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Structure of monolayer 2H-TaS; on Au(111)
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We determined the structure of epitaxial 2H-TaS, on Au(111) using the method of x-ray standing waves
(XSW), supported by density functional theory (DFT) calculations and scanning tunneling microscopy (STM).
The lattice mismatch between substrate and overlayer gives rise to a moiré superstructure, which modulates the
structural and electronic properties. For a specific registry (S atoms directly above Au substrate atoms), local
covalentlike bonds form, whereas globally weak van der Waals bonding prevails. Still, the TaS, layer remains
rather flat. Significant charge transfer from Au(111) into the conduction band of the two-dimensional material is

found.
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I. INTRODUCTION

Monolayers of transition metal dichalcogenides (TMDCs)
with the general composition MX, (M, transition metal; X,
S, Se, Te) are a particularly rich family of two-dimensional
materials (2DMs), comprising insulators, semiconductors,
and metals [1]. Metallic TMDC compounds (M=V, Nb, Ta)
are especially interesting as they are suitable as atomically
thin electrical contacts [2] and catalysts for the hydrogen
evolution reaction (HER) [3]. On fundamental grounds, two-
dimensional metals are prone to electronic instabilities as
charge-density waves (CDW)[4-6] that can potentially even
lead to spin polarization [7].

Modification by the presence of a substrate is a common
feature of 2DMs, which is even more pronounced for metallic
compounds that typically interact stronger with their environ-
ment than semiconducting ones [8]. The interaction broadens
and shifts the electronic states of the 2DM [8], and differences
in work function drive charge transfer, leading to doping.
Overlap of bands causes hybridization [9], and, in addition
to the overall van der Waals interaction, localized chemical
bonds may form. The charge carriers in the ultrathin sheet
can be influenced by interfacial electrostatic interactions [6].
All these effects can be exploited to tune the properties of the
2DM in a desired way (contact engineering). On top of this,
the commonly found lattice mismatch between overlayer and
substrate can lead to a moiré superstructure that can modulate
structural [10] as well as electronic [11] properties.
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TaS,, the material in focus here, can be found in the typical
polymorphs of TMDCs, namely 17, where the metal ions are
found in an octahedral coordination and 2H, where it sits
in a trigonal prismatic environment (note that some authors
denote the latter as 1H when monolayers are concerned).
Well-ordered and defect-free monolayers of 2H-TaS, can be
obtained by reactive molecular beam epitaxy (MBE) using
the inert Au(111) surface as a substrate [12]. However, the
remaining interaction can still be strong enough to severely
influence the properties of TaS, by epitaxial strain, doping
[13], hybridization of Au bands [9], and strong local cova-
lentlike Au-S bonds [14]. Specifically, the presence of the
gold substrate destroys the charge density wave order [12],
which prevails on the less interacting substrate graphene [5],
and is even enhanced on hexagonal boron nitride (hBN) by
interfacial electrostatic interactions [6]. Furthermore, the pres-
ence of the gold substrate can stabilize sulfur-poor phases of
monolayer tantalum sulfide [15].

A detailed analysis of the geometric structure of
TaS,/Au(111) is mandatory in order to understand the in-
teraction between overlayer and substrate with the goal to
disentangle the different aspects. Here, we employ x-ray
standing waves (XSW) for a precise determination of the
vertical arrangement of the atoms, corroborated by scanning
tunneling microscopy (STM) and density functional theory
(DFT).

II. EXPERIMENTAL METHODS

We used two ultrahigh vacuum (UHV) systems located in
Miinster (MS, background pressure p = 5 x 10~!'! mbar) and
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at the beamline 109 of Diamond Light Source, Didcot, UK
(DLS, p = 2 x 10719 mbar).

Au(111) was prepared through cycles of irradiation with
Ar* ions (DLS: 1.0 keV/MS: 1.5 keV) and annealing up to
875 K/900 K until a low-energy electron diffraction (LEED)
pattern typical of the herringbone reconstruction (22 x v/3)
was obtained (DLS) or no impurities were visible in STM
(MS). Monolayer 2H-TaS, was grown by reactive MBE fol-
lowing Refs. [16,17]: Ta was evaporated from an e-beam
evaporator (EGCO4, Oxford Applied Instruments) with a
rate of ~0.02 ML/min (calibrated with a quartz crystal mi-
crobalance) (DLS) or a rate of 0.07 ML/min (calibrated
with STM) (MS), with the sample at room temperature, for
5 min/3.5 min. Here, 1 ML refers to full coverage of the
Au(111) surface with a pseudomorphic layer of Ta. In par-
allel, the sample was exposed to H,S using a tube with
1.2 cm/1 cm diameter ending 2 cm/3 cm in front of the sam-
ple. The background pressure during this exposure is 1 x 107>
mbar/1 x 10~7 mbar. Evaporation was stopped and the sam-
ple was heated for 30 min/20 min at 875 K/850 K while the
exposure to HpS was continued. At DLS, this procedure was
performed twice to obtain a high coverage film. A preceding
detailed study of the growth parameters showed that un-
der these conditions, exclusively monolayers of the 2H-TaS,
result [15]. We observed the same LEED pattern in both sys-
tems, using a standard optics in MS and a microchannel plate
at DLS.

STM (MS) was performed in situ at room temperature. For
x-ray photoelectron spectroscopy (XPS) and XSW at DLS, we
used a hemispherical electron analyzer (VG Scienta EW4000)
with an angular acceptance of 56°. X-ray reflectivity is mea-
sured using an image of a fluorescent screen obtained with a
CCD camera.

All components in the photoemission spectra were fit-
ted using Doniach-Sunjic line shapes [18] convoluted with a
Gaussian function after a Shirley background subtraction [19].
The binding energy difference between the components found
in the fitting processes of XPS were used for reference in the
XSW analysis.

XSW is an experimental technique which provides a pre-
cise determination of the distance between an adsorbate and
the surface substrate [20-22]. This technique has been suc-
cessfully applied to clarify structural aspects of epitaxially
grown 2DMs [10,23-30]. Basically, the x-ray standing wave
field is formed as a consequence of the coherent superposition
of the incoming x-ray wave and the reflected one at the Bragg
condition. The resulting standing wave will have a periodicity
that matches that of the layer spacing between the Bragg
diffraction planes [31]. As one scans across the Bragg condi-
tion, e.g., by varying the incident photon energy, the phase of
this standing wave will vary by . When looking at diffraction
from an fcc crystal containing a single element (e.g., Au),
this results in the antinodes of the standing wave varying in
position from halfway between the Bragg diffraction planes,
down to being coincident with those planes. Thus, the absorp-
tion of the XSW by an adsorbed atom as a function of the
incident photon energy differs significantly due to its specific
height (e.g., [32]). The analysis of the photoelectron yield
during the energy scan gives information about the height of
the adsorbate.

The photoelectron yield can be uniquely fitted using dy-
namical diffraction theory [33], resulting in two structural
parameters: the coherent position (P*') and the coherent frac-
tion (f¥) [20]. P¥ is the average height of all atoms of the
analyzed species and f indicates the distribution of atoms
around this mean height (7 =1 for a §-like distribution).
The average height of a species is given by & = (P + n) x
dAu(lll), where dAu(lll) = 23545A [34] is the Bragg plane
spacing of Au(111). The integer n stems from the fact that
the XSW field is periodic and in principle leads to a modulo-
daui11) ambiguity for the determination of heights using
XSW. However, the value of n can be easily determined using
complementary experimental or theoretical results or simply
the atomic radii of the atoms. All the distances measured
through XSW analysis are presented with errors [35].

To perform spin-degenerate DFT calculations we used the
Vienna ab initio Simulation Package (projector augmented
wave method) [36]. The generalized gradient approximation
was applied to the exchange correlation potential using the
Perdew-Burke-Ernzerhof functional [37]. We used the va-
lence electron configurations Ta 5 p66s26d 383523 p4, and Au
5d'°6s'. An energy cutoff of 360 eV was employed for the
plane-wave basis. For the supercells of 7x7x1 2H-TaS, in
contact with 8x8x 1 Au(111) (4 Au layers) a 2x2x 1 k mesh
was used. Slab models were obtained by adding a vacuum
layer of 15 A starting at the edge of the slab in the out-of-plane
direction. The two Au layers farthest away from the interface
were fixed at the atomic positions of bulk Au. The total energy
convergence criterion of the self-consistency calculations was
set to 107 eV. The atomic positions and lattice constants
were optimized until the Hellmann-Feynman forces remained
below 1072 eV/A and the remaining pressure was reduced
to less than 1 kbar. The Grimme semiempirical method was
used for the van der Waals correction [38]. To derive P¥ and
fH from the calculated coordinates, we took the upper fixed
Au layer as the reference and used the experimental value of
daui11). Charge transfer between 2H-TaS; and the substrate
was determined by a Bader charge analysis [39].

III. RESULTS AND DISCUSSION

The LEED pattern of TaS,;/Au(111) (inset of Fig. 1) ex-
hibits the characteristic moiré superstructure resulting from
the lattice mismatch. The diffraction spots of Au(111) and
TaS, are well aligned. The moiré superstructure is also re-
flected in the height modulation (Ahstv = (0.4 £0.1) A) in
the STM topograph (Fig. 1). We find almost perfect alignment
between the atomic and the moiré lattice, which indicates that
TaS; follows the orientation of the underlying substrate.

The moiré unit cell (white rhombus in Fig. 1) can be de-
scribed as [m x m] unit cells of TaS; on [(m + 1) x (m + 1)]
unit cells of Au(111). By counting along lines of different ori-
entation and in several images we determine m = 6.9 +0.2.
In consequence, for theoretical modeling (see below) a struc-
ture of (7 X 7)1as,/(8 X 8)auci11) is recommended. A moiré
analysis [40,41] leads to a TaS, lattice parameter of ars, =
(3.30 £ 0.01) A.

The experimental value for ar,s, is smaller than the one
found for TaS, grown on the more weakly interacting sub-
strate graphene ((3.37 +0.02) A for graphene on Ir(111)
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FIG. 1. High-resolution STM image of the moiré lattice of
TaS,/Au(111). The unit cell is indicated by a white rhombus. Tun-
neling conditions are as follows: Ugmple = —0.2 V, Liypper = 3.3 nA.
(Inset) Corresponding LEED pattern (inverted contrast, electron en-
ergy 80.5 eV) obtained at DLS. Characteristic spots of Au and TaS,
are marked.

using STM [5], 3.40 A for graphene on SiC using RHEED
[4]). It is possible that the smaller lattice constant on Au(111)
is caused by strain and/or charge transfer from the substrate
(see below).

Figure 2 shows the high-resolution XPS of the core levels
Ta 4f [Fig. 2(a)] and S 2p [Fig. 2(b)]. Both core levels show
spin-orbit splitting, resulting in the doublets Ta 4f7,, - Ta
4fs;p and S 2p3s» - S 2pyjr. We find three components for
the case of Ta 4 f and two for the case of S 2p; selected fitting
parameters are given in Table I. The spin-orbit splitting values
were obtained from the component fitting process.

The same fitting model used in the high-resolution XPS
data presented in Fig. 2 was used to fit the lower resolution

Photoemission Intensity (a. u.)

26 25 24 23 163 162 161 160
Binding Energy (eV)

FIG. 2. (a) X-ray photoemission spectrum of Ta 4f measured
with Av = 150 eV. (b) X-ray photoemission spectrum of S 2p mea-
sured with hv = 360 eV. (Circles) Data points after background
subtraction. (Colored areas) Fits of the indicated components (see
Table I). (Solid black line) Sum of fits.

TABLE 1. Key parameters of the components observed in pho-
toemission. Spin-orbit-splitting Ag,, name and color code of the
component (see Fig. 2), binding energy Eg, full width at half max-
imum (FWHM) I', and asymmetry parameter for Doniach-Sunjic
function «. Errors in the energy determination were estimated as
+0.02 eV.

Core level Ay  Comp. Color Eg(eV) I (eV) o

Ta4f7/, 1.89 Ta blue 2272 0.24 0.14

Ta' green 23.39 0.23 0.07
Ta” red 23.75 0.37 0.10
S 2psp 1.20 S2 blue 160.83 0.31 0.07
S1 green 161.41 0.50 0.07

XPS data measured with an incident photon energy around the
Bragg energy for Au(111) of Eppge = 2.635 keV (a necessary
condition for XSW measurements). An XSW analysis of the
photoelectron yields for the main Ta 4 f7,, peak and the S 2p3»
peak is presented in Fig. 3. The resulting structural parameters
coherent position P# and coherent fraction 7 of the main
components are shown in Table II together with the results
from theory (see below).
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FIG. 3. XSW analysis for (a) XPS components of Ta 4f
[Figs. 2(a) and 2(b)] XPS components of S 2p [Fig. 2(b)]. The XSW
profiles (blue, green, red) show the variation in total photoelectron
yield as a function of the photon energy scan around the Bragg
energy of Eppee = 2.635 keV for Au(111). The colors denote the
components as defined in Fig. 2; see also Table I. The x-ray reflectiv-
ity is shown in black. The experimental data is shown as open circles
and the best fit from dynamical diffraction theory [33] is shown as
solid lines.
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TABLE II. Comparison between the structural parameters P
and f# obtained from XSW and DFT structures. For the XSW
results, errors were estimated by the method of Mercurio et al. [35]
resulting in AP? = £0.03 and A f# = 40.04.

S1 Ta S2
PH fH PH fH PH fH

XSwW 0.07 0.52 0.74 0.82 0.39 0.77
DFT 0.04 0.97 0.70 0.96 0.36 0.96

We attribute the main component in the Ta 4 f;, peak [blue
in Fig. 2(a)] to the Ta layer in the basal plane of TaS;. The
minority components (Ta’, green, P = 0.86, F# = 0.29; and
Ta”, red, P =0.07, F7 = 0.75) are related to Ta impuri-
ties resulting from the growth process. For the most intense
component a direct interpretation of the coherent position
is possible: P# =0.74 +0.02 yields a mean Ta height of
(4.09 £ 0.04) A (the heights extracted from XSW are refer-
enced to the virtual unrelaxed surface).

Assuming that the component S2 of S 2p;,, [blue in
Fig. 2(b)] is connected to the upper S layer in TaS,, the XSW
analysis results in a height of (5.62 & 0.05) A. Following this
assumption, the component S1 of S 2p3, [green in Fig. 2(b)]
is assigned to the lower S layer in TaS;. Therefore, from the
XSW analysis, the S1 layer is found at (2.51 & 0.05) A.

The values found for f¥ are more difficult to interpret.
First, whereas P as a measure of the average position of the
atoms is fairly robust against impurities or a few falsely as-
signed atoms, f¥ as a measure of the width of the distribution
depends on such deviations more sensitively. The observed
1 can thus only give an upper bound for the contribution
of the geometric structure to the overall width. Second, for a
quantitative interpretation, one has to put in a model of the
geometric structure. A realistic but still analytically solvable
model for 2DMs with a hexagonal moiré superstructure is the
eggbox model [23], more formal a layer of p6bm symmetry
with Fourier components up to first order only. In this model,
fH can be calculated from the peak-to-peak corrugation am-
plitude A#h of the eggbox; see Fig. 4 of Ref. [23]. Here, we
use £ of Ta as a representative of the corrugation of TaS,, as
this component is less susceptible to potential errors in fitting
the photoemission spectra than the S components that overlap
with each other. The high value of f# = 0.82 4 0.04 then
implies a rather low peak-to-peak corrugation of Ahxsw =
(0.8 £0.1) A. In view of the uncertainties connected to .
this value should be interpreted conservatively as an upper
bound of the corrugation amplitude.

To corroborate our experimental results and to elucidate
details of the geometric and electronic structure we performed
DFT calculations. We use the closest commensurate approx-
imation to the experimentally determined structure, namely
a 7-on-8 geometry. Under the constraint that the lattice vec-
tors of TaS, are aligned with the dense-packed directions of
Au(111) there are two possible stackings: The [2110] direc-
tion of TaS; (zigzag direction) can either be aligned with the
dense-packed [110] direction of Au(111) or rotated against it
by 60°, i.e., aligned with the [101] direction. Note that [110]
and [101] are not equivalent: When you follow [110] with

TABLE III. Structural parameters obtained by DFT for the two
possible stackings. (Ey) Binding energy per TaS, unit cell referenced
to a system comprising a free-standing 2D layer and the pristine
substrate; a lower value describes a more stable structure. (AE})
Binding energy difference with respect to the most stable stacking.
Mean height s, minimum height A,;,, maximum height A,,,,, and
corrugation Ah = hyux — hmin Of the atoms in the lower (S1) and
upper (S2) sulfur layer as well as the Ta layer, referenced to the
topmost Au layer. All values in A.

Tafccslop Tahcpstop
E, —874.0 meV —871.1 meV
AE, 0 meV 2.9 meV

S1 Ta S2 S1 Ta S2

h 242 3.95 5.48 242 3.95 5.48
Pin 2.05 3.77 5.30 2.2 3.76 5.26
Pimax 2.54 4.10 5.64 2.54 4.10 5.63
Ah 0.29 0.33 0.33 0.33 0.34 0.37

your head pointing along [111] and cross a bridge site, you
have an hcp site to your left and an fcc site to your right.
This is reversed for [101]. In consequence, also the stacking
of TaS, with respect to Au(111) is different.

We calculated both possible stackings. The energetically
favorable structure (see Table III) is shown in Fig. 4. There are
three regions of high local symmetry that we label according
to the positions of the constituents as TagccSiop, TancpStec, and
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FIG. 4. Relaxed structure of TaS,/Au(111) with 7 x 7 TaS, unit
cells on 8 x 8 Au(111) unit cells in the Tag,Sp-stacking. S atoms
are colored green, Ta atoms blue, and Au atoms in different layers
gold, red, and black. Dashed lines indicate the unit cell. Regions of
high symmetry are labeled. (a) Top view. (b) Side view along a cut
following the main diagonal. (c) 2D color gradient plot of the charge
density difference upon adsorption along the same plane as shown
in (b). (Blue) Minimum (—16.7 x 1073¢~/A%) (electron depletion);
(red) maximum (6.6 x 1073~ /A3) (electron accumulation).
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TaopShep. For the alternative stacking (not shown here), the
respective regions are TapcpSiop, TagecShep, and TagpStec. We
use the region where S is on top of an Au(111) atom as a repre-
sentation of the stacking and hence denote the two orientations
as TagecSiop and TapepSiop. This nomenclature is motivated by
the finding that in these regions the S-Au distance is minimal
(see below) and hence the local interaction is strongest.

The energy difference between the two rotational variants
is rather small (AE, = 2.9 meV per unit cell). For compar-
ison, hBN/Ir(111) [26] can also exist in two domains with a
similar energy difference (AE, = 2.8 meV per unit cell). This
hints at a general problem to achieve phase-pure 2DMs on
fcc(111) surfaces. A previous DFT study using a simplified
system found a similar absolute value of the binding energy
of —820 meV per TaS, unit cell [8]. This binding energy is
a factor of five larger than found for graphene and hBN on
Ir(111) [26].

In our experiment, both types of stacking could be present.
In addition, growth can in principle take place on the fcc areas
of the Au(111) herringbone reconstruction (as assumed in our
DFT model) as well as on the hcp areas. However, we expect
that the resulting structures are very similar to those found
on the fcc areas, as they only differ in the stacking of the
third Au layer. To simplify, we assume that in experiment
we measure an average of the structures determined by DFT.
A straightforward way to compare theory and experiment is
to calculate the structural parameters P and f¥ from the
DFT model (see Table II). We find that these parameters do
not differ in the first two significant digits for both types of
stackings, so we do not distinguish them here. Table II shows
that there is a good match between theory and experiment. In
fact, the main difference is near constant offset, which can
be caused by the choice of the reference layer in DFT. In
consequence, experiment and theory support each other and
make further analysis reliable.

As often found the agreement for the coherent position
P is significantly better than for the coherent fraction ¥
as the former is a more robust parameter in experiment as
explained above. That said, the experimental value found for
the component S1 is particularly low, which indicates that also
sulfur atoms other than those in the lower S layer of TaS, are
collected in the XPS signal. Obvious candidates are S atoms
adsorbed directly on Au(111) or found at island edges or in
grain boundaries. It is puzzling that still the match for P¥ is
as good as for Ta and S2, which could be due to a fortuitous
cancellation of the coherent positions of the impurities.

Details of the geometry determined by DFT can be found
in Table III. The minimum height of the S1 atoms is observed
in the regions where they reside directly above a gold substrate
atom. For the other regions, the distance is larger, resulting in
a corrugation amplitude of 0.33 A for TagecSiop. The Ta layer
and the upper S layer (S2) follow the lower layer with very
similar corrugation. Averaging over all species and stackings
the corrugation amplitude determined by DFT is Ahpgr =~ 0.3
A which is below the upper bound given by XSW. The average
thickness of the TaS,; monolayer (defined as the S-S distance)
is 3.06 A, which is comparable to the 3.11 A value found for
bulk 2H-TaS, [42].

We used the calculated structures for a simulation of STM
images (not shown here; see Ref. [15]). The regions where S

occupies the top position [TanepSiop/TagecSiop» 1-€., the center
of the unit cell in Fig. 4(a)] that are closest to the Au(111)
substrate are actually imaged highest (brightest color) in STM
(center of the unit cell in Fig. 1). In other words, the STM
contrast is inverted with respect to the topography. The cor-
rugation observed in STM must therefore be dominated by
electronic effects and cannot be directly related to the geo-
metric corrugation measured by XSW and DFT.

Our theoretical results are in line with previous studies,
where the height of SI was reported as 2.37 A [9] and
2431 A [8]. In these calculations, a simplified («/5 X «/§)
geometry was used, which does not allow one to study moiré-
related spatial variations of the structure. Other 2DMs show a
much larger corrugation amplitude, for example, hBN/Ir(111)
(Ah=~1.5 A [26]), so we can regard TaS, as a rather flat
overlayer.

Figure 4(c) shows the charge transfer between the surface
and the TaS, layer. Overall, 0.09 e~ are transferred from
Au(111) to each 2H-TaS, unit cell. Pronounced increase in
negative charge is visible in the Ta d orbitals with no sig-
nificant variation with atomic registry. In addition, for S on
top of Au, charge accumulation between the atoms is found, a
fingerprint of a covalentlike bond.

The overall charge transfer per TaS, unit cell is very
similar as calculated by others (0.08 e~ [8,9]) using sim-
plified models. The conduction band of 2H-TaS, is formed
by the Ta d orbitals, especially close to the Fermi level.
Here, the out-of-plane d,> orbitals are the main contribution
[43]. The charge increase observed in the plane of the Ta
atoms can thus be interpreted as charge transfer into the
conduction band of TaS,. This also explains the homogenous
charge distribution with respect to Ta in different registries.
In analogy with MoS;,/Au(111) [44], we interpret the charge
accumulation between S and Au in the Tag.Sp region as a
chemical S-Au bond formed by overlapping S p, and Au d
orbitals.

IV. CONCLUSIONS

In conclusion, XSW enables a precise analysis of the ver-
tical structure of 2H-TaS;/Au(111) and is therefore the ideal
counterpart of STM, which determines the lateral geometry
with atomic resolution. The three different species in TaS,
(lower S, middle Ta, upper S) can be clearly distinguished
in XPS, a key requisite for a concise analysis in XSW. We
find a good agreement between structural parameters found by
XSW and DFT. The two rotational variants are geometrically
very similar, and in consequence also show little difference in
binding energy. Locally, covalentlike bonds between S atoms
in the lower layer and Au substrate atoms form, but still the
ultrathin layer only shows a small corrugation (~0.3 A in
DFT, <0.8 A in XSW). We find significant charge transfer
from Au(111) to TaS, that partially goes into the conduction
band of the 2DM.
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