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molybdenum disulfide (MoS,) on graphene/Ir(111), aiming to £

understand its steps and mechanism and verify the stability of the E

heterostructure. By means of high-resolution X-ray photoelectron 3

spectroscopy, we have revealed that accurate temperature control &

is crucial in allowing the formation and avoiding the degradation of 166 164 162 160 158 166 164 162 160 158 166 164 162 160 158
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efficient sulfur intercalation under graphene and the dissolution of
sulfur in the Ir bulk, two processes that have been targeted as ones
mainly responsible for irreversible degradation of the MoS, single
layer on graphene. We believe that these results could be instrumental in understanding and improving the epitaxial growth
protocols for the growth of heterostructures combining epitaxial graphene and transition-metal dichalcogenides.

B INTRODUCTION samples with outstanding quality but that are hardly scalable
for industrially viable applications.

In order to overcome this bottleneck, as already successfully
proven by the Gr-oriented research, several efforts have been
devoted to develop epitaxial, bottom-up methods to grow 2D
material-based heterostructures with a high degree of precision
and tailored properties. In this framework, similar to chemical
vapor deposition for Gr, it was possible to grow epitaxial MoS,

nanoscaled optoelectronics and photonics. Moreover, due to whose features are strongly related to the substrate chosen for
the lack of inversion symmetry in the Brillouin zone, single- the growth. This is the case of single-layer TMDC:s that can be

1 TMDC h MoS d WS. h ived epitaxially grown with a high degr(ee of precision on noble-
el 5 suen as oS A 2 nave Teeeive metal surfaces, such as Au(111)"°""? and Ag(111),””*" making

Molybdenum disulfide (MoS,) is the most representative
member of the family of semi-conducting transition-metal
dichalcogenides (TMDCs). The electronic structure of this
material is very peculiar since it shows a transition from an
indirect to a direct band-gap semiconductor when downscaling
it from bulk to a two-dimensional (2D) layer," a feature that
makes this material very appealing for applications in

considerable attention as they stand as ideal candidates to

realize devices relying on the spin-valley degree of freedom.”~> a step for;va{i/{t]gvcvard the Z}fp i?ltaﬁlon 01{ the cgmplex Spin
Besides the potential in new valley-based electronics, MoS, has te;tur;e6,zgz3 s on which the valleytronics concept
been also actively studied as an efficient material in catalysis, in rehies. o )

6-11 The epitaxial growth of MoS,-Gr heterostructures is of

particular, in combination with titanium dioxide.

The possibility to combine different 2D materials in a van
der Waals (vdW) heterostructure has paved the way to the
realization of hybrid materials and new architectures whose
properties can be tailored by a suitable choice and stacking of
their elements.”'>”"* In the broad family of 2D materials,

particular importance and oriented toward applications both in
nanoscaled optoelectronics and catalysis since the employment
of such a bottom-up method has been targeted as a reliable
approach to assemble nanoarchitectures in an efficient and

graphene (Gr) and MoS, are often coupled to form Received:  June 4, 2020
heterostructures. The initial step to form these structures is Revised:  August 12, 2020
generally the mechanical cleaving of the 2D material from the Published: September 1, 2020

parent bulk compound and the consequent stacking of the
various elements on each other in the desired ordering.lz_15
This top-down approach has the great advantage of producing
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reproducible way.”*~*° An important issue to address when

dealing with this growth method is the full understanding of
the mechanism behind the formation of these heterostructures.
This process can be considerably complex since several
interdependent factors are involved in it (e.g, structural and
electronic properties of the substrate, temperature, evaporation
rate of the elemental species to form the TMDC layer).
Furthermore, such knowledge is important since it is directly
linked to the properties of the heterostructure and its stability.
For example, it has been revealed by Hall et al’' that the
temperature of the substrate used during the growth has an
important role in determining the degree of the azimuthal
disorder of the final single layer for several TMDCs on Gr.
Moreover, the choice of the substrate itself can play a capital
role in defining the structural and electronic properties of the
single-layer TMDC, which is important to consider when
realizing heterostructures of this sort. For the epitaxial growth
of single-layer MoS, on epitaxial Gr, this can be particularly
relevant since the growth of MoS, requires usually the
substrate to be heated and this could promote other processes
such as the intercalation of the elemental species of MoS,
under Gr.

Herein, we aim to investigate the formation mechanism of
single-layer MoS, grown on epitaxial Gr on Ir(111), test its
stability to temperature, and understand the causes of the
degradation observed at high temperature. Epitaxial Gr/
Ir(111) was used since it is a textbook example of a Gr—
metal interface with a low density of defects, a moiré
superlattice, and a weak Gr—substrate interaction.””>* By
employing an epitaxial growth ?rotocol for MoS, on Gr already
described in the literature,”* ™" we have investigated the role
played by the temperature in the formation of single-layer
MoS, and its degradation, finding that the best temperature to
obtain single-layer MoS, is approximately 800 K, a similar
result to what has been obtained for epitaxial growth of MoS,
on Au(111).' Aiming to unravel the reasons of the
degradation, we have observed that the Gr/Ir(111) interface
is prone to S intercalation through the Gr defects, thus
enabling the diffusion of sulfur on the Ir surface. Moreover, we
were able to determine the formation of ordered adsorbate S
structures on the Ir(111) surface, indicative of a strong
interaction of S with the metal. Hence, we provide
spectroscopic evidence that the intercalation of S under Gr
and its dissolution in the Ir bulk during the growth participate
in the degradation of the MoS, layer and identify these
processes to be competing against the formation of the MoS,
on Gr.

B EXPERIMENTAL SECTION

The experiments were carried out in an ultrahigh-vacuum
chamber of the photoemission end station of the SuperESCA
beamline at the Elettra synchrotron radiation facility in Trieste,
Italy. The base pressure during the experiments was ca. 1 X
107 mbar.

An Ir(111) single crystal was cleaned by cycles of Ar* ion
sputtering and annealing followed by exposure to oxygen
(three temperature ramps up to 1080 K with a pressure of 2 X
1077 mbar) and hydrogen (two temperature ramps up to 870
K with a pressure of 5 X 10™® mbar). Gr was subsequently
grown in situ on the surface by exposing the crystal to ethylene,
according to a well-established protocol.’**> The temperature
of the sample was measured with a thermocouple in contact
with the sample itself. Molybdenum was deposited on the

sample by employing a home-built Mo wire evaporator."®*' A
flux of sulfur atoms was obtained by heating a Knudsen cell
containing FeS, kept at T = 710 K for a cumulative pressure
inside the experimental chamber of ca. 7 X 107 mbar. In this
work, a monolayer (ML) is defined as the surface density of
iridium atoms per unit of area.

Core-level spectra were acquired using a SPECS Phoibos
hemispherical electron energy analyzer (150 mm mean radius),
equipped with electrostatic lenses and a microchannel plate-
based delay-line detector developed at Elettra. The exper-
imental setup combines high energy resolution with high data
acquisition rates, thus allowing real-time monitoring of the
evolution of the core-level spectral components during
processes such as gas exposure and temperature ramps.*® For
the acquisition of the XPS spectra of the Ir 4f,,, Mo 3d, and S
2p core levels, a pass energy of 5 eV was used and a pass
energy of 4 eV for the C 1s core levels. The measurements
were performed with the photon beam impinging at the
grazing incidence (70°), while photoelectrons were collected at
a normal emission angle. The analysis area on the sample is
determined by the dimension of the spot of the photon beam
reaching the sample, which is smaller than 100 X 10 ym® The
acquisition time of each spectrum is between 10 and 20 s, and
the spectra during the annealing ramps were acquired while
heating the sample. The temperature of the sample was
measured with a K-type thermocouple spot-welded on the
back of the Ir(111) crystal used as a substrate for the
experiments.

The overall experimental energy resolution, which takes into
account both the electron energy analyzer and the X-ray
monochromator, was kept within 50 meV for measurements in
the photon energy range of 200—400 eV. The core-level
spectra were fitted with Doniach—Sunjic profiles®” convoluted
with a Gaussian function on a linear background, thus
obtaining the lineshape parameters, the photoemission
intensity, and core-level binding energies (BEs). The BE
scale was aligned with the measured Fermi level of the Ir
substrate. The comparison between photoemission intensities
was performed considering the total area of each component.
During the annealing, the lineshape and BE of each component
were kept constant besides the Gaussian width, which was kept
relaxed since it strongly depends on the temperature of the
sample, because of phonon-induced core-level broadening. The
low-energy electron diffraction (LEED) experiments were
carried out using a commercial VG instrument with a transfer
width of approximately 100 A.

B RESULTS AND DISCUSSION

Codeposition of Molybdenum and Sulfur. The initial
step of our investigation was the study of the spectral features
of the core levels measured during the growth of a single layer
of MoS, on epitaxial Gr, which was obtained by codepositing
molybdenum and sulfur on Gr/Ir(111) in a fashion similar to
what was described earlier.”**"**

The growth of the single layer was achieved in two stages: an
initial codeposition of Mo and S with the sample at room
temperature followed by a second phase of annealing in a S
flux. The process was monitored by XPS measurements of the
Mo 3d and S 2p core levels. High-resolution XPS spectra
acquired at the end of the first stage revealed a rich spectral
composition for both signals (Figure 1a,b). In particular, the
decomposition of the spectra showed four non-equivalent
couples of components for the S 2p core level (Figure 1a) and
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Figure 1. (a) XPS core-level S 2p and (b) Mo 3d spectra with their Binding energy (eV)
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the same species. It was possible to assign the stoichiometric
coefficients MoS; ¢ (red components with Mo 3d and S 2p
having BEs of 228.92 and 161.94 €V, respectively) and MoS, 4
(blue components with Mo 3d and S 2p having a BE of 228.38
and 161.64 eV, respectively) starting from the difference of
BEs between Mo and the related S: 66.98 eV for the red
components and 66.74 eV for the blue ones, which are indeed
consistent with x = 1.8 + 0.1 and x = 1.6 + 0.1, respectively.”
On the other hand, S, (green peak at 161.03 eV) and Sj (gray
peak at 162.90 eV) may represent sulfur atoms bound to other
elements at the interface, such as carbon or iridium. These
results are radically different from what has been observed for
the growth of MoS, and WS, on the bare Au(111)
surface'®'”® where it appears that sulfur interacts only with
molybdenum atoms. Therefore, the interaction between S not
bound to Mo and the substrate seems to play an important role
during the room-temperature growth of MoS,, meaning other
adsorption processes competing with the formation of single-
layer MoS, must be taken into account.

In the second stage, the sample was annealed in vacuum
with a temperature ramp of 0.5 K/s from room temperature up
to 1050 K in a sulfur-rich background (P ~ § X 107* mbar).
XPS measurements of the Mo 3d and S 2p core levels acquired
during the temperature ramp (Figure 2a,b) have shown an
overall sharpening of the core-level spectra. While in a typical
annealing experiment, one expects a broadening of both core-
level components due to the phonon contribution, this
narrowing can be ascribed to a reordering process of the
system. The enhanced diffusion of the different atomic species
has been proven effective in reordering the system and
converting the partially reacted Mo—S species into MoS,.”*

We observed a variation in the spectral weight both for Mo
3d and S 2p in the temperature range of 400—600 K. The
majority of the spectral components observed at the end of
phase 1 (in particular, MoS, g) drastically lost their intensity.
At the same time, two new components of Mo (purple, at
228.84 eV) and S (purple, at 161.85 eV) grew significantly in
intensity (Figure 2c,d), and they clearly appear in the core-
level spectra acquired at 770 K, as reported in Figure 3. It is
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Figure 2. Time-resolved (a) S 2p and (b) Mo 3d spectra acquired
during annealing in a sulfur background with a photon energy of hv =
360 eV. Temperature evolution of photoemission intensity of each
spectral component of (c) S 2p and (d) Mo 3d.
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Figure 3. XPS spectra with the corresponding spectral decomposition
for (a) S 2p and (b) Mo 3d measured at T = 770 K (photon energy
hv = 360 eV). Residuals are plotted at the top of each panel.

significant to compare the position and lineshape of the Mo 3d
and S 2p core levels that we obtained with the results observed
for the growth of single-layer MoS, on Au(111).'%*%*! In the
latter case, the transition to ordered single-layer MoS, was
characterized by a consistent shift of the spectral weight toward
a higher BE both for Mo 3d and S 2p, which is not happening
here: the new S and Mo components have respectively BEs of
90 and 80 meV lower than the MoS, g components.

The lineshape of the new components allows us to assign
them to MoS,. The Lorentzian contribution to the overall
linewidth of Mo 3d (0.23 eV) is in fact equal to that one
obtained for MoS, on Au(111). The asymmetry parameter,
which is related to the electron—hole excitation probability, is
smaller on Gr than on Au(111) (compatible with 0 on Gr and
0.05 on Au(111)). This is connected to a modified electron
density of states at the Fermi level, which is expected to be
lower on Gr than on a bare metal such as Au(111). In addition
to that, we observed that the S 2p spectrum does not display a

https://dx.doi.org/10.1021/acs.jpcc.0c05037
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Figure 4. (a) Selected XPS core-level S 2p and (b) Ir 4f,, spectra for different coverage with their spectral decomposition. The spectra were
acquired at room temperature with a photon energy hv = 260 eV. (c) Evolution of the photoemission intensity of each Ir 4f,, spectral component

vs sulfur coverage.

second component at a higher BE for each of the peaks of the
spin—orbit doublet as found in the case of MoS, grown on
Au(111). The two components were associated to the upper
and bottom layers of S in the MoS, structure.'® The lack of this
feature can be attributed to the interaction of MoS, with the
Gr substrate, which we expect to be weaker than the one
between sulfur and gold. The result of this difference is that the
lower and upper layers of sulfur in the MoS, single-layer
structure are spectroscopically equivalent, showing the same
BE and a similar lineshape. Last, a larger Gaussian width for
the components of this interface can be explained to be due to
a reduced overall degree of ordering with respect to the
Au(111) case with a possible presence of several domain
boundaries.

The behavior of the interface versus temperature was also
investigated, in order to individuate the ideal temperature to
promote the MoS, growth, hindering other unwanted species,
and to test the stability of the interface. It is that, evident by
plotting the intensity of the various spectral components versus
temperature as shown in Figure 2c,d, the MoS, components
reach the highest intensity between 750 and 800 K, which can
be then considered as the ideal temperature range for the
formation of MoS, over epitaxial Gr. This temperature seems
to be lower than the one reported by Hall et al.”' via STM and
LEED measurements for which the highest quality MoS, was
obtained with annealing up to 1050 K. Our results suggest that,
at ca. 800 K, the MoS, single layer starts to degrade as
indicated by a sharp decrease in intensity of MoS, components
(see Figure 2c,d) and by the appearance of two new
components (yellow, with a BE of 228.94 eV and 162.00 eV
for Mo 3d and S 2p) located at a higher BE. This temperature
threshold is, on the other hand, an interesting analogy with the
growth on Au(111) for which 800 K is the temperature needed
to obtain MoS, of the highest quality possible. In the next
paragraph, we will investigate the reasons behind this low
degradation temperature when compared with the values
reported by Hall et al.*' In particular, a possible cause of this
different behavior could be due to a different sulfur flux
reaching the sample because of the different geometries of the

20892

experimental chambers. Hall et al.’' observed a tendency of
sulfur atoms to leave the sample during annealing because of a
lower residence time 7 of unreacted sulfur on Gr compared to
molybdenum. Additionally, they compared MoS, growth with
different sulfur pressures (P;.) during the annealing phase
and observed that the system results to be very sensitive to this
parameter. A too low P, leads to the formation of what they
interpreted to be metallic Mo as a result of MoS, degradation.
If a too high Pj g, is used, on the other hand, it causes the
formation of a second MoS, layer. The BE of the Mo
component that we measured at a high temperature seems to
point toward the first scenario, with the molybdenum atoms
reverting back to the partially sulfided state MoS, with x ~ 1.8
(a ABE between S and Mo components of 66.94 eV) after the
bond with some sulfur atoms is broken.

Stimulated by the results about the thermally induced
degradation of the MoS, layer, we endeavored to understand
its causes for temperatures above 800 K. We supposed that the
desorption and/or intercalation under Gr of one of the
deposited species is an important actor in the phenomenon.
To investigate this process more in detail, we performed two
separate experiments: an uptake of atomic S on Ir(111) at
room temperature and a deposition of S on Gr/Ir(111) at
room temperature and during a temperature ramp, equivalent
to the one used during the second phase of MoS, growth. The
first experiment was instrumental to understand the strength of
the interaction between S and the Ir(111) substrate. A strong
interaction could cause, after a temperature-promoted
intercalation of S under Gr, bonding of sulfur with iridium
rather than with molybdenum atoms during the MoS, growth.
On the contrary, such a process does not happen when
depositing S on Au(111) since the interaction between sulfur
and gold is known to be very weak.'®*®*" The second
experiment was instead devised to understand whether S
intercalates under Gr in the system Gr/Ir(111) and to identify
the temperature at which S atoms leave the surface .

Role of the S—Ir(111) Interaction. The study on the S
uptake on an Ir(111) surface was performed acquiring XPS
core-level S 2p and Ir 4f,, spectra in real time during the

https://dx.doi.org/10.1021/acs.jpcc.0c05037
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deposition. The decomposition of the S 2p spectra at different
coverages is presented in Figure 4a. At the beginning of the
process, only one spin—orbit doublet is observed (S, red) with
a BE of 162.04 eV for the S 2p;/, component. In parallel with
the increasing amount of sulfur deposited on the surface, we
could see a shift of the spectral weight toward a higher BE,
which is caused by the growth of a new couple of components
(S, blue) for a S coverage ©>0.33 ML. The BE of the 2p;/,
component of S, is 162.18 eV. At the end of the uptake, the
two S components have the same photoemission intensity.
This spectral weight shift is a first indication of a change in the
local environment around the adsorbed sulfur atoms. Together
with the growth of the second component S,, we measured
also a shift of the S; component toward a higher BE, which at
the end of the experiment is 162.12 eV (for a S coverage 0 ~
0.5 ML).

In order to understand the origin of the spectral weight shift
from S, to S,, we acquired also the Ir 4f,,, core-level spectra
during the S exposure, as reported in Figure 4b. At the early
stages of the uptake, we could individuate three distinct
components: one corresponding to bulk iridium atoms (black),
one to bare iridium surface atoms (gray),"* and one to surface
iridium bound to the adsorbed sulfur (Ir;, red) with a BE shift
of +240 meV with respect to the surface component. In the
coverage range ® = 0—0.33, the BE shift of the third
component was gradually shifted up to +340 meV with respect
to the surface component. At a coverage ©>0.33 ML, we also
detected a fourth component (Ir,, blue) with a BE shift of
+530 meV with respect to the clean surface. This new
component represents the iridium surface atoms bonded to the
S, sulfur species. At the end of the uptake, Ir; and Ir, present
similar photoemission intensity (Figure 4c).

It has been reported that sulfur adsorbed on Ir(111) forms a
(/3 X </3)R30° ordered structure with only threefold fcc
adsorption sites for ® = 0.33**7* and a c¢(4 X 2) structure for
© = 0.50 ML.*® The latter structure displays S in hep and fec
adsorption sites with half of the Ir surface atoms bonded to one
S adatom and the other half bonded to two S adatoms. This is
accompanied by an adsorbate-induced rearrangement of the
surface atoms with respect to the bare-surface situation,
namely, the buckling of some surface atoms. In order to verify
the compatibility of our outcomes with the results reported in
the literature, we refer to earlier work indicating that the
adsorbate-induced core-level shift of the clean surface
component for a transition metal (TM) surface depends, in
the first instance, both on the substrate geometry/symmetry
and adsorption site. 8 Assuming that, in our experiment, the
(+/3 X </3)R30° structure is responsible for the Ir, and S,
components, we can deduce that the adsorption site of S for
the high-coverage configuration related to the Ir, component
whose BE shift AE;, = 540 meV is compatible with the

configuration having a threefold adsorption site with a double-
sulfur coordination for the Ir atoms, which is the configuration
that was indeed identified and proposed for this interface.*® A
more detailed analysis of this adsorption process is provided in
the Supporting Information.

The compatibility of our results with the literature was
instrumental to establish the configuration as a function of
sulfur coverage, which was calculated from the assumption
that, for low coverage, the adsorption takes place on threefold
sites with each Ir surface atom coordinated to one S
adatom.”™* As a preliminary constraint, we assume that the

Ir,s component decreases linearly with respect to the S
coverage with a slope of m = — 3 (Figure 4c) as long as the Ir,
component is not present (i.e., low-coverage conditions) since
each atom of sulfur adsorbed onto a threefold site will cause
the BE shift of three Ir surface atoms, turning them to Ir;. The
coverage has then to be normalized to modify the abscissa’s
axis (representing the S coverage) and the slope of the Iy
curve until the slope m = — 3 is reached. Based on these
assumptions, we obtained the final coverage of S atoms on the
Ir(111) surface, which was calculated to be ® = 0.48 + 0.05
ML.

A LEED pattern was acquired at the end of the S uptake, and
it confirmed the c(4 X 2) ordering (see the Supporting
Information). This and the XPS analysis we performed are in
line with the surface model proposed by Pielic et al.** The
formation of highly ordered structures in this experiment
indicates a strong interaction between sulfur and the Ir(111)
substrate, which could interfere with the MoS, growth by
hindering some sulfur atoms from bonding to molybdenum
atoms on Gr.

Disrupting the Growth: Intercalation of S at the Gr/
Ir(111) Interface. The next step to understand the behavior
of sulfur in the MoS, growth process is the study of
intercalation of sulfur at the Gr/Ir(111) interface, which
could be a competing process of the MoS, growth. We have
analyzed the behavior of the Ir 4f,, core level acquired via XPS
exposing Gr/Ir(111) to a partial pressure of atomic sulfur of up
to 6 X10™® mbar for 45 min with the substrate at room
temperature. The spectrum at the beginning of the deposition
(Figure Sa, bottom) shows the same spectral components
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Figure S. (a) XPS spectra and decomposition of Ir 4f;, core level
before (bottom) and after (top) a 45 min exposure to sulfur. (b)
Evolution of the photoemission intensity of each Ir 4f;, spectral
component vs time during sulfur exposure.

revealed in the previous paragraph: one associated with the
bulk Ir atoms (black), another with the first-layer clean Ir
atoms (Ir,,q gray), and a third component (Ir,, red) indicating
a small contamination of sulfur. After the deposition (Figure
Sa, top), the clean surface component was strongly reduced in
favor of Ir; while the bulk component remained unchanged.
The different behaviors of Iry Ir;, and Irp, are better
highlighted in Figure Sb in which we plot the photoemission
intensity of the three different components measured via XPS
during the deposition. During the first 8 min, with a partial
sulfur pressure of approximately 10~° mbar, the photoemission
intensity of all the components is constant. After the S partial
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Figure 6. (a) Time-resolved Ir 4f,,, with the Iry binding energy highlighted and (b) S 2p spectrum acquired during annealing in the sulfur
background. (c) Selected spectra of S 2p and (d) Ir 4f,, are plotted with their spectral decomposition at different stages of the experiment. (e)
Evolution of the photoemission intensity of each spectral component of the S 2p core level and their sum. Both core levels were acquired with hv =

260 eV.

pressure was slightly increased to 107 mbar, the Iry,
component starts decreasing. On the other hand, Ir, increases
at the expense of Irg,; while the photoemission intensity of the
bulk component only slightly decreases because of the
screening due to adsorbed S atoms. The fact that Ir; decreases
faster than the bulk component indicates that Ir surface atoms
are interacting with an adsorbate. Consequently, we deduced
that some sulfur is intercalating under the Gr and is being
adsorbed on the iridium surface, causing the shift of spectral
weight from Irg toward Ir;. If the decreasing of the
photoemission intensity of Ir, was caused by other effects
such as screening due to sulfur atoms adsorbed on Gr, then
also the bulk component would have the same behavior, which
is not the case. The fact that we have intercalation already at
room temperature is interesting and not common in the case of
Gr, for which the temperature usually necessary to promote
and achieve the intercalation of atoms under a complete layer
of Gr is of the order of at least 400 K.*>**7* In particular, this
is quite different from what was recently reported*® where the
temperature to initiate the S intercalation under graphene is
450 K.

In the end, we performed an annealing of the same sample
simulating the conditions used for the growth of MoS,, i.e., a
temperature ramp of 0.5 K/s up to 1050 Kin a § X 10® mbar
background of sulfur. The behavior of the intensity of the Ir
4f,,, core level reported in Figure 6a shows how the clean-
surface component completely disappears at T = 400 K,
indicating a strong intercalation of sulfur under Gr, which
causes the surface to be completely covered by sulfur atoms.
For T > 400 K, we registered a shift in the S 2p spectral weight
toward a higher BE (Figure 6b). From the decomposition of

20894

the S 2p core-level spectra acquired during the annealing ramp
(Figure 6¢) and the behavior of the photoemission intensity of
each component in Figure Ge, it is possible to see how, at first,
only one couple of sulfur components (S, red at 162.08 eV)
was present, having the same lineshape detected for the
adsorption of S on bare Ir(111). At T = 400 K, because of the
strong intercalation observed in Figure 6a, the overall S 2p
photoemission intensity starts increasing. At first, only the S,
component increases, but then a second component (S,, blue
at 162.18 eV) starts growing, partially replacing S;. The
behavior of S, and S, is the same as what is reported in the
previous paragraph: the transition from S, to S, can be
interpreted as the result of a change in the adsorption site
caused by different sulfur coverages on the Ir(111) surface.
This analysis indicates that the structure formed by the sulfur
adatoms on the iridium surface under Gr is the same as the one
obtained during the S uptake on clean Ir. The intensity of S,
reaches a saturation value at ca. T = 500 K, and the system
appears to be stable up to ca. T = 700 K with S; and S,
showing the same photoemission intensity. This suggests that
the two inequivalent species have the same abundance on the
surface. While the S components in this temperature range
have the same BE as those stated in the previous paragraph, the
Ir, component in the Ir 4f,, core-level spectra (Figure 6d) has
a BE of 100 meV higher than that of the same component of
the previous experiment. We speculate that this could have
been caused by a different degree of surface buckling of Ir
atoms and/or a possible increased interaction of lifted Ir atoms
with Gr.

A new phase of the annealing experiment can be observed at
700 K: the stability of the system is broken, and the total
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coverage starts decreasing, causing a complete transition back
from S, to S;. This could mean that we are reverting to a low-
coverage structure as sulfur atoms start leaving the surface. S, is
completely vanished at 800 K. Above this temperature, a third
component arises (S;, purple at 161.68 eV), and it keeps
increasing until the end of the annealing ramp. The total sulfur
intensity of the S 2p components (orange in Figure 6e) begins
to decrease for T > 700 K. This is indicative of sulfur leaving
the sample surface, either by desorption or penetration into the
iridium bulk as already speculated in previous studies for the
adsorption on Pt(111)** and Pd(111),** which are surfaces
electronically and structurally similar to Ir(111). This last
hypothesis can explain the presence of the new component S;,
which could be generated by the sulfur atoms that penetrated
into the iridium bulk. Moreover, in the Ir 4f,, spectra at high
temperature, we observed a BE shift of the bulk component of
100 meV toward a lower BE, indicating a possible bonding of
subsurface Ir atoms to S.

We found that the temperature at which the amount of S on
the surface starts decreasing (~750 K) is very similar to the
temperature corresponding to the degradation of MoS, we
previously reported. We suggest that there is a link between the
two phenomena: S desorption and/or intercalation under Gr
and ultimately the diffusion into the bulk crystal may play an
important role in the degradation of MoS,. Interestingly, the S;
component disappears when the sample is cooled to room
temperature and the photoemission intensity of the overall
sulfur reverts back to the saturation value, indicating a surface
segregation at the Gr/Ir interface (see the Supporting
Information).

B CONCLUSIONS

We have characterized by core-level photoemission spectros-
copy the process of epitaxial growth of a single layer of MoS, at
a Gr/Ir(111) interface, revealing how thermal annealing under
a S flux causes the transition from partially sulfided Mo
clusters, obtained by co-evaporating S and Mo on a substrate at
RT, to a single layer of MoS,. The temperature at which this
process takes place is approximately 800 K; above which, we
observed a degradation of the MoS, layer with a loss of S from
the surface. Additional experiments allowed to disentangle the
role of the different parameters and atomic species in the
growth process. In particular, the experiments of adsorption of
S on the bare Ir(111) surface revealed that there is a strong
interaction between the sulfur and the metal unlike what
happens for a direct growth of MoS, on Au(l11).
Furthermore, we proved that Gr/Ir(111) is rather prone to
intercalation of S under Gr. This process is competing against
the formation of MoS, already at room temperature since the
sulfur atoms that diffuse on the Gr surface and penetrate under
it cannot bind with molybdenum atoms to form MoS,. The
results we have herein described have cast light on the
mechanism of formation and degradation of MoS, on epitaxial
Gr, evidencing the important role played by the temperature
and intercalation. We believe that the findings we report could
be extended to the epitaxial growth of other TMDC-based
heterostructures, aiming to improve their quality and stability
and understand their potential in technology-oriented
applications.
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