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Controlling many-body interactions in two-dimensional systems remains a formidable task from the
perspective of both fundamental physics and application. Here, we explore remarkable electronic
structure alterations of MoS2 monolayer islands on graphene on Ir(111) induced by non-invasive self-
intercalation. This introduces significant differences inmorphology and strain ofMoS2as a result of the
modified interaction with the substrate. Consequently, considerable changes of the band gap and
non-rigid electronic shifts of valleys are detected, which are a combined effect of the screening of the
many-body interactions and strain in MoS2. Furthermore, theory shows that each substrate leaves a
unique stamp on the electronic structure of two-dimensional material in terms of those two
parameters, restricted by their correlation.

Two-dimensional (2D) materials demonstrate remarkable potential for
future electronic and optoelectronic devices1–4. However, their atomic
thickness renders them highly sensitive to environmental conditions5–8.
Structural defects, the selection of the substrate, the intercalation of foreign
atomic species, and electromagnetic fields are common tools used for
altering the intrinsic interactions and properties of 2D materials9–12. Speci-
fically, the selection of the substrate is as crucial as the 2Dmaterial itself. Key
effects of the substrate are dielectric screening of the many-body
interactions5,13 and strain of the crystal lattice of the 2D material14,15. The
first one is caused by charge polarization in the substrate in response to the
charges in the 2Dmaterial, while the second reflects the need tofind a lattice
parameter that optimizes in-plane and out-of-plane bonding simulta-
neously. Simplistically, these mechanisms are often studied individually.
Dielectric screening was especially in focus of research16–20 and it produces
rigid band shifts, i.e.ΔEð~kÞ ¼ const5. The reality is that each combination of
2D material and substrate possesses a screening-strain combination that
puts a unique signature on its electronic structure.

A suitable system for studying the influence of the substrate are semi-
conducting transition metal dichalcogenides (TMDs) whose multivalley
electronic structure21 is especially strain-sensitive22–24. Controlling changes in
their valley profiles is crucial for fundamental electronic structure design and
various physical properties such as carrier mobility25, optical response and
band gap22,25–27, as well as superconductivity28.While theory suggests that the
lattice strain causes non-rigid shifts of both valence and conduction band, i.e.
ΔEð~kÞ≠ const., it remains experimentally unclear how the valley profiles are

influenced by the substrate. A strong interaction, as found for metallic sub-
strates, can cause significant reduction of the band gap19,29, as well as
quenching of the ordered states such as superconductivity30 and charge
density waves31. A weak interaction, as present in the case of van der Waals
(vdW) substrates, is believed to conserve the intrinsic properties28,32,33, even
though there are instances where a vdW substrate induces inevitable mod-
ifications to the electronic structure Eð~kÞ (e.g., band gap) and optical prop-
erties (e.g., exciton energy)5,18. Naively, the interaction between two stacked
2D materials is usually assumed to be vdW-type only, while covalent-like
bonding is mostly considered when 2D materials are grown on metal
substrates34,35. It is therefore of utmost importance to characterize the inter-
action with the substrate and comprehend its correlation with the electronic
structure of the TMD. Current analyses, predominantly relying on angle-
resolved photoemission spectroscopy (ARPES)5,19,36 to track the valence band
(VB) and optical spectroscopy to monitor the optical (excitonic) band gap,
can provide only incomplete insights, whereas comprehensive studies
addressingmodifications inboth theVBandconductionbands (CB) through
techniques like scanning tunneling spectroscopy (STS) are infrequent37.

Here, we go beyond these studies and utilize STS to investigate valley
profile and binding modifications in semiconducting MoS2 on graphene
(Gr) on Ir(111), induced by self-intercalation, the intercalation of native
atoms of the 2D material between Gr and its substrate (e.g. Mo and S for
MoS2). Intercalated S weakens the interaction in the 2D stack, while Mo
strengthens it, changing the contribution of the covalent-like bonding
between the layers. Such substrate alterations through self-intercalation
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affect the screening of many-body interactions (rigid shits of the bands), as
well as strain that is signatured as the non-rigid shifts of both VB and CB.
The present study shows and unravels how to engineer electronic structure
and bonding within the 2D stack in a prudent and controllable way.

Results
MoS2 onGr/Ir(111), grown bymolecular beam epitaxy (MBE), is known as
quasi-freestanding38, as the electronic band structure remains almost
undisturbed39. Tomodify the environment ofMoS2 by self-intercalation, we
have fine-tuned the synthesis recipe to achieve either full S or Mo inter-
calation (see Methods). This is elegant because a modification of the sub-
strate is embedded into the synthesis procedure, and it is also non-invasive,
as the stoichiometry of the MoS2/Gr stack stays intact.

Growth with a large excess of S leads to irregular MoS2 monolayer
islands on S-intercalated Gr, as shown by scanning tunneling microscopy
(STM) in Fig. 1a–d. Low energy electron diffraction (LEED) displays
diffraction arcs of MoS2, indicating imperfect epitaxial alignment (Fig.
1b). The islands appear joined together from regular smaller segments,
often with clear boundaries between them. This morphology is similar to
the one found for MoS2/Gr/Ir(111) in a detailed growth study38, where it
was attributed todiffusion and aggregationof islands during the annealing
step (Smoluchowski ripening). S intercalation is evident from decorated
domain boundaries visible through Gr in STM (white arrow in Fig. 1a),
and c(4 × 2) diffraction spots in LEED (yellow spots in Fig. 1b)40. Lattice
constants ofMoS2 andGr obtained fromLEEDare aSMoS2

= (3.15 ± 0.01)Å

and aSGr= (2.462 ± 0.004) Å. The STM height profile and schematic sec-
tional view (Fig. 1c, d) represent the side view of the sample.

Growthwith an excess ofMo leads to large hexagonalMoS2monolayer
islands on a fully Mo-intercalated Gr, as revealed by STM in Fig. 1e. The
LEED pattern in Fig. 1f shows sharp MoS2 spots, which confirms strong
epitaxy between MoS2 and Gr

38. The absence of additional diffraction spots
due to intercalation shows thatMoatoms are in registrywithGr (similarly to
Cs intercalation41), i.e. a 1 × 1 superstructure. Figure 1g shows a line profile
and 1h the corresponding schematic sectional view. The lattice constants
determined fromLEEDareaMo

MoS2
= (3.20 ± 0.03)Å andaMo

Gr = (2.465 ± 0.004)
[see Supplementary Information (SI)]. Evidently, the lattice constant of
MoS2 has significantly increased. Apart from the atomic lattice of MoS2,
another hexagonal superstructure with a periodicity of (11.0 ± 0.5) Å is
observed on MoS2 (see inset in Fig. 1e), which is the moiré superstructure
arising from the superposition of Gr and MoS2 (see SI).

The differentmorphologies of the two samples in Fig. 1 are attributed to
a difference in the binding between MoS2 and Gr: For MoS2/Gr/S/Ir(111),
Smoluchowski ripening and scattering in epitaxial alignment indicate a
relativelyweak interaction betweenGr andMoS2. Absence of islandmobility,
good epitaxy, as well as the appearance of a moiré pattern between Gr and
MoS2, indicate that the interaction is stronger for the case ofMo intercalation.

To quantify the interaction between MoS2 and Gr depending on self-
intercalation or without, we perform density functional theory (DFT) cal-
culations (for details seeMethods). The charge density difference, visualized
in Fig. 2a–c, represents the charge redistribution after adding the MoS2 to
the rest of the stack. For the non-intercalated sample (Fig. 2a), a prominent
accumulation of negative charge at the lower S atoms of MoS2 and charge
depletion at the C atoms are determined. This polarization of the charge is
weaker when S is intercalated below Gr, while for Mo intercalation it is
significantly stronger. On the same footing, the layer separation (quantified
by the distance between Gr and the lower S atoms in Fig. 2a–c) increases
when going from the non-intercalated to the S-intercalated system, and
reduces forMo intercalation. A quantitative measure for the strength of the
interaction is the adsorption energy42 of MoS2 per unit cell. The calculated
values, 0.22 eV (none), 0.20 eV (S), and 0.32 eV (Mo), reflect the general
tendency that higher adsorption energies lead to smaller separations (Fig.
2d). Redistributed charge indicates that the bonding betweenMoS2 and Gr
goes beyond vdW interaction, i.e. comprises covalent-like bonding, which is
most prominent in the case ofMo intercalation. Furthermore, Fig. 2e shows
that a larger total accumulated charge (at the lower S and C atoms) is
correlated with a higher adsorption energy of MoS2.

The DFT calculations yield 3.15Å for the lattice constant of free-
standingMoS2,which is in linewith theonemeasured for theMoS2onGr/S/
Ir(111). Therefore, we consider MoS2 as unstrained in this case. Following
this reasoning, MoS2 is compressed by ~− 0.6 % in the absence of inter-
calation (aMoS2

= 3.13Å38), whileMo intercalation introduces a stretching of
~+ 1.6 %. Apparently, the strain (ϵ) inMoS2 is introduced by the substrate
and the strain energy (~ ϵ2) is in strong correlation with the adsorption of
MoS2, as shown in Fig. 2f. In general, the lattice constant results from a
compromise betweenminimization of elastic energy (the overlayer wants to
keep the lattice constant of the freestanding case) and maximization of
binding energy (the overlayer wants to adjust to the substrate). While a
comprehensive description is complex and depends on the details of the
individual systems (for the non-intercalated case see ref. 38), it is straight-
forward to see that the system is willing to paymore elastic energy when the
interaction is stronger, as visible in Fig. 2f. In this case,we evenfindahigher-
order commensurability betweenMoS2 andGr of (10 × 10)/(13 × 13). It is a
general effect that ultrathin materials can adjust to their substrates, even
commensurate-incommensurate transitions have been observed within 2D
stacks43, but so far not for MoS2.

We now examine the electronic structure of MoS2/Gr/S/Ir(111) and
MoS2/Gr/Mo/Ir(111) using STS.All spectrawere taken far away fromedges
and defects, as well as averaged among different areas (see Methods for
more details). We include the data representing the non-intercalated
sample39 for comparison. Figure 3a shows the dI/dU spectra that strongly

Fig. 1 | Structural characterization. STM images of MoS2/Gr/S/Ir(111) (a) and
MoS2/Gr/Mo/Ir(111) (e). Inset in (e): atomically resolved image, blue: moiré unit
cell. LEED patterns (b, f) of samples shown in (a, e): superposition of spots from
Ir(111) (onemarked by an orange circle), Gr (magenta), Mo (purple), S (yellow) and
MoS2 (arrow). STM line profiles (c, g) and schematic sectional views (d, h) along
green lines in (a, e) that display arrangement of Ir, Gr, Mo, S and MoS2. The edges
and grain boundaries in both (a) and (e) have different contrast compared to the
inner part of the islands, due to their 1D states59,63. Note that the apparent height of
MoS2 islands in STM is bias-dependent, in line with the previous report64. Ut, It: (a)
1.4 V, 0.1 nA, (e) − 1.3 V, 0.2 nA, inset − 1.3 V, 0.2 nA. Image size: (a, e)
120 nm × 120 nm, (inset) 4 nm × 4 nm. Electron beam energy: (b) 96 eV, (f) 73 eV.
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depend on the local density of states and can directly be compared with the
calculated band structures in Fig. 3b. Local maxima/minima in E(k) are
expected to lead to peaks in dI/dU. In addition, one has to take into account
that states close to Γ are enhanced in STS as their vanishing parallel crystal
momentum strongly favours the tunnelling process39,44. Because of this, we
attribute the pronounced peak at negative U to the state in Γ, as reported
before39. The first peak for positiveU is interpreted as the conduction band
minimum at K (here, there are no competing states with smaller parallel
crystal momentum), while the second, more pronounced peak is attributed
to the local minimum at the Q point. Our association of the peaks in STS
spectra with the electronic states is consistent with earlier studies on similar
systems37,39,45. We use the difference between the peaks labeled Γ and K as a
quantitative measure of the band gap (EΓ−K). For S intercalation, the band
gap (ES

Γ�K ¼ 2:62± 0:03 eV) is in line with the value for the non-
intercalated sample (EΓ−K = 2.63 eV39), while for Mo intercalation it is
significantly reduced (EMo

Γ�K ¼ 2:20± 0:02 eV). Moreover, S intercalation
shifts the band gap downwards. Looking separately at valence and con-
duction bands, EΓ is shifted down for S intercalation and up for Mo inter-
calation. Since the state in Γ has an out-of-plane character it is carrying
information on the interlayer interaction between MoS2 and Gr, as evi-
dencedby tuning the twisting angle between twoMoS2 layers

46. Similarly, an
increased interaction between MoS2 and Gr in our case, is signalled as an
up-shift of Γ. The shifts in the conduction band aremore complex. Namely,
for both S and Mo intercalation the K point is shifted down, while Q is
shifted up for Mo intercalation and down for S intercalation. In total, this
results in apronounced changeof the energydifferencebetween the states in
Q and K (EK−Q), starting from Enon

K�Q ¼ 0:13± 0:05 eV for the non-
intercalated sample39 toES

K�Q ¼ 0:21 ± 0:03 eVfor S intercalationandeven
EMo
K�Q ¼ 0:46± 0:02 eV for Mo intercalation (Fig. 3a).

The obtained results show that the electronic band structure of MoS2
canbe significantly tailored, even though in all three cases the substrate isGr,
but subtly modified. However, even such fine tuning of the dielectric
environment does not allow us to distinguish the impact of dielectric
screening and strain on electronic band structure, as they are inter-
connected.Changing the substrate for a 2Dmaterial in general can therefore
be looked as turning two knobs at the same time, i.e. dielectric screening of
themany-body interactionand strainof the crystal latticeof the 2Dmaterial.
Independent change of these parameters can only be studied theoretically.

To understand the measured modifications of the band structure, we
performed DFT calculations for freestanding MoS2 with a variation of
dielectric screening and strain. The common PBE functional does not fully
include the short-range exchange interaction between electrons. This is
important, as the total range of the exchange interaction for insulators
exponentially decreases with the value of the band gap47. Otherwise, cal-
culations result in an overestimated screening, and therefore underestimate
the band gap48. The exchange interaction can be substituted by mixing the
PBE functional with the Hartree-Fock approximation which performs the

exact exchange (PBE0 hybrid functional49). However, for the inspection of
the screening, it is necessary to apply the HSE functional which enables
varying the inverse screening length ω (for ω → 0, HSE→ PBE0, and for
ω→ ∞, HSE → PBE)50. This parameter, analogous to the Thomas-Fermi
screening wavevector kTF, provides a physical basis for our calculations

51.
The intrinsic dielectric screening, and therefore intrinsicω, can be obtained
from the dielectric function εMoS2

of freestandingMoS2. In the presence of a
substrate, the modified dielectric screening could be modelled with an
effective dielectric function such as εeff ¼ 1� ð1þ 1�εsub

1þεsub
e�2qdÞð1� εMoS2

Þ,
where εsub denotes the dielectric function of the bare substrate, d is the
distance between MoS2 and the substrate, and q is the momentum of the
charge carriers52,53. Even though one could consider the dielectric screening
from the substrate in MoS2 by calculating ω from εeff, here the different
substrate screening is mimicked by simply varying the value of ω. This
phenomenological approach avoids computational complexity associated
with the exact dielectric functions calculations, while still enabling a quali-
tative comparison with the experimental results54.

Alongwith the screening, we also strain the in-plane lattice constant
ofMoS2, which affects the electronic structure in a dramatic way (see Fig.
3b). On the one hand, an increase of the screening fromω = 0 toω = 0.12
for a fixed lattice constant, results in a reduction of the band gap, while
the topology of the bands is almost unchanged. On the other hand, the
increase of the lattice constant from 3.13 to 3.23Åwith a fixed screening,
results in significant relative shifts between the valleys in both conduc-
tion and valence band. Namely, the energy difference between the K and
Q valleys in the CB increases with lattice constant, while the one between
Γ and K in the VB decreases. This is manifested as the transition of the
VBmaximum fromK to Γ for 3.23Å. In the band structure calculated for
3.20Å, which corresponds to experimentally obtained MoS2 inter-
calated byMo, the band gap is still direct but the K and Γ valleys are very
close in energy. The possibility to switch the nature of the band gap just
by substrate intercalation is very important in the context of applica-
tions, and we believe that our research will spark further exploration in
this field.

For better visualization of the influence of screening and strain effects
on the EΓ−K and EK−Q, we extract the results in 2D ω-a maps shown in
Fig. 3c, d. The upper map presents EΓ−K being a highly affected by both
strain and screening, and having maximal value for the smallest lattice
constant in the absence of screening. Contrary to that, EK−Q, presented in
the lower panel, shows strong dependence on the lattice constant, and fairly
weak dependence on screening.

For comparison, theoretical and experimental values of EΓ−K and EK−Q
for the three measured lattice constants are represented as a histogram in
Fig. 3e, f. The trend of both energies agrees with the experiment (for proper
visual comparison, one needs to take into account different dielectric
screening), thus proving that DFT calculations with HSE functional can
crediblydescribe the influenceof strain and screening in a 2Dsemiconductor.
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Fig. 2 | DFT calculations. DFT structure model (side view) and the charge density
difference for (a) MoS2/Gr/Ir(111), (b) MoS2/Gr/S/Ir(111) and (c) MoS2/Gr/Mo/
Ir(111). Legend indicates the colors ranging from charge depletion to charge
accumulation (in units of the electron charge e ≈ − 1.6 × 10−19C). Dependence of

adsorption energy of MoS2 on layer separation (d), accumulated charge on C and
lower S atom (e), and ϵ2 (f). Dashed gray lines in (d–f) are visual aid for 3 systems: S
(S-intercalated), N (Non-intercalated), and Mo (Mo-intercalated).
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Naively, the match between EΓ−K and ES
Γ�K could be attributed to

similar screening. However, one has to take the significant compression of
MoS2 on Gr/Ir(111) (as evidenced by LEED) into account: Compression of
the TMD lattice constant increases the band gap, as shown by Fig. 3c. This
has to be counteracted by stronger screening which reduces the band gap
(Fig. 3c). It follows that themany-body interaction inMoS2 onGr/Ir(111) is
screened stronger than on Gr/S/Ir(111). Conversely, both screening and
strain are reducing the band gap of MoS2 in case of Mo intercalation, thus
resulting in the smallest band gap.

Discussion
These observations can help us expand our understanding of the dielectric
engineering of 2D heterostructures and open new avenues to control and
tailor the matter and corresponding physical properties. Namely, recent
Ramanmeasurements revealed strong connection between enhancement of
the electron-phonon interactions in TMDs and valley profiles of CB and
VB26. Also, heat transfer, carrier relaxation, and exciton-phonon scattering
clearly depend on the energy position of valleys in TMDs5,55,56. Self-
intercalationofmulti-valley heterostructure can therefore beused to explore
different regimes of transport, carrier thermalization, exciton binding, and
superconductivity.

In conclusion, Gr modified by either S or Mo intercalation acts as
effectively different substrates for MoS2 in these two cases, which is evident
from differences in morphology and strain of MoS2. We conclude that the
Mo intercalation results in strengthening of the interaction between MoS2
and Gr, while S intercalation results in weakening. The interaction with the
buffer layer has a strong correlation with the strain present in MoS2. Fur-
thermore, strain of the lattice and screening of the many-body interactions
have shown to have a complex and interdependent impact on the electronic
structure of MoS2. The strength of any of these interactions in 2D stacks, as
well as their mutual correlation, are setting inevitable constraints on design
and performance of potential devices. Our results will pave the way for new
studies andhelp deepenresearchon2Dsystemswith enhanced correlations,
especially on novel multivalley semiconductors and superconductors.

Methods
Experimental methods
Ir(111) was cleaned by cycles of Ar ion sputtering (1.5 keV) and flash-
annealing to 1500 K. Sample cleanliness was checked and confirmed by low
energy electron diffraction (LEED) and scanning tunneling microscopy

(STM). Graphene on Ir(111) was prepared by a cycle of temperature pro-
grammed growth (TPG), followed by chemical vapor deposition (CVD)57.
Epitaxial growthofMoS2monolayer islands is done by applying twogrowth
procedures: (1) A two-step molecular beam epitaxy (MBE) process which
results in S being intercalated between Gr and Ir(111), and (2) a single-step
MBE process resulting in Mo intercalation.

Two-stepMBE: In the growth step, the sample is exposed to aMoflux
FMo = 9 × 1015 m−2s−1 (determinedby depositingMoonto bare Ir(111) and
analyzing the coverage of Mo islands in a 1000 × 1000 nm2 area) and S
pressure pS = 5 × 10−6 mbar at room temperature for 440 s. A high S flux is
provided by a valved sulfur source (VSS). In an annealing step, the sample
is flash-annealed to 1030 K with continuous exposure to the same S
pressure. Full intercalation of S [c(4 × 2) superstructure] is achieved by
applying the relatively high S pressure during both growth and annealing
step. This results in irregular MoS2 islands (Θ

MoS2 ¼ 0.21 ML), as shown
by the STM image in Fig. 1a. Islands are composed of segments (average
diameter ≈ 20 nm) that are separated by grain boundaries.

One-step MBE: The sample is exposed to FMo = 4.5 × 1016 m−2s−1 and
pS = 2.5 × 10−5 mbar at 1030 K. To be able to grow MoS2 at the high sub-
strate temperatures needed for effective Mo-intercalation, we need even
higher Sflux than in the two-stepMBE.Note that the high temperature used
here corresponds to the annealing temperature in the two-step MBE.
Moreover, the ratio between S pressure and Mo flux (pS/FMo) was kept the
same.MoS2flakes have an average diameter of≈ 44 nm.Graphenewas fully
intercalated by Mo, while the remaining material formed the MoS2
flakes (ΘMoS2 ¼ 0:64 ML).

The lattice constants of MoS2 and Gr are measured with respect to the
Ir(111) lattice constant (aIr(111) = 2.715Å58).

Scanning tunneling spectroscopy (STS) measurements were done in
constant current mode at 120 K. STS is performed using a lock-in amplifier
with frequency 3413Hz and 20mV modulation voltage. The presence of
metallic edges, grain boundaries, point defects, imperfections of intercalation,
and step edges make our samples electronically diverse. For example, an
upward bandbending is noticed near (<5 nm) to themetallic edges andpoint
defects, in line with previous findings for similar systems37,59. Therefore, to
exclude any contributions to the spectrum arising from such areas, all spectra
were recorded at least 10 nm away. We used a tungsten tip, whose termi-
nation was done by multiple bias voltage pulses, until the most prominent
electronic feature (state in the Γ point) was consistently recorded at the same
energy. Stabilization voltage of the spectra recorded in the negative (positive)

a b c

d

e

f

Fig. 3 | Electronic band structure. a STS characterization of MoS2 intercalated by S
(orange) and Mo (green). The values of the critical energy points Γ, Q and K for S
(Mo) intercalation are summarized in Supplementary Table 1. The ticks on the
dI/dU-axis depict the dI/dU = 0 for the two spectra shown. The values for the non-
intercalated sample (dashed gray lines) are from ref. 39 (b) DFT band structure for
freestanding MoS2 calculated for two values of screening and five lattice constants.

c, dColor maps for the energy differences EΓ−K and EK−Q obtained by interpolation
of a 5 × 5 set of the energy values andω-a coordinates. e, fHistograms with EΓ−K and
EK−Q values, displaying that the trend of both energies agrees between experiment
and theory. The values of the lattice constants are shown inÅ. The lattice constant of
MoS2 for the non-intercalated sample is taken from ref. 38.
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bias voltage range was − 2.5 V (2V), and stabilization current was
always 0.1 nA.

Theoretical methods
To calculate adsorption energy (Eb) and charge density difference, we
have used two different hexagonal supercells, as the symmetry of the
c(4 × 2) S intercalation and Mo intercalation is different. The supercell
that was used for the Mo intercalated and the non-intercalated system
consisted of 3 × 3 unit cells of MoS2 (9 Mo and 18 S atoms), 4 × 4 unit
cells of graphene (32 C atoms) and 3 layers of Ir(111) (36 Ir atoms), with
an additional layer of 9 Mo atoms between graphene and Ir(111) for Mo
intercalation. The supercell used for the S intercalated system consisted
of 4 × 4 unit cells of MoS2 (16 Mo and 32 S atoms), 5 × 5 unit cells of
graphene (50 C atoms), a layer of intercalated S atoms (8 S atoms) and 3
layers of Ir(111) (48 atoms). The calculation for the non-intercalated
system was repeated with this lattice, and no change in the adsorption
energy was observed. The lattice constants of supercells (9.57 and
12.76Å) were chosen in a way that minimizes the strain on MoS2, while
graphene and Ir(111) are strained (− 2.3% and 1.5% for the smaller
superlattice, 4% and 17% for the larger one)60. To eliminate the inter-
action between periodic images in the perpendicular direction, the
hexagonal lattice constant was set to at least 31Å. The coordinates of
MoS2, graphene and intercalated atoms were free to relax during
structure optimization, while the Ir(111) x and y coordinates were fixed.
The adsorption energy was calculated by

Eb ¼
1
N

Etot � EMoS2
� Erest

� �
; ð1Þ

whereEtot is the energy of the entire system,EMoS2
is the energy of the isolated

MoS2 layer, Erest is the energy of the system without MoS2 and N is the
numberofMoS2unit cells in the system.Thegroundstate electronic structure
calculations of the heterostructuresMoS2/Gr/Ir, MoS2/Gr/Mo/Ir, andMoS2/
Gr/S/Ir were performed by means of the plane-wave density-functional-
theory (DFT) codeQuantumEspresso61. All calculationswere done using the
plane wave cutoff energy set to 1360 eV (100 Ry) and 5 × 5 × 1 Monkhorst-
Pack k-point mesh. To correctly include the non-local dispersion forces
between different subsystems of heterostructures, the exchange correlation
potential was approximated by the vdW-DF-cx functional62.

To accurately describe the band gap and dispersion of electronic states
of isolated MoS2 single layer presented in Fig. 3 of the main text, we adopt
the HSE xc functional55. Here, a 24 × 24 × 1Monkhorst-Pack grid was used
for sampling the Brillouin zone (with Marzari-Vanderbilt smearing of
0.008 Ry), and a q grid of 12 × 12 × 1 for sampling the Fock operator. We
also include the spin-orbit coupling.

Data availability
The authors affirm that all data underpinning the study’s conclusions are
presented within the manuscript and its supplementary materials. More-
over, additional data can be made available by the corresponding authors
upon reasonable request.
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