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The dielectric effects of a substrate have been shown to be important in modulating the electronic
properties of an adsorbate, especially in van der Waals heterostructures. Here, using the first-
principles dielectric embedding GW approach within the framework of many-body perturbation
theory, we perform a case study on the dielectric screening effects of hexagonal boron nitride (hBN)
on various transition-metal dichalcogenides (TMDs). We consider three systems: monolayer MoS,,
bilayer MoS2, and mixed WS2/MoS; bilayer adsorbed on hBN, and examine three aspects of the
substrate dielectric screening: (i) thickness dependence and the monolayer-to-bulk transition, where
we consider the effects of one-, two-, three-, and four-layer hBN; (ii) local-field effect, where we
numerically assess a common approximation of neglecting the in-plane local-field components of the
substrate polarizability; and (iii) spatial dependence, where we consider mixed WSz/MoS, bilayer
adsorbed on hBN with either side facing the substrate. Our results provide quantitative insight into

how the substrate screening effects can be leveraged for band structure engineering.

I. INTRODUCTION

Transition-metal dichalcogenides (TMDs) such as
MoSy and WS, exhibit unique electronic and optical
properties due to the quantum confinement as a result
of their low dimensionality [1-4]. Experimentally, such
two-dimensional (2D) materials are often fabricated on
substrates via chemical vapor deposition [5, 6]. TMD-
based devices, such as field-effect transistors [7-9], are
often operated with the support of a substrate, too. The
coupling between the TMD adsorbates and the support-
ing substrates is usually van der Waals, indicating little
orbital hybridization. However, due to the long-range na-
ture of the Coulomb interaction, it has been extensively
shown that the substrates act as dielectric media and
effectively screen the Coulomb interaction within the ad-
sorbate [10-13], resulting in renormalizations in the fun-
damental (transport) band gaps and optical excitation
energies of the adsorbate [14-16].

For TMDs, commonly used substrates include Au [17-
19], graphene/graphite [20-23], SiO5/Si [24-26], and
hexagonal boron nitride (hBN) [5, 27, 28]. Since large-
gap insulators are generally believed to have low dielec-
tric constants [29], one might naively assume that SiOs
and hBN (both having band gaps over 6 ¢V) do not sig-
nificantly alter the electronic and optical properties of
the materials adsorbed on them. However, this has been
shown to be not the case. For instance, Ref. [30] showed
that both SiOy and hBN substrates could considerably
modulate the local electronic structure and optical prop-
erties of a monolayer MoS,.

Due to the wide use of substrates, it is somewhat
challenging to extract the properties of a “freestanding”
TMD monolayer in experiments and quantify the effects
of the substrates. For this purpose, first-principles cal-
culations play an indispensable role. It is now common
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knowledge that one needs many-body perturbation the-
ory to accurately describe the quasiparticle and excitonic
properties of 2D materials, due to deficiencies in typical
functionals [31-33] within the framework of density func-
tional theory (DFT). First-principles GW-BSE [34-37]
(G: Green’s function; W: screened Coulomb interaction;
BSE: Bethe-Salpeter equation) has shown to be essential
in quantitative descriptions of the quasiparticle and opti-
cal properties of pristine TMDs [38-41], where local and
semi-local functionals in the DFT framework significantly
underestimate the band gaps of 2D materials. As far as
their interfaces with substrates are concerned, due to the
presence of supercells, various approximations have been
made to keep the computational cost at a manageable
level. Among others, the substrate screening approxima-
tion [42] captures the dielectric screening from the sub-
strate [43, 44] and has proven to be successful for weakly
coupled (without significant orbital hybridization) inter-
faces [45—47]. Within the framework of substrate screen-
ing, additional approximations are often made to further
reduce the computational cost, including the neglect of
the local-field components in the non-interacting polar-
izability or response function (x°) of the substrate along
directions parallel to the surface [42] and the use of model
dielectric functions for the substrate [16, 48]. However,
the numerical consequences of such additional approxi-
mations have not been fully examined, which we would
like to address in this work.

In this work, we quantitatively study the effect of hBN
substrate on three adsorbates: monolayer MoSs, bilayer
MoS;, and the WSs/MoSs, bilayer heterostructure. To
focus on the dielectric effect of the substrate on modulat-
ing the electronic structure of the adsorbates, we employ
the dielectric embedding GW approach [49], which yields
quantitative agreement with direct GW calculations of
the interface, as we explicitly show below. Using mono-
layer MoS5 adsorbed on few-layer hBN as an example, we
first illustrate how the dielectric effect of the substrate
grows as the thickness of the hBN, and conclude that



it converges at four layers. Then we numerically assess
a commonly used approximation, namely the neglect of
the local-field components in x| gy along directions par-
allel to the surface. After that, we study bilayer MoS,
adsorbed on four-layer hBN and show how the substrate
lifts the degeneracy of the bilayer MoSs bands. Lastly, we
study the WSy /MoSs bilayer adsorbed on four-layer hBN
and furthermore compare two scenarios where either the
MoSs or the WS, side faces the hBN substrate upon ad-
sorption. We demonstrate that the substrate screening
is spatially dependent and can be leveraged to selectively
modulate certain bands of the WSy /MoSs bilayer.

The paper is structured as follows. In Sec. II, we de-
scribe the computational details and report parameters
adopted in our calculations. In Sec. III, the main re-
sults are presented in four subsections: (a) the thickness-
dependent dielectric screening of hBN, in the context of
monolayer MoSs adsorbed on few-layer hBN; (b) the nu-
merical assessment of the in-plane local-field effects in
the xVpx; (c) the case of bilayer MoSsy adsorbed on four-
layer hBN and the related degeneracy lifting; and (d)
WS5/MoS, bilayer adsorbed on four-layer hBN, where
the spatial dependence of the substrate dielectric effect
is discussed. We make concluding remarks in Sec. IV.

II. COMPUTATIONAL DETAILS

We adopt the lattice parameters and atomic coordi-
nates of monolayer MoSy unit cell from our previous
work [50], where the in-plane lattice parameter is 3.15
A, relaxed using the vdw-DF-cx functional [51]. To ex-
plicitly assess the in-plane local-field effect in X} gy, we
need to construct a commensurate supercell for the in-
terface formed between MoSy and hBN. To minimize the
strain on hBN, we construct the supercell containing 4x4
MoSs unit cells and 5x5 hBN unit cells. The resulting
hBN in-plane lattice parameter is 2.52 A, corresponding
to a 0.8% expansive strain compared to the experimental
lattice parameter of 2.50 A [52]. The internal coordinates
of hBN are relaxed using the vdw-DF-cx functional. We
have checked that the band structure of hBN is not qual-
itatively affected by this strain. The length of the unit
cell along the out-of-plane direction is 45 A, allowing for
sufficient vacuum. Multi-layer hBN systems are modeled
by placing additional hBN layer(s) 3.3 A apart from one
another, consistent with Ref. [53] and experiment [52].
For bilayer MoS, and the hetero-bilayer WSo/MoS,, we
adopt the AA’ stacking and fully relax the atomic coor-
dinates using the vdw-DF-cx functional until all residual
forces are below 0.05 eV/A. We optimize the adsorption
height of each adsorbate on the hBN substrate using the
vdw-DF-cx functional without further relaxation of the
internal atomic coordinates of the adsorbate or substrate,
resulting in about 3.3 A adsorption height for each inter-
face. All DFT calculations employ the optimized norm-
conserving Vanderbilt (ONCV) pseudopotentials [54, 55]
and the Quantum ESPRESSO package [56]. Fig. 1 shows

all systems studied in this work.
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FIG. 1. The side view of the systems studied in this work. (a)
Monolayer MoS; adsorbed on four-layer hBN (interfaces with
one-, two-, and three-layer hBN are not shown); (b) Bilayer
MoS2 adsorbed on four-layer hBN; (¢c) WS2/MoS, bilayer ad-
sorbed on hBN, with MoS2 being closer to the substrate; (c)
WS2/MoS; bilayer adsorbed on hBN, with WS, being closer
to the substrate. The black boxes represent periodic bound-
ary conditions. The amount of vacuum is not shown in scale.
This figure is rendered using VESTA [57].

For the GW calculations, we employ the dielectric em-
bedding GW scheme [49] to focus on the dielectric effects
of the hBN substrate on the TMD adsorbates. Using
MoSs adsorbed on mono-layer hBN as an example, we
have checked explicitly that the results from the dielec-
tric embedding GW agree well with those obtained from
a direct GW calculation of the MoS,:hBN interface sys-
tem. In the dielectric embedding GW approach, the di-
electric function is determined from a combined °, i.e.,
X°(q) = xTup(a) + xhpn (). Physically, this approxi-
mation in ¥ neglects the orbital hybridization or mixing
between TMD and hBN, which is a good approximation
given the fact that the interaction between the two ma-
terials is mainly van der Waals. Both the x%y and the
X5y are first calculated in their corresponding unit cells
and then folded in the reciprocal space into the interface
supercells. For both subsystems, we use a 5 Ry dielectric
cutoff and 200 bands in the summation to compute x°,
and 30 bands on a shifted k-grid for the treatment of the
q — 0 limit. A g-mesh of 20x20x1 (25x25x1) is used
for the TMD (hBN) unit cell. The resulting combined x°
for the interface supercell is then expressed on a g-mesh
of 5 x5 x 1.

In the dielectric embedding GW approach, the self-
energy calculations are performed for the supercells of
TMD adsorbates in the original interface simulation cells
without explicitly including the substrate atoms. Phys-
ically, this approach neglects the overlap of TMD and
hBN orbitals in the expression for the self-energy [49],
consistent with the approximation in x° discussed above.
The calculations use a k-mesh of 5x5x1, a 5 Ry di-
electric cutoff, and 4800 bands in the summation for
the Green’s function. All GW calculations are at the
GoWy level as implemented in the BerkeleyGW package



[58], using the Perdew-Burke-Ernzerhof (PBE) functional
[59] as the mean-field starting point. The frequency de-
pendence of the dielectric function is treated using the
Hybertsen-Louie generalized plasmon-pole model [36],
with the plasma frequency in the embedding GW cal-
culation of TMD set to be that from the corresponding
TMD:hBN interface [49]. The q — 0 limit is treated us-
ing the semiconductor screening, and the spurious long-
range interactions along the out-of-plane direction are
removed by employing the slab Coulomb truncation [60].
The static remainder [61] is used to improve the conver-
gence of the self-energy. All GW band structures are ob-
tained via interpolation of the quasiparticle corrections
from the explicitly computed 5 x 5 x 1 k-mesh to uni-
formly sampled k points along the high-symmetry lines
in the Brillouin zone, as implemented in the BerkeleyGW
package [58].

III. RESULTS AND DISCUSSION

A. Monolayer MoS, on few-layer hBIN

We first study how the dielectric screening effect of
the hBN substrate varies as the number of hBN layers
increases. It will provide insight into the difference be-
tween two common scenarios explored in experiments and
modelling, i.e., a “one-layer hBN substrate” [62, 63] ver-
sus a “few-layer hBN substrate” [5, 30]. Furthermore, it
will indicate the minimum number of hBN layers needed
in computational modeling to mimic the dielectric effect
of a semi-infinite hBN substrate on an adsorbate.

Fig. 2 illustrates how the band gap [(a)(b)], conduc-
tion band minimum (CBM) energies [(c)(d)], and va-
lence band maximum (VBM) energies [(e)(f)] vary as
a function of the number of hBN layers, at two differ-
ent k points in the Brillouin zone: I' [(a)(c)(e)] and
(0.4,0.4,0.0) [(b)(d)(f)], where the latter is expressed
in fractional coordinates (measured with respect to the
lattice basis vectors) in the reciprocal space. The Bril-
louin zone and in-plane reciprocal-space lattice vectors
are shown in the inset in Fig. 3(b), which applies to all
systems in this work. Monolayer MoSs is a direct gap
material [64] with the band gap at the K point, and the
direct band gap remains at the K point when MoS, is
deposited on the hBN substrate. We report information
at the k point of (0.4,0.4,0.0) simply because it is clos-
est to K among all the directly calculated k points using
GW (such that a numerical interpolation is not needed
for Fig. 2). In each panel, the circles represent results
from dielectric embedding GW calculations of MoSs (in-
cluding in-plane local-field effects of x{py., see Sec. IIIB
below for further details), with the vacuum level set to
zero. Green cross markers represent results from a direct
GW calculation of the monolayer MoSs:monolayer hBN
interface, as a benchmark for our dielectric embedding
GW calculations. One can see that the dielectric embed-
ding GW agrees with direct GW calculations within 0.1
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FIG. 2. Comparison of the band gap (black), the CBM energy
(red), and the VBM energy (blue) at two different k points
for monolayer MoS2 adsorbed on few-layer hBN. Zero-layer
hBN indicates a freestanding MoS2 monolayer. All energies
are measured with respect to the vacuum. (a), (c), and (e)
are for the I' point, while (b), (d), and (f) are for the k point
with fractional coordinates (0.4,0.4,0.0), which is an explicitly
computed k point closest to K, where the direct band gap
of monolayer MoS; lies. Circles (triangles) represent results
from the dielectric embedding GW calculations of MoSs with
(without) the in-plane local-field effect of x{pn. Green cross
markers represent results from a direct GW calculation of
an interface formed between monolayer MoS2 and monolayer
hBN.

eV for individual energy levels and within 0.05 eV for the
gap.

Fig. 2 shows interesting trends as the thickness of
hBN substrate grows. We first notice that one-layer hBN
barely provides any dielectric screening to the monolayer
MoSs adsorbate, as the VBM, CBM, and gap values do
not change considerably compared to the freestanding
monolayer MoSs. Physically, this can be attributed to
the fact that one-layer hBN is atomically thin, such that
the adsorbate can not induce a strong density response
perpendicular to the surface “within” the substrate that
is responsible for the dielectric screening. This might ex-
plain why single-layer hBN can be used as a “spacer”
that effectively decouples an adsorbate from a substrate
(see, e.g., Ref. [68] for an example in experiment). The
dielectric screening becomes stronger as the number of
hBN layers increases, and eventually saturates when the



TABLE I. Comparison of different experimental and theoretical approaches for the influence of the hBN substrate on the
monolayer MoSz band gap (in e€V). The MoSs gap listed in this table for this work is the value at the k-point of (0.4,0.4,0)
[Fig. 2(b)], which should be numerically similar to the gap at the K point, given the small band curvature at K.

Method Description of the hBN Dielectric Effect MoSs2 Gap| Reference
Sternheimer GW, Godby-Needs plasmon-pole model W, eegr = (1 + €g)/2, es = 2.6 2.58 [16]
Sternheimer GW, full frequency model W, e = (1 +€5)/2, es = 2.6 2.50 [16]
eigenvalue-self-consistent GWyo, full frequency |similar to Eq. (3), extrapolated from a 14-layer 2.36 [65]

hBN to semi-infinite thickness

LDA+GdAW, dW = W — Wetal [66] models for W and Wisetal, eﬂo/eé‘o =4.95/4.10 2.73 [48]
LDA+GoWy monolayer hBN, similar to Eq. (3) 2.66 [67]
scanning tunneling spectroscopy experiment 2.35 [30]

Dielectric embedding GoW)y

Comparing Eq. (2) and Eq. (3), 4-layer hBN 2.41

This Work

number of hBN layers reaches four. Therefore, we con-
clude that for the purpose of modeling a semi-infinite
hBN substrate, four layers are enough to converge the
results within 0.1 eV, as far as the band gap of the ad-
sorbate is concerned. This conclusion is in line with Ref.
[53], where the monolayer-to-bulk transition of hBN band
structure is analyzed in detail.

It is worth mentioning that the dielectric embedding
GW approach used here is particularly efficient for the
purpose of studying the thickness dependence of the sub-
strate dielectric screening. This is because we can bypass
the calculation of the wavefunctions and dielectric func-
tions of a series of large interfaces. Instead, we only need
to compute the X&O& once and combine it with the XﬁBN
calculated for different layers of the substrate, with both
components explicitly calculated in their unit cells rather
than supercells. Such a procedure can be easily general-
ized to analyze the effects of other substrates.

We compare our results to existing literature. Table
I compares prior experimental and theoretical studies of
the dielectric screening effect of hBN on monolayer MoSs.
In particular, we list how each computational method
treats the dielectric effect of the hBN substrate, either
from first-principles [65, 67] or from model dielectric func-
tions [16, 48]. Our full first-principles GW results are
consistent with other similar studies and experiments,
and provide another benchmark for developing model di-
electric functions.

Lastly, we note in passing that we focus on the gap
of the monolayer MoSs,, rather than the band alignment
between MoS, and hBN. DFT calculations indicate that
the MoS2:hBN interfaces are type-I, in the sense that the
band edges of the MoSs are sandwiched between those of
the hBN, and the VBM/CBM of the interfaces are en-
tirely localized on the MoS;. While the VBM of the hBN
substrate is within 1 eV (DFT result) below that of the
MoSs, the CBM of the hBN substrate is many eVs above
that of MoS;. These energy level offsets are believed to
be even larger in GW [16, 48, 65], such that the charge
transfer between the two components is negligible.

B. In-plane local-field effect of substrate x°

Pioneered by Ref. [42], a common approximation in
the study of substrate dielectric effect is to neglect the
in-plane (parallel to the surface) local-field components
of the substrate x°, i.e.,

Yuen (G, G5 a) = xipn (G, G5 9)d6,6.06,ar, (1)

where Uy is the directly calculated x° using the
random-phase approximation, and " neglects the in-
plane local-field components of x)px. Subsequently, in
the substrate screening approximation:

Xtot & XMos, T Xupn, With local-field effect;  (2)

Yoot & Xhos, + Xipx, Without local-field effect. (3)

Note that the local-field components of the adsorbate,
i.e., those in X%/Ioszv are always included. The neglect of
the substrate local-field effect enables calculations using
incommensurate supercells between the adsorbate and
the substrate [42] and greatly reduces the computational
cost. However, to the best of our knowledge, its accuracy
has not been explicitly examined. In this work, we assess
the numerical consequence of Eq. (1) for the first time,
in the context of monolayer MoSy adsorbed on few-layer
hBN.

The results are shown in Fig. 2. Circles (triangles)
represent results from Eq. (2) [Eq. (3)], i.e., with (with-
out) the in-plane local-field components of x{py. We can
see that the local-field effect in the dielectric screening in-
creases as the number of hBN layers. For the four-layer
hBN substrate, the neglect of the local-field components
in X(})lBN causes an error of 0.2 eV in the MoS, gap [Fig.
2(b)], which can be decomposed to a 0.15 eV error in
the CBM [Fig. 2(d)] and another 0.05 eV error in the
VBM [Fig. 2(f)]. Interestingly, we find that the local-
field effect is larger at the k point of (0.4,0.4,0.0) than
at I', and is larger for CBM than for VBM. This is likely
due to the different shapes of the wavefunctions of the
pertinent energy levels.

As a concluding remark, the neglect of local-field ef-
fects leads to a moderate error of 0.2 eV in the MoS, gap
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FIG. 3. (a) Color-coded PBE band structure of the bilayer MoS, adsorbed on four-layer hBN. (b) GW band structure of
freestanding bilayer MoSs. The inset shows the Brillouin zone and the high-symmetry points, as well as the in-plane reciprocal-
space lattice vectors by and bo. (c) Band structure from a dielectric embedding GW calculation of bilayer MoS, adsorbed on
four-layer hBN. All calculations are carried out in a 4x4 supercell of bilayer MoSs (commensurate with 5x5 hBN supercell) and
all energies are measured with respect to the vacuum level. The GW band structures in (b) and (c) are obtained by interpolating
explicitly computed 25 valence bands (24 conduction bands) on the 5x5 k-mesh to 6 valence bands (15 conduction bands) on
100 uniformly sampled k-points along the high symmetry lines. The seemingly “discontinuous” bands seen in (b) and (c) are
likely due to the perturbative nature of GoWy and the specific energy window used in the interpolation.

in the current study. However, the magnitude of the error
may vary for other substrates or adsorbates. Therefore,
we believe more systematic studies are needed to fully as-
sess the numerical consequences of the local-field effects
in the substrate dielectric screening.

C. Bilayer MoS: on four-layer h BN

Having established that the dielectric screening effect
of the hBN substrate converges at four layers, we only
consider TMDs adsorbed on four-layer hBN in the sub-
sequent calculations.

Fig. 3(b)(c) compare the GW band structure of the
freestanding bilayer MoSs and when it is adsorbed on
four-layer hBN, where the latter is computed using the
dielectric embedding GW approach. For the freestanding
bilayer, we obtain a value of 2.0 eV for the quasiparticle
gap, which is in good agreement with other GW calcula-
tions (1.9 eV from Ref. [41]). For the MoS, adsorbed on
four-layer hBN, the gap is reduced to 1.8 eV. Here, the
gap renormalization of 0.2 eV is smaller than that of the
monolayer MoSs [0.4 eV, see Fig. 2(b)]. This is because,
in bilayer MoSs, the orbitals are delocalized over both
layers, with electron distribution moving further away
from the substrate than in the case of monolayer MoSs,
resulting in weaker substrate dielectric screening.

Furthermore, we note that the dielectric screening of
the hBN substrate enhances the degeneracy lifting of
some of the bilayer MoSs bands, in addition to that cap-
tured at the PBE level. Fig. 3(a) shows the color-coded
PBE band structure for the interface formed between bi-
layer MoSs and four-layer hBN. Comparing it with the
GW band structure of the freestanding bilayer MoS, in
Fig. 3(b), one finds that some degeneracies of the bilayer
MoS, bands are lifted by the crystal field effect of the
hBN, such as the CBM at the I" point. However, the de-

generacy lifting captured by PBE is not so pronounced
for other bands, such as the CBM at the K point, a few
inner valence bands at the I' point, [around -4.5 eV in
Fig. 3(a) and -6.5 eV in Fig. 3(b)], and many other
near-degenerate cases in the Brillouin zone. In fact, at
the PBE level of theory, for those near-degenerate bands,
the degeneracy lifting due to the substrate is only on
the order of 1076 eV. Notably, the substrate dielectric
screening greatly enhances the degeneracy lifting, caus-
ing a band splitting on the order of 10 meV, which can
be seen in the embedding GW results in Fig. 3(c).

Comparing the bilayer MoSs band structure between
its freestanding form and after it is adsorbed on hBN, one
finds that the former features many degeneracies, due to
the symmetry of the two MoSs layers. The symmetry is
broken and the degeneracies are lifted when the bilayer
MoS; is adsorbed on substrates such as the four-layer
hBN considered here. It is still an open question whether
or not the approximate electronic structure methods in
use (either PBE or GoWj) could preserve certain symme-
tries that are protected and break others that should be
broken in the interface. We find that the specific density
functional used here, namely the PBE, is able to lift some
degeneracies when MoSy is adsorbed on hBN, i.e., cap-
turing the orbital mixing between MoSs and hBN that
is part of the crystal field effects. However, PBE seems
to have difficulty in completely lifting the degeneracies in
other bands and k points (only causing a band splitting
of about 1076 eV, as we discussed above). For those near-
degenerate bands in PBE, the embedding GW approach
is able to further break the symmetry and enhance the
degeneracy lifting, causing a band splitting on the or-
der of 10 meV. The latter is physically a result of the
dielectric screening of the substrate, because one layer
is in closer contact with the substrate and feels stronger
dielectric screening than the other.
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FIG. 4. (a) Color-coded PBE band structure of the freestanding WSz /MoS: heterobilayer. In both (b) and (c), blue dots denote
the GW band structure of the freestanding WSz/MoS, heterobilayer and red dots denote the band structure from dielectric
embedding GW calculations of the WS3/MoS; heterobilayer. In (b) [(c)], the WSz (MoS2) side is closer to the four-layer hBN

substrate, as shown in Fig. 1(d) [Fig. 1(c)].

All calculations are carried out in a 4x4 supercell of WS2/MoS2 heterobilayer

(commensurate with 5x5 hBN supercell) and all energies are measured with respect to the vacuum level.

D. Mixed WS;/MoS; bilayer on four-layer hBN

In this subsection, we examine the dielectric effect of
the hBN substrate on the electronic structure of mixed
WSa/MoS, bilayer, and show that different placements of
the hBN lead to different modulations of the WSy /MoSs
bilayer band structure.

Figs. 4(b) and 4(c) compare the GW band structure
of the WSy/MoSs bilayer in its freestanding phase and
when it is adsorbed on the four-layer hBN substrate. In
both panels, blue dots denote the GW band structure
of the freestanding WSs/MoSs bilayer (identical in both
panels), where we obtain a 2.11 eV for the gap between
I’ and K (compared to 1.96 eV in Ref. [69]), and a 2.50
eV for the direct band gap at K (compared to 2.42 eV
in Ref. [70]). In Fig. 4(b) [Fig. 4(c)], the red dots
denote the band structure computed from dielectric em-
bedding GW, taking into account the dielectric screening
effects from the four-layer hBN that is placed close to the
WS (MoS3) side, as shown in Fig. 1(d) [Fig. 1(c)]. We
first note that the qualitative features of the WSy /MoSs
bands are preserved upon adsorption on hBN. The band
gap in Fig. 4(b) is 1.93 eV, compared to 1.86 eV in Fig.
4(c). We note that this difference in the band gap is con-
sistent with the trend in the dielectric function of the em-
bedded WS /MoS, system: the eg=o,a'=0(q) is slightly
smaller for the case in Fig. 4(b) for every q point in the
Brillouin zone (G and G’ are reciprocal-space lattice vec-
tors). Physically, this can be attributed to the slightly
smaller in-plane dielectric constant in WS, compared to
MOSQ [71]

Crucially, the valence band energies are renormalized
by the substrate to a greater extent than the conduc-
tion band energies (compare red dots with blue dots) in
Fig. 4(b), and the scenario is the opposite in Fig. 4(c).
To understand this phenomenon, we identify the nature
of the valence and conduction bands of the freestand-
ing WS /MoSs bilayer. In Fig. 4(a), we color-code the
PBE band structure of the freestanding WSy /MoSy bi-

layer, where the top valence band is localized on WS,
and the bottom conduction band is localized on MoS,.
These orbital assignments are consistent with literature
[72]. When the mixed WSs/MoS, bilayer is adsorbed on
the hBN substrate with WSy (MoS3) side facing the sub-
strate, the dielectric screening of the hBN has a higher
impact on the valence (conduction) bands of the mixed
WS /MoS, bilayer, due to its spatial closeness to WSs
(MoSz). This spatial-dependent dielectric screening is
reflected in the band structure calculated from the di-
electric embedding GW, i.e., the red dots in Fig. 4(b)
and Fig. 4(c). In conclusion, adsorbate orbitals local-
ized closer to the substrate experience stronger screening
from the substrate, leading to larger energy renormaliza-
tion than those localized farther away from the substrate.

We note that Ref. [11] reported different band on-
set energies for two vertical stacking configurations:
MoSy/WSs/quartz and WSy /MoSs /quartz, based on
scanning tunneling spectroscopy results. Although our
work focuses on a different substrate, our results qualita-
tively explain the phenomenon observed in Ref. [11], in
terms of the spatial dependence of the substrate dielec-
tric screening. We further comment that the dielectric
embedding GW approach is capable of capturing this ef-
fect efficiently. The placement of the substrate provides
an effective way to selectively tune the band gaps of com-
plex heterostructures.

IV. CONCLUSIONS

In this work, we have carried out dielectric embed-
ding GW calculations to scrutinize the dielectric screen-
ing effects of hBN substrate on the electronic structure
of TMD adsorbates. We considered three sets of sys-
tems: (i) monolayer MoS; adsorbed on one-, two-, three-,
and four-layer hBN; (ii) bilayer MoSy adsorbed on four-
layer hBN; and (iii) mixed WSy/MoS; bilayer adsorbed
on four-layer hBN with either WS or MoS, facing the



substrate. Our main findings are the following: (i) mono-
layer hBN provides nearly negligible screening to the ad-
sorbate, and the dielectric screening effect of the hBN
substrate converges at four layers; (ii) a common approx-
imation used, i.e., neglect of the in-plane local-field com-
ponents of the hBN polarizability (x)gy) can introduce
an error of about 0.2 eV in the gap of the TMD adsor-
bate; (iii) the dielectric effect of the substrate enhances
the symmetry breaking of the bilayer MoSs, in addition
to the crystal field effect; and (iv) different placements of
the substrate can be used to selectively modulate the va-
lence or conduction bands of mixed WSs/MoS, bilayer.
Additionally, we have found that the gap of the mixed
WSs5/MoS, bilayer is slightly smaller when the MoS, side
is placed closer to the substrate. Overall, the qualita-
tive trends derived from our work provide insights into
substrate-induced properties and substrate-based band
structure engineering, and we hope our work provides a
paradigm for future studies of interfaces with physisorp-
tion.
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