 cm?
deposition area indicate that every point shown in Fig. 2a
consists of single-phase enargite CuzPS, within the detection
limit of the XRD measurement. Due to the asymmetric geometry
of the deposition sources, there is a strong thickness gradient
(visible in Fig. 2b), but this gradient can easily be removed by
substrate rotation combined with a confocal source geometry.

In general, the proposed thin-film process route involving
reactive sputtering of a Cu target under PH; reactive gas and
a cracked sulfur beam is able to produce phase-pure Cu;PS,
films with several desirable features: (i) spatially uniform
composition and structure under sufficiently high sulfur partial
pressure; (ii) clear potential for large-area coating and fast
deposition rates, as the deposition rate from a metallic Cu
target can potentially be increased by two orders of magnitude
in an industrial setting;*® (iii) the largest grain size and nar-
rowest XRD peaks reported so far for a phosphosulfide thin
film.>**** These features are achieved at a deposition temper-
ature (465 °C) lower than the typical growth temperature of
chemically related semiconductors CulnS, and Cu,ZnSnS,
(above 500 °C). In fact, the deposition temperature can be
further reduced to 375 °C and still result in a phase-pure
enargite CuzPS, film with only a minor effect on XRD peak
intensities and widths (Fig. S4). These growth temperatures are
compatible with many metals and oxides used as contact and
transport layers in optoelectronic and photoelectrochemical
devices.

4.2 Stability

Cu;PS, films are stable in ambient air for at least two months
(Fig. 5a). Previous studies reported that bulk CuzPS, powders
only dissolved when heated in strong acids or in aqua regia,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Stability of CuzPS4. (a) Photographs of CuszPS, films taken
before, during, and after exposure to 1 M HCl and 1 M KOH solutions.
(b) XRD patterns of CuzPS, films after prolonged exposure to air, HCl
solution with pH = 0, and KOH solution with pH = 14. (c) DFT-
calculated convex hull of thermodynamic stability in the Cu—-P-S
material space. The green surface shows the convex hull in the
absence of the CuzPS, phase. This surface is defined by connecting all
the thermodynamically stable phases (black dots). Addition of enargite
CuszPS, (circled in red) results in substantial energy lowering. The
colored markers indicate phases that are not thermodynamically
stable.

suggesting high chemical stability.** However, it is unclear from
these early investigations if a slow but non-zero etch rate exists
for CuzPS,. Thin-film samples are an ideal platform to experi-
mentally test slow etching processes. We submerged two thin-
film samples on a glass substrate in a 1 M KOH (pH = 14)
and 1 M HCI (pH = 0) solution for 72 h. The sample in the HCI
solution did not change visibly during 3 days. The sample in the
KOH solution looked the same after 24 h. After 72 h, we
observed delamination of the film at the edges of the substrate
(Fig. 5a). This process was not caused by etching of the Cu;PS,
film itself, but rather by slow etching of the glass substrate in
KOH.” XRD patterns of the HCl and KOH-exposed samples
feature the same peaks as a freshly prepared thin-film sample
(Fig. 5b), confirming the retention of enargite CusPS,. Since the
films are under 200 nm thick, the etch rate of Cu;PS, must be
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negligible or well under 2 nm h™" under highly acidic and
highly alkaline conditions, indicating exceptional pH stability
at room temperature. Interestingly, a Pourbaix diagram for the
Cu-P-S system available on Materials Project predicts Cu;PS, to
be unstable in aqueous solutions at any pH.* This may indicate
that the experimentally observed stability of the material is
either due to formation of a surface passivation layer, or due to
slow kinetics.

Cu;PS, films also possess high irradiation resistance. The
films do not show irreversible changes after high doses of sub-
band gap laser light (10* sun equivalents at 785 nm for 1 min),
above-band gap laser light (3 x 10* sun equivalents at 405 nm
for 1 min), high-energy electrons (20 W cm > power density at
15 keV for 1 min) and X-rays (high-power Cu-Ko radiation
focused onto a 500 um spot for 12 h).

The remarkable stability of Cu;PS, may be qualitatively
rationalized by inspecting the DFT-calculated Cu-P-S convex
hull (Fig. 5¢), a three-dimensional surface (green) connecting
the thermodynamically stable materials in the Cu-P-S system at
0 K. Cu;PS, has a significantly lower formation energy (—0.32 eV
per atom) than all other ternaries in the material space. This can
be visualized by the large change in the convex hull in the
presence vs. absence of CuzPS, (Fig. 5c). This well of stability
indicates that, once enargite Cu;PS, is formed, there is a large
energy barrier for bond breakage and decomposition. Although
the M3;PS, composition is present in many other chemical
systems, no other metal M presents such a large difference in
formation energy between the M;PS, composition and the rest
of the chemical space (Fig. S8).

4.3 Optoelectronic properties

The HSE06 band structure calculation of CusPS, (Fig. 6a) shows
it to be an indirect gap semiconductor with a band gap of
2.53 eV, a valence band maximum (VBM) at the Y point of the
Brillouin zone and a conduction band minimum (CBM)
between the X and the I' points. However, the energy of the
direct gap at the T" point is only 60 meV higher (2.59 eV). The
calculated absorption coefficient (Fig. 6b), which does not
include any indirect transitions, reaches 10° cm ' around
0.5 eV above the direct band gap. Thus, above-band gap
absorption is quite strong, even compared to common direct
gap semiconductors.®

In accordance with the calculation, we observe an absorption
edge at around 2.5 eV photon energy in the experimental
absorption coefficient spectrum o (Fig. 6b). We attribute this
edge to the onset of optical transitions across the Cu;PS, band
gap, consistently with the yellow color of the film (Fig. 2b). We
find a broad photon energy (hv) range (2.6-3.1 eV) where (ahv)?
is linear in A (inset of Fig. 6b), in line with the classic behavior
expected for a direct-gap semiconductor (Tauc plot). Linear
extrapolation of (a/v)” to zero yields an estimate of 2.5 eV for the
direct gap of CuzPS,;. With an HSEO6-predicted energy differ-
ence of only 60 meV between the fundamental indirect gap and
the direct gap (Fig. 6a), indirect transitions are very unlikely to
be resolved by a Tauc plot for indirect-gap materials. Band gap
estimation via Tauc plots has little physical basis and can lead
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Fig. 6 Optoelectronic properties of CuzPS,. (a) Left: Band structure
calculated at the HSEO®6 level, colored based on the main contribu-
tions from the orbitals of each element. The valence band maximum is
situated at Y, while the conduction band minimum is situated close to
X. Right: The corresponding orbital-resolved density of states, with the
main contributors to the VBM and CBM indicated with arrows. (b)
Comparison of the HSEO6-calculated absorption coefficient and the
experimental absorption coefficient measured on a CuzPS4 thin film.
The experimental PL spectrum of the film (black) is also shown and is
fitted with two Gaussian contributions #1 and #2, whose sum is shown
in red. Inset: Tauc plot for direct bandgap semiconductors and cor-
responding linear fit of the linear segment of the absorption edge,
indicating the absorption onset.

Photon Energy (eV)

to erroneous results,”®”* in complex materials exhibiting, e.g.,
significant band nonparabolicity, anisotropy, and multiple
band pockets. To provide an alternative estimate for the
experimental band gap, we use the method outlined in the SI to
align the computed and experimental absorption coefficients.
This procedure yields a direct gap of 2.41 eV and an indirect gap
as 2.35 eV. These values are similar to previously reported band
gaps (2.36-2.38 eV) for bulk CusPS, samples.?*?®

At energies above the main absorption edge, the absorption
coefficient swiftly reaches very high values (e.g., 3 x 10° cm™*
already at 2.7 eV), surpassing even the highest-efficiency direct
band gap photovoltaic semiconductors (GaAs, perovskites,
CIGSe).*® At energies below the 2.5 eV edge, the measured
absorption coefficient remains relatively high (10* cm™" range)
even 1 eV below the computationally predicted band gap. It is
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currently unclear if this sub-band gap absorption is a genuine
effect or simply an artifact in the transmission-reflection
measurements used to derive «. Similar artifacts, even in the
relatively high 10* em ™" absorption coefficient range, are well
documented in similar materials, their origin being internal
light trapping due to surface roughness.” The high roughness
of our CusPS, film (Fig. 4d) is expected to exacerbate this issue.

Photoluminescence (PL) spectroscopy measurements at
room temperature reveal two broad Gaussian peaks centered at
1.7 and 2.1 eV with full widths at half maximum (FWHM)
around 0.5 eV (Fig. 6b). Thus, the dominant radiative recom-
bination mechanisms in the CuzPS, film involve energy levels
well inside the band gap. These transitions could alternatively
explain the substantial absorption below the bandgap, and hint
that the parasitic absorption may at least partially be a property
of the sample, and not a measurement artifact. More detailed
studies are needed to resolve this ambiguity.

Effective masses (in units of electron rest mass m,) are 0.93,
2.68, 0.30 for electrons and 1.24, 1.33, 0.60 for holes, along the
a, b, and ¢ axis, respectively. The calculations predict that the
b axis is the least favorable transport direction in CuzPS,,
especially for electrons in the conduction band. The direction-
averaged effective masses are 1.30m, for electrons and 1.06m,
for holes. These values are higher than in conventional semi-
conductors (Si, GaAs, CdTe, CulnSe,), but lower than in many
anisotropic semiconductors such as Sb,Se; (ref. 73) for which
solar cell devices with photovoltaic (PV) efficiencies above 10%
have been reported.

The doping type and carrier concentration at the CuzPS, film
surface can be estimated by aligning a UPS valence band spec-
trum to a DOS calculation (Fig. 7) using the Kraut method™
combined with the calculated effective masses of CuzPS,. The
procedure described in the SI yields a VBM 0.23 eV below the
Fermi level, implying p-type conductivity at the CuzPS, surface
with a carrier concentration p = (6 & 4) x 10"> cm™>, in a similar

Valence band DOS
° [ ]
— *  UPS ,
5 . P!
s / VBM| IE
z b
[ P!
o DOSHSE ™ T
£ \ 0.23 eV
N
0‘0 : E
\\L__—_—
-3 -2 -1 0 1

Binding Energy(eV)

Fig.7 Valence band onset analysis. Measured UPS valence band onset
of CuszPS4 referenced to the Fermi level Er at O binding energy. The
UPS spectrum is plotted with a broadened DOS from an HS06
calculation on CuzPS4. The —0.23 eV shift of the DOS necessary to
align it to the UPS spectrum corresponds to the position of the VBM
below the Fermi level at the CusPS, surface, indicating p-type
conductivity.
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range as the bulk p-type doping densities of 10'® — 10"” cm™*
previously measured on CusPS, crystals and powders by Hall
effect measurements.”>*® Typical doping densities of CulnS,
and Cu,ZnSnS, are in the same range.

Overall, the combination of strong optical absorption,
intermediate carrier concentration, and extreme pH stability
indicates that Cu;PS, may be a suitable candidate for light
driven electrochemical reactions in either acid or base. The 2.3—-
2.5 eV band gap of CuzPS, is typical for various water-splitting
photoelectrodes, such as BiVO, and TaON.”®

4.4 Chemical bonding

In this section, we will refer to both oxidation states and charge
states of the ions, the distinction being that the former is the
formal charge of an ion assuming full charge transfer (ionic
limit), and the latter is the actual charge localized on the ion as
estimated by experiment or first-principles calculation.” Mul-
liken charge analysis of Cu;PS, predicts average charges of
+0.67, +0.55 and —0.64 for Cu, P and S, respectively. This devi-
ation from the formal oxidation states +1, +5, —2 is expected due
to the nature of the bonds these elements form. Copper, having
a larger electronegativity difference from sulfur than phos-
phorus, prefers more ionic bonds, donating electrons in the
process. Despite its very high formal oxidation state, phos-
phorus is less ionized than copper due to the similar electro-
negativity between phosphorus and sulfur. Sulfur, bonded with
both copper and phosphorus, falls somewhere in the middle.

These interpretations are confirmed in the integrated Crystal
Orbital Bond Index (iCOBI) values calculated with the LOBSTER
program. An iCOBI value of 1 corresponds to an ideal covalent
single bond, and a value of 0 indicates pure ionic bonding. All
Cu-S bonds in Cu;PS, have iCOBI values around 0.10 (+0.008),
indicating a high degree of ionicity. P-S bonds have values
around 0.41 (£0.005), due to a higher degree of covalency in the
bond, wherein the overlap of orbitals, and not only electrostatic
interactions, contribute to lowering the total energy of the
crystal.

The Crystal Orbital Hamilton Population (COHP) from
LOBSTER also evaluates the bonding interactions between
elements. Negative values of -COHP indicate antibonding
interactions, while positive values indicate bonding. The bond-
projected COHP across the energies (Fig. 8c) shows that both
the VBM and the CBM are dominated by antibonding interac-
tions, which mainly arise from Cu-S bonds at the VBM and from
P-S bonds at the CBM. Bonding interactions are only dominant
several eV below the VBM.

According to the orbital-projected density of states (Fig. 6a)
the specific antibonding interactions at the VBM are between
Cu 3d states and S 3p states, as in the better-known Cu sulfide
semiconductors CulnS, (chalcopyrite) and Cu,ZnSnS,
(kesterite).®**> At the CBM, the dominant antibonding interac-
tions are between S 3p states and P 4s states, with a higher P 4s
character at the I'" point than at the CBM on the I'-X path.
Again, the situation is analogous to S 3p/In 6s mixing at the
CBM of chalcopyrites and S 3p/Sn 6s mixing in kesterites,
pointing to the similar role of P, In, and Sn across these copper-
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Fig. 8 Bonding analysis of CuzPS,4. (@ and b) High-resolution XPS
scans (blue line with markers) for the P 2p core level (a) and the S 2p
core level (b). Peak fits for the spin—orbit-split 1/2 and 3/2 components
are shown in green and pink, respectively. The fitted 2ps,, peak center
for CusPS, is indicated in blue. Literature ranges for various materials
according to oxidation states are indicated in orange. (c) Calculated
Crystal Orbital Hamilton Population (—~COHP) of CuszPS,4 resolved by
type of bond (Cu-S and P-S). (d) Plot of Cu 2p3,, peak position vs. Cu
LMM Auger peak position (Wagner chemical state plot) for CuzPS,
compared to typical literature values.”” Values for CulnS, and Cu,-
ZnSnS, are taken from ref. 78 and 79. The sum of the two peak
positions is the modified Auger parameter «'. The dashed lines are lines
of constant «'.

based sulfides, and to phosphorus behaving much like a post-
transition metal cation.

For an experimental analysis of the elemental charge states
and bonding, high-resolution XPS scans of the Cu 2p, P 2p, and
S 2p core levels and the Cu LMM Auger peak were performed.
Measured profiles, peak fitting, and peak positions are shown in
Fig. S7 and Table S3, SI. The P 2p;/, peak center (131.63 eV,
Fig. 8a) lies between elemental P (oxidation state of zero) and
phosphates (same +5 oxidation state as in thiophosphates).” A
more covalent bond to S compared to O results in a lower
positive charge on P and can explain the shift to lower binding
energy. The S 2p;/, peak position (162.06 eV, Fig. 8b) is on the
high binding energy side for sulfide compounds (sulfur in —2
oxidation state’”), indicating a less negative charge. This
suggests that sulfur is more covalently bonded in CuzPS, than
in most metal sulfides, in accordance with the relatively high
degree of covalency identified for the P-S bond through iCOBI
analysis.

Chemical state analysis of Cu is aided by visualizing the Cu
2ps,» binding energy against the Cu LMM Auger kinetic energy
in a Wagner plot (Fig. 8d).**** The Cu 2ps,, peak position is
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consistent with the presence of Cu in the (diamagnetic) +1
oxidation state, rather than the (paramagnetic) +2 oxidation
state. This is also confirmed by the absence of satellite peaks in
the Cu 2p region, a hallmark of paramagnetic Cu®>".”” When
examining the Cu LMM Auger peak position in different Cu'*
compounds, the ordering Cu-Cu,S-Cu,0-Cu;PS,-CuCl, may
clash with chemical intuition, since it indicates that Cu is more
highly charged in CuzPS, than in Cu,O, despite oxygen being
more electronegative than sulfur. This trend can be explained
by the inductive effect,®® wherein the least electronegative
species in a ternary compound (here, copper) donates addi-
tional charge to enhance covalency between the two other
elements (here, phosphorus and sulfur). The position of Cu
states in a Wagner plot is very similar in Cu;PS,, CulnS, and
Cu,ZnSnS, (Fig. 8d), indicating a similar inductive effect in all
these compounds. We conclude that the combination of XPS
measurements and computational tools for real-space analysis
provide us with a consistent picture of bonding interactions and
charge states in CuzPS, CuzPS, has remarkable chemical
similarity to other compounds (CulnS, and Cu,ZnSnS,) with
high demonstrated PV efficiencies.

5. Conclusion

We showed that the proposed DADMARS method can overcome
the typical challenges in the growth of phosphorus- and sulfur-
containing thin films that have so far hindered the exploration
of this fascinating group of materials. Leveraging DADMARS, we
deposited thin films within the earth-abundant Cu-P-S mate-
rial system, both as compositionally graded samples for high-
throughput materials research and as large-area Cu;PS, films
for device applications. CuzPS, films were continuous, phase-
pure within the limits of XRD, with low oxygen contamination
levels, and had larger crystal grains than any previously
deposited phosphosulfide film known to us. Since DADMARS
relies on widely available metallic sputter targets, we argue that
it may be a viable synthesis route for the deposition of virtually
any phosphosulfide thin film in the future.

Cu;PS, films showed many similarities to well-known Cu-
based multinary sulfide semiconductors such as CulnS, and
Cu,ZnSnS,. All these materials feature a classic corner-sharing
tetrahedral backbone, similar frontier orbital interactions, an
antibonding character for both their valence band and
conduction band, very similar XPS-determined charge states,
and moderate p-type conductivity. The feature that sets Cu;PS,
apart from most semiconductors is that a moderate deposition
temperature is sufficient to form large-grained films, while at
the same time the films show remarkable stability in air, under
irradiation, and under a very broad pH range (from pH 0 to
pH 14).

With a band gap in the 2.3-2.5 eV range, strong light
absorption, and measurable room temperature photo-
luminescence, CuzPS, emerges as a compelling candidate
material for solar fuels and solar-driven electrochemical reac-
tions under a very wide range of pH conditions. To potentially
improve the optoelectronic properties, a two-step process
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consisting of low-temperature deposition of amorphous Cu;PS,
films followed by annealing may prove beneficial.
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