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Anisotropic strain in epitaxial single-layer
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In this work we prove that ordered single-layer MoS, can be grown epitaxially on Ag(110), despite the
different crystalline geometry of adsorbate and substrate. A comprehensive investigation of electronic and
structural features of this interface is carried out by combining several techniques. Photoelectron diffrac-
tion experiments show that only two mirror crystalline domains coexist in equal amount in the grown
layer. Angle-resolved valence band photoelectron spectroscopy shows that MoS, undergoes a semi-
conductor-to-metal transition. Low-energy electron diffraction and scanning-tunneling microscopy
experiments reveal the formation of a commensurate moiré superlattice at the interface, which implies an
anisotropic uniaxial strain of the MoS, crystalline lattice of ca. 3% in the [110] direction of the Ag(110)
surface. These outcomes suggest that the epitaxial growth on anisotropic substrates might be an effective
and scalable method to generate a controlled and homogeneous strain in MoS, and possibly other
transition-metal dichalcogenides.

1. Introduction

Two-dimensional transition-metal dichalcogenides (TMDCs)
form a group of materials that have attracted a considerable
interest in the last years. The various electronic and optical
properties in their single or multilayer form, which can be
remarkably different from those of their bulk parent com-
pound, have paved the road for a plethora of novel appli-
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cations, both using the materials in their pristine form and
combining them with other two-dimensional (2D) materials to
form heterostructures.” In this broad family, the semi-con-
ducting molybdenum disulfide (MoS,) and tungsten disulfide
(WS,) have been specifically used to explore new logic and
computation paradigms to go beyond charge-based devices by
exploitation of the valley degree of freedom.®™®

The introduction of controlled structural modifications in
the crystalline lattice by means of compression or strain has
been regarded as a promising strategy to tailor the electronic
properties of 2D materials. In particular, the possibility to
introduce a strain by an apt choice of the substrate onto which
the 2D material is directly grown is probably the most scalable
and versatile method to ensure that the strain takes place uni-
formly in every region of the interface. This strategy was indi-
viduated as an effective way to open a band-gap in graphene
electronic structure,'® markedly showing that the choice of the
substrate and of its crystalline arrangement can significantly
alter the electronic and structural properties of the supported
2D material."** Such approach can be successfully extended
also to single-layer (SL) TMDCs, which could lead to the con-
trolled manipulation of the electronic and optical properties, a
desirable achievements in order to use TMDCs in nano-elec-
tronics and optoelectronics.'® In this framework, an attrac-
tive way to introduce a strain in the crystalline structure of
single-layer (SL) TMDCs is to grow the single layer on a sub-
strate with different crystalline symmetry than the overlayer
and different lattice parameters along distinct crystallographic
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directions.>”** Previous studies have highlighted the effect of
an additional periodic potential, due to the moiré superlattice,
on the electronic properties of graphene and single-layer hex-
agonal boron nitride grown on anisotropic substrates.?***~”
Such outcomes motivated us to explore the effects on the struc-
tural and electronic properties of SL MoS, grown on a Ag(110)
single crystal, which has a rectangular lattice as opposed to
the hexagonal lattice of MoS,. One of the major challenges in
the epitaxial growth of TMDCs on surfaces is to avoid the
growth of randomly rotated crystalline domains, which might
impair the properties of the SL layer. This is commonly hap-
pening on substrates weakly interacting with the TMDC single
layer, such as graphene,*®™*! silicon oxide** or sapphire.*® To
overcome this issue, the use of strong interfacial interactions
has previously been identified as a viable solution to achieve
well-oriented domains of other SL systems, such as graphene
and h-BN on strongly interacting transition metal
substrates.’***  Semiconducting TMDC, such as WS, and
MoS,, upon suitable choice of metal substrate and growth con-
ditions can be grown with a single crystalline orientation or
anyway with a high degree of ordering, with important reper-
cussions for the exploitation of the valleytronics-related pro-
perties of these materials.*”* In the case described in this
paper, the choice of Ag(110) substrate was based on the fact
that the relatively strong interfacial interactions®® may sup-
press the formation of rotated domains.

In this paper, we report on the epitaxial growth of SL MoS,
on a Ag(110) substrate. Combining several experimental tech-
niques, namely X-ray photoelectron spectroscopy (XPS), Angle-
resolved valence-band photoelectron spectroscopy (ARPES),
X-ray photoelectron diffraction (XPD), low-energy electron diffr-
action (LEED) and scanning-tunneling microscopy (STM), we
provide a comprehensive characterization of this interface
from a point of view of the interface morphology and the elec-
tronic structure.

2. Experimental details
2.1 Sample preparation

The growth experiments were performed at SuperESCA beam-
line of the Elettra synchrotron-radiation facility.”® The Ag(110)
crystal was initially cleaned by repeated cycles of Ar' sputtering
at 1 keV, followed by annealing at 800 K for 10 minutes.
Sample cleanliness was confirmed by XPS, which did not show
any contaminants.

The MoS, single layer was grown by evaporating Mo atoms
from a current-heated Mo filament placed in front of the Ag
substrate in a H,S atmosphere. In order to avoid the formation
of randomly-oriented crystalline domains in the MoS, layer, a
new strategy of growth has been devised, consisting in an
initial seeding of MoS, crystallites, for a coverage of ca. 0.07
ML. This was obtained by dosing Mo atoms in a H,S back-
ground pressure at room temperature followed by an annealing
at 800 K while turning off the Mo doser. The growth was then
continued by evaporating Mo in H,S atmosphere, keeping the

sample always at 800 K, up to a final coverage of ca. 0.75 ML.
The Mo deposition rate was about 4.7 x 10~ ML min™", with a
H,S pressure of 5 x 1077 mbar. A monolayer (ML) is defined as
one complete layer of MoS, on Ag(110), amounting to Mo
surface density of 1.15 x 10'° atoms per cm?, with a MoS,
lattice parameter of 3.15 A.

2.2 Experimental methods

High-resolution XPS S 2p and Mo 3d core-level spectra were
measured in situ at room temperature in normal electron emis-
sion on the as-grown MoS, SL. The overall energy resolution
was below 50 meV. The binding energy of core level spectra
was normalized to the position of the Fermi level of the Ag
sample. The fit of the data was performed using Doniach-
Sunji¢ function convoluted with Gaussian broadening and a
linear background.®*

Each XPD pattern was obtained by collecting more than
1000 core-level spectra in the region of interest, measured in
50 azimuthal scans ranging the polar emission angles 6, from
grazing emission (6 = 70°) to normal emission (6 = 0°). An azi-
muthal scan consists in the acquisition of the Mo 3d5,, S 2ps)»
or Ag 3ds, core level over a wide azimuthal sector (¢ = 130°).
For each of these spectra, a peak fit analysis was performed
and the intensity 1(0, ¢) of each component resulting from the
fit, i.e. the area under the photoemission line, was extracted.
The resulting XPD pattern is the azimuthal equidistant polar
projection of the modulation function y defined as:
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where Iy(0) is the average intensity for each azimuthal scan at
polar angle 6. The structural determination was performed by
comparing measured XPD patterns to multiple scattering
simulations for a trial structure. Such patterns were simulated
using the program package for Electron Diffraction in Atomic
Clusters (EDAC).”>® The presence of two mirror domain orien-
tations was taken into account by an incoherent superposition
of the calculated intensities. The agreement between the simu-
lations and the experimental results can be quantified by com-
puting the reliability factor (R):*®
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where ygim,; and yexp,; are the simulated and the experimental
modulation functions for each emission angle i. The esti-
mation of the accuracy of the percentage of mirror domains
derived by means of R-factor analysis was deduced from the
R-factor confidence interval defined as:>’

2
ARmin = Rmin \/];]-, (3)

where Ry, is the minimum R-factor value and N is the
number of well-resolved peaks in the XPD pattern (N ~ 350),
i.e. the approximate number of peaks considering the whole



50 azimuthal scans acquired at different polar emission
angles.

STM measurements were carried out at the CoSMoS facility
at Elettra Sincrotrone Trieste. The images were acquired at
room temperature with a SPECS STM 150 Aarhus instrument
equipped with a W tip. The samples were transferred through
air from the growth chamber to the STM chamber, where they
were subsequently annealed up to ca. 800 K for 30 min. The
Gwyddion free software was used for STM data visualization
and analysis.*®

LEED measurements were carried out using a commercial
VG instrument installed at the experimental chamber of the
SuperESCA beamline.

ARPES measurements were performed at the SGM-3 beam-
line®® of the synchrotron radiation facility ASTRID2 in Aarhus
with the sample kept at about 30 K. The energy and angular
resolution are better than 30 meV and 0.2°, respectively. The
samples were transferred through air from the growth
chamber to ARPES chamber, where they were subsequently
annealed up to ca. 800 K for 30 min.

3. Results and discussion

SL MoS, was prepared in UHV by following a two-step pro-
cedure, in which a MoS, nucleation phase is followed by the
direct growth up to the coverage of about 0.75 monolayer (ML).
The calibration of the coverage is described in the ESLf
Growth strategies relying on a two-step approach have been
already described and proven successful for the layer-by-layer
growth of thin films.°>®" In our experiment, the first step con-
sists in Mo deposition with a background pressure of H,S (p =
5 x 107 mbar) at room temperature, followed by a thermal
annealing up to 800 K, still in H,S background pressure. The
final coverage reached after this initial step was about 0.07
ML. Subsequently, we dosed Mo while keeping the substrate at
800 K with the same H,S pressure used in the first step. The
preparation of the SL MoS, can be monitored by means of fast
XPS, ensuring that only the desired species appear on the
surface. It is interesting to report that any attempt to grow SL
MoS, on Ag(110) with a one-step procedure similar to what
successfully accomplished for (111) surfaces of noble
metals*>®* resulted in a single layer with several rotated
domains (see ESIf for more details).

High-resolution XPS provides information about the nature
of the grown SL (Fig. 1). The Mo 3d (Fig. 1a) and S 2p (Fig. 1b)
core levels were acquired with a photon energy hv of 360 and
260 eV, respectively. The analysis of Mo 3d spectrum shows the
Mo 3ds), centered at a binding energy (BE) of 229.33 eV, with its
spin-orbit doublet component (Mo 3d;/,) shifted by 3.15 eV
towards higher BE. The BE of the main peak is found to be
slightly higher than that observed for SL MoS, on Au(111),"’
with a higher asymmetry parameter « = 0.08, too. In Table S1 in
ESIT we provide full details about the line shape of Mo 3d and S
2p. This result suggests a semiconductor-to-metal transition of
the MoS, layer on Ag(110), similar to the case of WS,/Ag(111).*
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Fig. 1 High-resolution XPS of the (a) Mo 3d and (b) S 2p core levels,
respectively, measured after the growth of MoS, on Ag(110). The experi-
mental data (dots) and the fit (line) are presented together with the
spectral contributions (solid fill) resulting from peak-fitting analysis.

The S 2p core level shows two spin-orbit doublets, with the
2ps/, components at 162.27 eV and 162.51 eV BE, respectively.
These two components are assigned to S atoms in the top and
bottom layer (i.e. in contact with the Ag substrate) of the MoS,
structure, a feature already observed for MoS, ** and WS, ** on
Au(111).

Information about the structural configuration of the inter-
face at the atomic level were obtained by STM experiments. In
Fig. 2a, a large scale STM image shows the morphology of the
Ag(110) surface, observable in the form of terraces and steps. In
contrast to the observation of moiré-induced bright protrusions
for MoS, on Au(111), no such indication of MoS, is directly
visible at this scale. However, an atomically-resolved STM image
(Fig. 2b), acquired in the region indicated by the white box in
panel (a), shows the hexagonally arranged topmost layer S
atoms of MoS,, together with the appearance of a moiré super-
structure. The moiré-induced features markedly appear to be
misaligned with respect to the rows of S atoms. This is more
evident by taking the 2D Fourier transform (2DFT) of this
image, from which it is possible to determine the angle of
rotation of the moiré superstructure with respect to the MoS,
lattice. As shown in Fig. 2¢, a rectangular arrangement of satel-
lite spots can be observed around each of the spots associated
with the lattice parameter of MoS,. These spots are rotated with
respect to the MoS, lattice by an angle of 30°.



Ag(110)

Fig. 2

MoS,/Ag(110)

(a) Large scale STM topography of MoS; on Ag(110) (Vg = —1250 mV, /1 = 0.06 nA). (b) Atomically resolved STM image acquired in the region

highlighted by the white frame in (a), showing a moiré superstructure (Vg = =740 mV, I+ = 1.51 nA). (c) 2D Fourier Transform of the STM image
shown in (b). LEED patterns (d) of the clean Ag(110) sample and (e) of SL MoS,/Ag(110), both acquired at 120 eV. The diffraction spots corresponding
to MoS; (black) and Ag(110) (yellow) are indicated. The inset in panel (e) shows a magnification around the (10) spot of MoS; highlighting the moiré-
induced diffraction spots (blue). The arrow is the reciprocal lattice vector associated with the moiré superstructure.

The acquisition of LEED patterns, shown in Fig. 2d, pro-
vides more details about the long-range ordering of the SL
MoS,, and confirms the outcomes observed by means of STM.
The principal spots from the MoS, ad-layer are visible, together
with the principal spots originating from the Ag(110) substrate.
The latter can be clearly identified by a direct comparison with
a LEED pattern (Fig. 2c) acquired on the clean Ag(110) sample
at the same electron energy. Given the three-fold symmetry of
the SL MoS, crystalline structure, the observation of nearly six-
fold symmetry in the intensity of the MoS, spots at all beam
energies suggests the presence of an equal proportion of
mirror domain orientations of MoS,, although a more
thorough analysis about domain orientations requires a
different spectroscopic technique such as XPD. In addition to
this, the MoS, spots are accompanied by satellite spots
arranged in a rectangular pattern (marked with the dashed
light blue rectangle, see inset in Fig. 2d), which indicates the
formation of the moiré superstructure, in agreement with the
2DFT derived from STM topography. The moiré spots have a
direction that is rotated of 30° with respect to the main crystal-
lographic directions of the MoS, lattice. Moreover, we observe
that the moiré is commensurate, with a periodicity corres-

ponding to five times and two times of the lattice parameters
of the Ag(110) surface along the [110] and [001] directions of
the substrate, respectively.

By combining the results stemming from STM and LEED
we can draw a model for the MoS,/Ag(110) interface, which is
reported in Fig. 3. In this configuration, we assume that at the
corner of the moiré supercell the S atoms are sitting in a-top
sites of the Ag substrate. Such assumption was found to be
valid for the case of growth of MoS, and WS, on Au(111).*>%?
This model can be directly compared with the atomically
resolved STM image next to it, where the periodicity and orien-
tation of the moiré superstructure (blue arrows) is also indi-
cated. In order to achieve this periodicity and thus to have the
commensurate adsorption configuration that was deduced
from STM and LEED analysis, the MoS, lattice vector aligned
along the [110] direction of the Ag(110) substrate has to be
stretched up to 3.23 A, indicating an expansion of ca. 3% in
that direction, while the other lattice vector remains unaltered
(3.15 A) with respect to the value reported in literature.*>**

As mentioned earlier, an important feature that character-
izes epitaxially-grown SL TMDCs is the presence of mirror-
oriented crystalline domains. A very versatile tool to obtain



Fig. 3

(a) Structural model of the MoS,/Ag(110) interface. The lattice parameters of Ag(110) along the two main crystallographic directions are also
indicated. The MoS, and moiré lattice vectors are indicated with black and blue arrows, respectively. (b) STM atomic resolution image (Vg

1200 mV, I+ = 2.05 nA) showing the MoS; layer (black) and the moiré lattice vectors (light blue).

information at this level is XPD, which has been proven
already extremely powerful in determining the local crystalline
structure of TMDCs and can be immediately individuate
mirror-oriented domains in the crystalline layer.*>%>%% In
this experiment, we acquired Mo 3d and S 2p core levels and
evaluated their intensity for different emission angles (6, ¢).

The experimental XPD patterns obtained are shown in Fig. 4
(in color) and are reported together with simulated patterns
obtained via multiple scattering calculations® from a test
structure (grey). XPD analysis proceeds by finding the best
agreement between the experimental and simulated XPD pat-
terns via a R-factor analysis,*® thus tracing the crystalline struc-
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(a) Experimental Mo 3ds,, XPD pattern (color) obtained at 360 eV photon energy (photoelectron kinetic energy, KE = 130 eV) for the MoS;

-80 -40 0 40 80
0 (deg)

single layer together with simulated pattern (grey). XPD pattern for (b) top and (c) bottom S 2ps,, components, acquired at 270 eV photon energy (KE =
108 eV) and 560 eV photon energy (KE = 397 eV), respectively. The experimental data (color) are presented together with the simulated patterns (grey).
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ture returning the best correspondence between experiments
and simulation. At this stage, the presence of the substrate is
neglected due to the lack of specific local adsorption configur-
ation of MoS, layer on Ag(110), and hence the simulations
were performed for a freestanding MoS, layer having the 1H
phase structure.”® These simulations were performed with
lattice parameter of 3.15 A and Mo-S interlayer distance of
1.62 A.** A supporting evidence that the MoS, layer is aligned
with one of the two crystallographic directions of the Ag(110)
substrate, as already observed in LEED, can be obtained by
performing XPD measurements to determine the orientation
of the substrate, namely acquiring the Ag 3ds, core level (see
ESIY).

In order to quantify the relative contribution of different
domain orientations in the grown layer, we acquired XPD pat-
terns sourcing from Mo 3ds,, core level, Fig. 4a, and compared
them with simulated patterns of the Mo 3d core level (photo-
electron kinetic energy, KE ~ 130 eV) for two mirror orien-
tations Orl and Or2, intermixing them in different pro-
portions. In particular, the total measured intensity I, was
expected to be a combination of the I, intensity contribution
from the main orientation (Or1) and I,;; contribution from the

mirror orientation (Or2),*>%*%* such as:

Iiot = alg + bImir (b =1—a). (4)

Fig. 5, central panel, shows the R-factor analysis for the Mo
3ds/, XPD pattern: this shows a clear minimum of the R-factor
with a percentage of mirror domain orientation of 50(3)%,
showing there is an equal coverage of main and mirror orien-
tation in the MoS, SL. In addition to that, XPD measurements
are performed for the S 2p core level using different photon
energies, in order to satisfy the forward (at high KE) and back-
ward scattering (at low KE) conditions. The XPD measure-
ments belonging to top (Fig. 4b) and bottom (Fig. 4c) S 2p
components show good agreement with the simulations
corresponding to the 1:1 mixture of the two orientations,
both for the top layer S (R-factor = 0.24) and bottom layer S

(R-factor = 0.27), respectively. This provides also the confir-
mation that the polytype of the MoS, layer to be 1H.

In order to get further insight into the electronic structure of
the interface, we investigated the valence band by means of
angle-resolved photoemission spectroscopy (ARPES) measure-
ments, using 30 €V photon energy. In Fig. 6a we plot the photo-
emission intensity showing the band dispersion along different
high symmetry directions of the MoS, Brillouin zone (BZ). The
characteristic features of single layer MoS, are observed,
especially the spin-split valence band at K and the slightly lower
valence band maximum at I".>* The lack of two distinct bands
near I” confirms the single-layer nature of the grown MoS,.%”

As we have seen, the symmetry of the Ag(110) surface does
not allow the growth of just one single orientation but it rather
favors the growth of mirror-domains that are completely equi-
valent. However, the interaction between substrate and MoS,
still has the potential to break the valley degeneracy within the
BZ in the material. As seen in Fig. 6¢, the K and K’ points of
the BZ are no longer equivalent. The spin-split band typical of
MoS, is observed at the K point, with a spin-orbit splitting of
144 meV, similar to that measured for MoS, on Au(111).*>*
Remarkably, the SL MoS, valence band maxima at K and K’
(Fig. 6d) appear to be at the same binding energy. This indi-
cates that the effect of the uniaxial strain, of the corrugation of
the substrate and of the moiré-induced corrugation is not
sufficient to lift the degeneracy in the K and K’ points. Very
little changes (few meV) in binding energy might also arise
due to inequivalent K and K' valleys, which we cannot detect.

On the other hand, the upper band at K is found at 1.61 eV
BE, to be compared with 1.39 eV for MoS, on Au(111). The
shifted position of the valence band maximum at K with
respect to the case of Au(111) might be accounted for with the
different work function of the Ag(110) substrate with respect to
the Au(111). This is reflected also in a shift of the Mo 3d and S
2p core levels towards higher BE, although to a lesser extent.

Interestingly, the faint feature along the /" — K direction of
MoS, indicates the presence of additional states close to the
Fermi level at the Q point, which is further highlighted in the
magnified image of the marked region in Fig. 6. This can be

Or1

Percentage of Or2 (%)

100

Or2

Fig. 5 R-Factor analysis (central panel) for the domain orientation characterization for the Mo 3ds,, pattern, revealing the presence of an identical
coverage of mirror orientations. The structure for two possible orientations Orl and Or2 is also shown.
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(a) ARPES spectra acquired on MoS,/Ag(110) using 30 eV photon energy showing the uppermost MoS, valence band and the Ag states,

acquired along the path marked in the Brillouin zone scheme on the right. (b) Magnification of the region marked with blue rectangle in (a), showing
the additional density of states at the Q point close to the Fermi level. Ag(110) surface state at the Y point of the Brillouin zone is indicated by an
arrow in (a). (c) Scheme of the Brillouin zone. (d) ARPES spectra acquired along the I'— K — M’ —T and I' — K’ — M’ — I directions, with a photon

energy of 75 eV.

due to the hybridization of the MoS, electronic states with
those of the underlying Ag substrate, leading to the semi-
conductor to metal transition of the MoS, layer, in agree-
ment with the similar results obtained for WS, on Ag(111).%
This interaction-induced semiconductor-to-metal transition is
consistent with the observations we made about the asymme-
try of the Mo 3d core level in XPS. In addition to that, we
observe a parabolic band at the Y point of the Ag(110)
surface Brillouin zone. This corresponds to the surface state
of Ag(110).

4. Conclusion

We have shown that an ordered MoS, single layer can be
grown on the anisotropic Ag(110) surface despite the radically
different symmetry between substrate and adsorbate. In order
to avoid the formation of randomly oriented domains, we have
developed a growth strategy that consists of an initial seeding
of MoS, nano-crystallites, followed by a co-deposition of Mo
and S while keeping the substrate at high temperature. The
analysis of the high-resolution XPS spectra reveals a high



asymmetry in the line shape of the Mo 3d peak of the MoS,
layer. The MoS, layer presents a high structural quality, as
demonstrated by the STM and LEED measurements, where the
presence of a moiré superstructure can be also detected. We
find that this superstructure, which appears as alternating
streaks in the STM topographic images, is misaligned by 30°
with respect to the MoS, lattice. The MoS, appeared to be com-
mensurate with the Ag(110) substrate, which consequently
require a stretching of the MosS, lattice vector by ca. 3% along
the closed-packed rows of Ag(110). Based on these findings we
propose a model for the MoS,/Ag(110) interface. XPD measure-
ments show that there is coexistence of MoS, crystalline mirror
domains in equal proportion, and it is verified that the MoS,
lattice is, indeed, aligned with the high symmetry [110] direc-
tion of the Ag(110) surface. ARPES measurements confirmed
that MoS, on Ag(110) undergoes a semiconductor-to-metal
transition by revealing additional intensity near the Fermi
level, at the Q point of Brillouin zone of MoS,. The indication
of the interaction of the MoS, single layer with the Ag(110)
substrate explain the increased asymmetry in the core-level
line shape of Mo 3d. In parallel with that, no differences in the
position of the valence band maxima at the K and K' points
are observed, thus suggesting that the moiré-induced corruga-
tion is not capable to lift the degeneracy between K and K'. On
the other hand, the characterization of this interface have
revealed a simple and direct way to engineer the structure of a
SL MoS, and induce an uniaxial strain in the crystalline lattice
by properly choosing the substrate on which MoS, is grown.
We envision that this substrate-induced anisotropic strain
opens up new possibilities to create strained TMDCs struc-
tures, whose peculiar strain-induced physical and chemical
properties could find relevant applications in optoelectronics
or in driving the catalytic activity of SL TMDCs,'®2%23:37:68-71
We believe that such approach, similarly to what has been put
into practise for graphene, could be extended also to other
TMDCs and 2D materials, thus opening up relevant new possi-
bilities in the exploitation of this class of versatile materials.
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