Growth of highly-oriented (VNbMoTaW)S: layers
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Abstract

Compositional tunability, an indispensable parameter to modify materials' properties, can open up
new applications for the class of van der Waals (vdW) layered materials such as transition-metal
dichalcogenides (TMDCs). To-date, multi-element alloy TMDC layers are obtained via exfoliation
from bulk polycrystalline powders. Here, we demonstrate direct deposition of high-entropy alloy
disulfide, (VNbMoTaW)S,, layers with controllable thicknesses on free-standing graphene
membranes and on bare and hBN-covered Al,O3(0001) substrates via ultra-high vacuum reactive
dc magnetron sputtering of VNbMoTaW target in Kr and H>S gas mixtures. Using a combination
of density functional theory calculations, Raman spectroscopy, X-ray diffraction, scanning
transmission electron microscopy coupled with energy dispersive X-ray spectroscopy, and X-ray
photoelectron spectroscopy, we determine that the as-deposited layers are single-phase, 2H-
structured, and 0001-oriented (Vo.10Nbo.16M00.19Ta0.28W0.27)S2.44. Our synthesis route is general

and applicable for heteroepitaxial growth of a wide variety of TMDC alloys and potentially other

multielement alloy vdW compounds with the desired compositions.
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Transition-metal dichalcogenides (TMDCs) of the general form MX», where M is typically a
group 4-6 metal and X is one or more of the elements S, Se, and Te, are layered compounds with
strong X-M-X covalent and weak out-of-plane van der Waals (vdW) bonding. Among the TMDC:s,
sulfides such as MoS; and WS; are probably the most well-studied materials' for their applications
as catalysts in the petrochemical industry and as dry lubricants in the tribology community.>3 With
the emergence of methods to isolate or synthesize atomically-thin crystalline sheets, TMDCs have
attracted considerable attention for potential applications in electronics,* valleytronics,’ and more®
owing to their thickness-dependent properties, which can be metallic or semiconducting depending
on the cation and anion chemistries. Probably, the most attractive aspect of TMDCs as two-
dimensional (2D) layered materials beyond graphene’ is that their cation and anion compositions
and hence their functionalities can be controlled.®!* Experimental investigations of TMDC alloys
have however largely been limited to two-cation/anion systems with the exception of a few studies
on multi-element!* TMDC alloys.!>*. The concept of entropy-stabilized structures composed of

an equiatomic alloy of five or more elements has been extended over the past two decades to a
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variety of compounds (borides,?* carbides,® nitrides, and oxides,?®) including quasi-2D

MXenes.?” 3® Within the class of 2D TMDCs, alloys with five transition-metals have the highest

entropy of mixing (—1.6R7, where R is the universal gas constant) thereby suggesting an
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entropically stabilized configuration; density functional theory (DFT) calculations coupled

with experiments carried out for selected group 5 and 6 cation compositions revealed that even
though some of the ternary alloys are not stable, high-entropy alloy (HEA) TMDC:s are stable with

superior thermal stability, electrochemical, and electronic characteristics. HEA TMDCs exhibit a

15-17

variety of properties of interest for applications in energy storage,'® energy harvesting (e.g., as
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piezoelectric!® and thermoelectric?? materials), in electrocatalysis, as mechanical sensors,"”



and more.?> 2 In an effort to discover 2D-layered transition-metal disulfides with new

1.3 carried out DFT calculations of 126 equi-atomic transition-

functionalities, Deshpande et a
metal alloy disulfides each with five out of the nine metals from groups 4, 5, and 6 and predicted
that all these compounds are thermodynamically stable at temperatures between 130 and 1200 K.
Despite these encouraging reports on HEA TMDC alloys, progress in this area has been limited
presumably due to the lack of reliable methods for the growth of multi-element TMDC alloys. To-
date, nearly all of the approaches!'® 2% 22 for the synthesis of HEA TMDCs rely on exfoliation of
the TMDC layers from polycrystalline bulk samples prepared from alloy powder precursors. The
ability to synthesize and assemble in situ TMDC alloy layers of desired composition and layer
thickness offers opportunities for substrate-supported vertical assembly of TMDC layers with the
desired functionalities for a variety of electronic and optoelectronic applications. Here, we address
this issue and demonstrate the growth of highly-oriented HEA TMDC layers on different
substrates. Motivated by the recent demonstration of high electrocatalytic activity’! of
(VNbTaMoW)S; and the potential for emerging new properties in the TMDC alloys, given that
the parent binary TMDCs, VS2,>* NbS;,?% 3¢ TaS,,3” Mo0S,,*® and WS»,* exhibit ferromagnetic,
metallic, superconducting, and semiconducting characteristics, we choose (VNbTaMoW)S; as a
model HEA TMDC. In the following sections, we will refer to this compound as HEA-S for brevity.

In this paper, we showcase reactive direct current (dc) magnetron sputtering as an attractive
technique for the growth of (VNbMoTaW)S, layers, from monolayers up to ~ 15-nm-thick, on
bare and hBN-covered Al,O3(0001) [hereafter referred to as hBN/AI,O3(0001)] substrates and
free-standing graphene membranes. Raman spectra obtained from the as-deposited layers reveal

two higher intensity peaks at 340.8 cm™ and 370.0 cm!, and one lower intensity peak around 288.1

cm’!, which we attribute to E%g and Ay, and E;, vibrations of the HEA-S. Using X-ray



photoelectron  spectroscopy  (XPS), we determine the layer composition as
(Vo.10Nbo.16M00.19Ta0.28W0.27)S2.44. Cross-sectional transmission electron microscopy (TEM)
images show highly layered structure, characteristic of the 2H-structured TMDCs such as MoS.
In the X-ray diffraction (XRD) 26-® data, we observe multiple high-intensity 000/ reflections,
indicative of highly 0001-oriented growth, at 26 values corresponding to 2H-phase (P63/mmc)
with out-of-plane lattice parameter ¢ = 1.216 £ 0.008 nm. We characterized up to four-layer-thick
HEA-S domains directly deposited on free-standing graphene membranes using plan-view TEM,
STEM high angle annular dark field (HAADF) imaging, and energy dispersive X-ray spectroscopy
(EDS). From the high-resolution plan-view TEM images, we measure in-plane lattice parameter a
as 0.32 = 0.012 nm. The contrast within the STEM images of individual HEA-S domains along
with the EDS maps of the elements suggest uniform distribution of transition metals and sulfur
across the layer. Our DFT calculations predict that equiatomic (VNbMoTaW)S, monolayers are
structurally stable and are expected to be metallic.

All the HEA-S layers are grown, following the procedure*®*!' described in the Supplementary
Information (SI), in a custom-designed UHV system** ** (base pressure < 2 x 10~ Torr) on three
different types of substrates: 1-to-2 layer thick graphene membranes supported by holey 3-mm-
diameter silicon nitride TEM grids (No. 21712, Ted Pella Inc.), 2 x 10 x 0.5 mm? size A1,03(0001),
and hBN/A1,03(0001). The substrate temperatures 7s varied between 1061 and 1349 K (see SI for
details). The hBN layers are deposited by pyrolytic cracking of borazine** > on Al,O3(0001)
substrates held at Ts = 1349 K following the procedure described elsewhere.*® 46 Multilayered
HEA-S thin films are deposited by sputtering a nominally equiatomic VNbTaMoW alloy target
(99.9% purity, Plasmaterials Inc.) in Kr +H>S gas discharges with H»S partial pressure, pr2s = 0.2

mTorr. Unless otherwise stated, the total pressure pit of the gas mixture is set to 5 mTorr. The



deposition times ¢ are 1800 and 1200 s, respectively, for the HEA-S films grown on the
AlO3(0001) and hBN/ALO3(0001) substrates. One-to-four-layer thick HEA-S films are obtained
by depositing for ¢t = 5, 30, and 60 s directly on the graphene-covered TEM grids at 7s = 1245 K,
1126 K, and 1095 K, respectively. The HEA-S thin films on Al,03(0001) and hBN/A1,O3(0001)
are characterized using one or more of the techniques: XRD, cross-sectional TEM, Raman
spectroscopy, and XPS. Higher-resolution imaging and compositional mapping of the HEA-S
layers deposited on graphene-covered TEM grids are carried out using plan-view high-resolution
TEM, STEM-HAADF, and EDS. Details of the characterization techniques are presented in the
SL

We have carried out DFT calculations of the structure and band structure of the stoichiometric
(VNbMoTaW)S,, and those of the parent sulfides, using the Vienna Ab initio Software Package
(VASP),*”-*8 in the framework of the generalized gradient approximation (GGA), with the Perdew,
Burke and Ernzerhof (PBE) functional® and the van der Waals functional of Grimme et al.’>° We
use a plane wave energy cutoff of 500 eV and the following k-point grids, depending on the unit
cell: 11x11x1 for relaxation and 17x17x1 for density of states (DOS) calculations of the 1x1
parent binary transition-metal disulfide monolayers and 1x1x1 for relaxation and 2x2x1 for the
DOS calculations of monolayer 5x5 (VNbMoTaW)S,. All the structures are fully relaxed (unit
cell shape and atomic coordinates) until residual forces are smaller than 0.005 eV/A; the electronic
relaxations at each ionic step are stopped when the energy difference between consecutive self-
consistency iterations is 10°® eV. The semiconducting or metallic character of the structure was

decided based on the location of the Fermi level with respect to the bands in the DOS.

We first present evidence of vdW epitaxial growth of HEA-S on graphene. Figure 1A is a

representative high-resolution plan-view TEM image acquired from a few-layer-thick HEA-S



deposited for ¢ = 60 s directly on free-standing graphene membrane supported by holey silicon
nitride TEM grid. In the image, we observe lattice fringes, characteristic of crystallinity. The
relatively darker contrast features, regular and irregular bands of different widths, visible in the
image are likely due to wrinkles in the membrane. One such feature at the top left corner of the
image shows six distinct fringes with spacings ranging from 0.57 to 0.61 nm, which we attribute
to the presence of five HEA-S layers. Inset in Fig. 1 A is a selected area electron diffraction (SAED)
pattern, obtained from the same sample but over an area larger than the region seen in A. We find
six-fold symmetric set of diffraction spots due to the 0001-oriented graphene membrane, indexed
as shown, from which we measure a = 0.244 + 0.001 nm, the expected value for graphite.’! The
diffraction rings are associated with 0001-oriented, HEA-S layers. Green dashed arcs in the SAED
highlight three rings, labeled {1100}, {1120}, and {2200}, that are closest to the central spot. From
the ring spacings, we extract ¢ = 0.32 £ 0.012 nm for the HEA-S domains, which is in good
agreement with the DFT calculated value of 0.324 nm and is within the range of a values, from
0.315 nm for 2H-WS,%2 and 0.3420 nm for 1T-NbS,.>* (Please see Table S1 in the SI for a list of
all the available lattice parameters of 1T, 2H, and 3R structured MS, compounds with M =V, Nb,
Ta, Mo, and W.). We suggest below that the HEA-S layers synthesized in our experiments are 2H-

structured compounds, as predicted previously.*

The fact that we observe diffraction rings rather than spots implies that the HEA-S layers are
composed of multiple rotational domains. To determine the orientations and thicknesses of the
HEA-S domains within this sample, we divided the TEM image in A into 64 distinct squares, ~8x8
nm? in size, and obtained Fourier transforms (FTs), see Fig. S1. From the spot patterns observed
in the FTs, assuming that the lateral sizes of each of the domains is at least 8 nm, we identified

regions that are monolayer (1L), bilayer (2L), three-layer (3L), and four-layer (4L) thick, colored



grey, blue, red, and yellow, respectively in Fig. 1B. Fig. S2 shows TEM images acquired from
other regions of the sample along with domain thicknesses and their areal coverages. In this sample,
grown without optimizing the deposition parameters, we obtain up to four-layer thick domains

with relatively larger (38~40%) areal coverages of bilayer and trilayer domains.

In order to determine the structure and composition of the HEA-S layers on graphene, we
used STEM and EDS, respectively. Figs. 2A-C are representative, atomic-resolution STEM-
HAADF images obtained from 1-2L thick (VNbMoTaW)S, domains. (Additional STEM-HAADF
images acquired from a different HEA-S/graphene sample are shown in Fig. S3.) Within these
images, we observe six-fold symmetric arrangement of atoms with different levels of bright and
dark contrast. Colored spheres in Figs. 2A and B highlight different stacking sequences seen in
these layers. Since STEM-HAADF image intensity is directly related to the atomic number (2),
differences in image contrast could be attributed to differences in Z. Fig. 2D is a plot of image
intensities measured as a function of position within the region highlighted using a cyan rectangle
in Fig. 2C. (Fig. S3D is a similar plot of image intensities within the yellow rectangle in Fig. S3C.)
Based on the overall intensities, we divide the plot into three sections and assign the highest,
intermediate, and lowest intensity sections to 2L HEA-S, 1L HEA-S, and graphene membrane,
respectively. Within the 1L and 2L HEA-S segments of the plot, we find multiple peaks with at
least four different levels of intensities, colored purple, blue, teal, and green, presumably due to
four different types of atoms. This is plausible since the Z of transition-metals in the HEA-S vary
from 23 for V to 41 for Nb, 42 for Mo, 73 for Ta, and 74 for W. We realize that with the limited
resolution of our STEM-HAADF images and in the absence of spatially-resolved EDS or electron

energy loss spectra, we cannot accurately relate the peak intensities to the composition of the atoms.



Figure 3 shows a representative high-resolution STEM-HAADF image of a HEA-S domain
on graphene TEM grid. In this experiment, the HEA-S layer deposition time ¢ was 5 s, the shortest
time we used with the hope of limiting the HEA-S thickness to a monolayer. We observe contrast
variations within the STEM image, likely due to compositional and/or morphological
heterogeneities across the domain. Associated panel shows color-coded EDS maps of S, V, W, Nb,
Mo, and Ta acquired from the same field of view. (Additional EDS data acquired from a different
HEA-S domain is presented in Fig. S4.) All the EDS maps appear to be qualitatively similar,
suggestive of spatially-uniform distribution of all the elements.

We now focus on heteroepitaxial growth of HEA-S thin films on bare and hBN-covered

ALO3(0001) substrates. Fig. 4A is a typical 20-w XRD scan obtained from HEA-S/A1,03(0001)

thin films sputter-deposited using Puys = 2 x 10" Torr with piot = 40 mTorr at Ts = 1061 K for ¢t =

1800 s. The peaks labeled s in the plot are due to the single-crystalline Al2O3 substrate reflections
0006, and 00012, including the forbidden 0003.%* We find multiple peaks at 20 = 14.71°, 29.37°,
44.60°, 60.68°, and 78.20°, which correspond to interplanar spacings d = 0.6017 nm, 0.3038 nm,
0.2029 nm, 0.1525 nm, and 0.1221 nm, respectively. We attribute all these peaks to 000/ reflections
of the HEA-S layers, i.e. the HEA-S film is highly 0001-oriented with respect to Al>O3(0001),
suggestive of heteroepitaxial growth. From the peak positions, we extract an average d value of
0.608 + 0.004 nm, i.e. ¢ = 1.216 = 0.008 nm. By comparing the ¢ for our HEA-S film with those
in Table S1, we find that it is comparable to and within the range of ¢ for only the 2H-structured
parent binary compounds. Figure 4B is a representative cross-sectional TEM image obtained from
the same sample. From the image, we measure the film thickness as ~ 23 nm, which corresponds

to a deposition rate of 0.013 nm/s. The TEM image reveals smooth surface at the top and layered



structure within the film. FT of the dashed square region, included at the bottom left of the image,
shows reflections due to the layered structure of the HEA-S film.

Figures 4C and D are representative Raman spectra and XPS data, respectively from HEA-S
thin films deposited on hBN-covered Al,O3(0001) following the procedure described in the SI.
The red and purple curves in Fig. 4C are Raman spectra obtained, respectively, from HEA-
S/hBN/A1,03(0001) and from an HEA-S flake (see Fig. 4C inset) mechanically exfoliated from
the Al,03(0001) substrate and transferred onto a Si(100) wafer. We observe two relatively higher

intensity peaks at around 340.8 cm™ and 370.0 cm™! along with a low-intensity peak around 288.1

cm’!, which we assume correspond to Eﬁg, Ailg, and Eig vibrations, respectively, of

(VNbMoTaW)S.. These peaks do not match any of the expected peak positions of the parent binary

transition-metal disulfides (see Table S2).

The XPS data in Fig. 4D, from the (VNbMoTaW)S./hBN/Al,03(0001) sample, shows
multiple peaks associated with all the elements, V, Nb, Ta, Mo, W, and S, as shown in Table 1.
We observe S 2p12 and 2p3» peaks at 161.4 eV and 162.7 eV, respectively. All the transition-metal
peaks are split into two, one due to sulfide and the other due to oxide phases. Given that our

27.40 we conclude that the detection of oxide

depositions are carried out in O-free atmospheres,
phase in the XPS is likely due to surface oxidation upon air-exposure of the HEA-S sample. Using
the intensities of the V 2p1 and 2p3/2, Nb 3p12 and 3p32, Mo 3p12 and 3p32, Ta 4fs/2 and 4172, and
W 4p3» peaks associated with the sulfide and the oxide phases, we determine the alloy
compositions in the two phases as Vo.10Nbo.16Moo.19Ta0.28Wo.27 and Vo.23Nbo.16M00.20Ta027Wo.14,
respectively. Interestingly, we find relatively higher (lower) concentration of V (W) in the oxide

than in the sulfide phase, suggestive of preferential oxidation of V. From the S peak intensity

together with the metal concentration in only the sulfide phase, we estimate the sulfur-to-metal



ratio as 2.44, i.e. the HEA-S composition is (Vo.10Nbo.16M00.19Ta0.28W0.27)S2.44. Using the
cumulative metal peak intensities associated with both the sulfide and the oxide phases, we obtain
the sulfur-to-metal ratio as 1.08. We point out that accurate determination of the HEA-S film
composition is non-trivial because of incomplete and selective oxidation of the HEA-S film surface
coupled with the presence of S and/or metal vacancies. Further investigation, possibly involving
the use of in situ XPS,*>>7 is required for improving our knowledge of the HEA-S composition

and its stability against oxidation.

Our DFT calculations predict the existence of a stable HEA-S. We simulated the 1-H
structures of the five parent binary transition-metal disulfide and the HEA-S monolayers. (Our
calculated lattice parameters for the parent TMDCs are included in Table S1.) Fig. SA shows
simulated structure of an equi-molar and stoichiometric (VNbTaMoW)S». The HEA-S monolayer
has been simulated as a 5x5 supercell, where the 25 cations of 5 different types are randomly
placed in cation sites between the sulfur layers (see Fig. 5A). Fig. 5B is a plot of the DOS for the
HEA-S along with the DOS for the five parent binary sulfide monolayers of which two are
semiconducting (MoS; and WS») and three are metallic (NbS,, TaS,, and VS»). For this particular
composition of the HEA-S, DFT calculations predict non-zero DOS at the Fermi level, indicative

of metallic behavior of the HEA-S.

In conclusion, we report on the direct synthesis and characterization of highly-oriented
(VNbMoTaW)S, layers on free-standing graphene membranes, on hBN-covered A1>O3(0001) and
on bare Al,O3(0001) substrates. Our synthesis approach involves ultra-high vacuum (UHV)
sputtering of a high-entropy alloy VNbMoTaW target in a mixture of Kr and H>S gas discharges.
gas atmosphere. We determined the (VNbMoTaW)S, layer crystallinity and composition using a

combination of XRD, S/TEM, EDS, XPS, and Raman spectroscopy. We show that the high-
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entropy alloy sulfide is layered, highly 0001-oriented, and isostructural to 2H-MoS, with in-plane

and out-of-plane lattice parameters of 0.32 £ 0.012 nm and 1.216 = 0.008 nm, respectively. Raman
spectra revealed peaks at 340.8 cm™, 370.0 cm™, and around 288.1 em™, which we identify as Ej,
and A, and E,, vibrations of (VNbMoTaW)S,. Both the lattice parameters and the Raman peaks

are within the range of values expected for the parent binary sulfides, XPS data revealed the
presence of both metal-S and metal-O bonds for all the five transition-metals, indicative of
oxidation of the sulfide, likely occurring upon air-exposure after deposition. From the XPS peak
intensities, we obtain the sulfur-to-metal ratio as 2.44 with transition-metal alloy contents as
Vo.10Nbo.16M00.19Ta0.28Wo.27 and Vo23Nbo.16M0o.20Ta0.27Wo.14, respectively, in the sulfide and the
oxide phases, suggestive of selective oxidation of V and resistance to oxidation of W. Two-
dimensional EDS maps obtained from few-layer-thick (VNbMoTaW)S,. domains sputter-
deposited directly on free-standing graphene sheets suggest uniform distribution of the transition-
metals and the sulfur in the layers. Our results are consistent with the DFT calculations,** which
predict the lowest formation enthalpy for this equiatomic combination of transition metals.
Experimental validation of the thermodynamic stability of these HEA-S layers may require
annealing at elevated temperatures (7> T5) for prolonged times both in vacuum and in the presence
of S. Such studies, preferably conducted in situ while monitoring the film composition and

structure will likely yield new insights into the thermal stability of this class of materials.

These studies leveraged our prior experience® 4!

with reactive dc magnetron sputter-
deposition of one of the parent sulfides, MoS»,, heteroepitaxially on Al>O3(0001) and
hBN/A1,03(0001). Similar approach can be used to grow other binary and multi-element sulfides.

While we have demonstrated highly-oriented growths, additional studies are required to optimize

the deposition parameters to yield layers with precisely controlled thicknesses and S-
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concentration. Finally, the sputter-deposition method presented here can be used to grow single-
crystalline thin films>® and modified to using elemental metal or binary sulfide targets, rather than
the HEA target, to facilitate tunability of the alloy composition and hence maybe more attractive
than conventional chemical vapor transport for the synthesis of multi-element alloy TMDCs. With
the recent advances in machine learning capabilities, high throughput computations have
increasingly been used to explore wide compositional space and to discover new materials with
novel or superior properties. We expect that our synthesis approach is capable of depositing
monolithic and heterolayered vdW and conventional 3D materials with the desired composition,
crystallinity, and thickness, and hence is likely to experimentally validate the computationally

predicted compositions.

Supporting Information (SI)

The Supporting Information is available free of charge at [URL].

Additional TEM data of the (VNbMoTaW)S, layers and schematics of (VNbMoTaW)S, domains
on graphene (PDF)
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Figures and Tables

Figure 1. (color online) (A) Plan-view bright field transmission electron microscopy (TEM) image
of a few-layer-thick HEA-S on free-standing graphene membrane. The thin regular and irregular
bands visible in the image are wrinkles in the membrane. (inset) Selected area electron diffraction
(SAED) pattern acquired from the same sample but over a region larger than that in A. Diffraction
spots, indexed as shown, are due to the graphene layers. Diffraction rings, highlighted by green
dashed arcs, are due to 2H-structured, 0001-oriented HEA-S layers. (B) Perspective view showing
areal coverages of monolayer, bilayer, 3-layer, and 4-layer domains in A, colored grey, blue, red,
and yellow, respectively. Fourier transforms (FTs) (see Fig. S1) from ~8x8 nm? square areas in A
are used to determine the relative orientations and thicknesses of the domains. In this sample, the
HEA-S layers are reactively sputter-deposited in 5 mTorr Kr+H>S gas mixture with pms = 0.2
mTorr on a graphene-covered holey silicon nitride TEM grid at 75 = 1098 K for ¢ = 60 s.
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Figure 2. (color online) (A-C) Representative STEM images of 1-2 layer HEA-S domains on
graphene acquired with a high angle annular dark field detector (HAADF). Colored spheres in A
and B represent TM atoms arranged in different stacking sequences. (D) Line profile of image
intensity measured along dashed cyan rectangle in C. The intensity data is an average of intensities
within the rectangle width of 0.245 nm. Colors within the peaks highlight different intensity levels.
In this sample, the HEA-S layers are reactively sputter-deposited using 5 mTorr Kr+H>S gas
mixture with puz2s = 0.2 mTorr on a graphene-covered holey silicon nitride TEM grid at 75 = 1126
Kforz=30s.
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Figure 3. (color online) Representative STEM-HAADF image of a (VNbMoTaW)S, domain on a
graphene-covered TEM grid sputter-deposited at 75 = 1245 K for 1 = 5 s in 5 mTorr Kr+H>S gas
mixture with pu2s = 0.2 mTorr. Associated panels show energy dispersive spectroscopy (EDS)
signal intensity maps of SK, VK, WL, Nb L, Mo L, and Ta L lines obtained from the same field
of view as in the STEM image.
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Figure 4. (color online) (A) Typical 20-» X-ray diffraction (XRD) scan obtained from an HEA-
S/ALO3(0001) thin film. The peaks labeled s denote Al,O3 0003, 0006, and 00012 reflections at
progressively higher 26 values. HEA-S peaks are indexed as shown. (B) Representative cross-
sectional TEM image acquired from the same sample as in A. (C) Representative Raman spectra
obtained, using a 488 nm laser, from (red) the as-deposited HEA-S thin film on hBN/A1,O3(0001)
and (purple) a mechanically transferred flake of HEA-S on Si(100) wafer. The peak labeled Si is
from the Si(100) substrate. (Inset) Optical microscope image (scale bar is 40 pm) of the HEA-S
flakes transferred on Si(100). (D) X-ray photoelectron spectroscopy (XPS) data (open symbols)
acquired from the same HEA-S/hBN/AL,O3(0001) sample as in C. Solid and dashed lines are
Gaussian fits to metal-S and metal-O peaks, respectively of: (magenta) W 4p;3,; (orange) Mo 3p3.
and 3p1,; (teal) Ta 4p3p, 4fsn, and 4f72; (blue) Nb 3p3» and Nb 3p12; (green) V 2p3p and V 2pip;
(red) S 2p3,2 and 2p1s2; and (black) O 1s. The HEA-S layers on Al,O3(0001) [hBN/A1,O3(0001)]
are sputter-deposited at 75 = 1061 K [1349 K] for = 1800 s [1200 s] in Kr+H>S gas mixtures, pot
=4 x 102 Torr [5 x 107 Torr], with puas = 2 x 10 Torr.
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Figure 5. (A) Simulated structure and (B) density of states (DOS) of a monolayer (VNbTaMoW)S,
with equi-molar cations and stoichiometric sulfur. At this composition, the DOS is non-zero at the
Fermi level, i.e. the HEA-S is metallic. For comparison, DOS for the parent binary sulfides, MoS,,

NbS», TaSs, VS,, and WS; are included in the plot.
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Table 1. Peak positions of XPS spectral line peaks in Fig. 4D, obtained from the HEA-S thin film
grown on hBN/A1,03(0001).

Element  Spectral Line Binding Energy / eV
Sulfide Oxide
v 2p1n 520.7 524.3
2p3p 512.8 516.5
Nb 3pin 377.4 380.6
3p3n 361.7 365.2
3pin 412.0 415.8
Mo 3p3a 3943 398.6
4p3n 400.3 404.2
Ta 4fspn 22.9 25.9
At 24.7 27.8
W 4p3n 424.1 427.9
S 2p1n 161.4 -
2p3n 162.7 -
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