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In this paper, the crystal and electronic structures are investigated using first-principles theory for metal-
semiconductor van der Waals heterostructures 1H -transition-metal dichalcogenides (NbS,, NbSe,, TaS,, TaSe,,
MoS,, MoSe,, WS,, and WSe,). The theoretical investigations reveal that chalcogen sublayers play crucial
roles in the crystal and electronic structures though these sublayers are minor parts in the pristine crystals.
Actually, selenide sublayers energetically stabilize the commensurate heterobilayers, whereas moiré structure
gives a much lower electronic energy with sulfide sublayers. Moreover, the chalcogen sublayers dominate
the charge distribution via the difference of work functions in the component layers, i.e., the charge transfer

between the metallic and semiconducting layers in the heterobilayers. The theoretical results suggest that the
chalcogen sublayers can be the key to control the crystal and electronic structures in the metal-semiconductor

vdW heterostructure of TMDC monolayers.

DOI: 10.1103/PhysRevB.109.075308

I. INTRODUCTION

The electronic properties of pristine transition-metal
dichalcogenides (TMDCs) of group-V and -VI atoms are
mainly dominated by transition metal [1-6]. These TMDCs
are atomic layered materials, which are composed of thin
layerlike crystals stacked vertically with van der Waals in-
teraction. Each layer also consists of three sublayers: the top
and bottom chalcogen sublayers and middle transition-metal
sublayer, strongly bonded to each other [7]. The group-V
and -VI transition-metal sublayers lead to the metallic and
semiconducting properties, respectively, in the atomic layered
materials. On the other hand, the effect of the chalcogen
sublayers is limited to small variations in the energy disper-
sion, the band gap, and the lattice constant for the pristine
monolayer, multilayer, and bulk crystal except for Janus struc-
ture [8,9] breaking the crystal symmetry.

In heterostructures of semiconducting TMDC monolay-
ers, the chalcogen sublayers play a slightly important role
in terms of the lattice structure due to the effect of the
chalcogen on the lattice constant. In the case of multilayer
of different layerlike crystals, the so-called van der Waals
(vdW) heteromultilayer [10-13], the lattice structure can be
commensurate only if the component layers possess the same
lattice constant [14,15]. In other words, the commensurate
vdW heterostructures lead the component layers to be ex-
panded or compressed to match their lattice constants with
each other as shown in Fig. 1. Otherwise, multilayers have
moiré structures, where the periodicity is absent or much
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larger than that of each layer [16—19]. Since TMDCs of tran-
sition metals in the same group possess comparable lattice
constants with the same chalcogen, the semiconducting mono-
layers can form a commensurate vdW heteromultilayer and
thus preserve the valley structure, one of the most important
features of TMDCs, in the reciprocal space.
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FIG. 1. Schematic of a commensurate heterobilayer consisting
of two monolayers with different lattice constants. Each layered
material is drawn in the top and horizontal point of view. Two arrows
on each top view represent the lattice vectors of the two dimensional
lattice structure.
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Recently, the heterostructures have been extended to com-
binations of metallic and semiconducting TMDC:s, i.e., those
with transition metals in group V and VI, respectively. For
in-plane junctions, so-called lateral heterojunctions, the inter-
face between two layers can be an atomically commensurate
structure stabilized by the strong intralayer atomic bond. In
practice, the commensurate interface had been experimentally
observed [20] and thus this condition is assumed in the theo-
retical works [21-23]. For vdW heterostructures, on the other
hand, the commensurate alignment between the component
layers cannot be expected due to the interlayer interaction
being much weaker than the intralayer bonding. In practice,
a vdW heterostructure of NbS, and MoS, fabricated using
the chemical vapor deposition method possesses an incom-
mensurate stacking structure, the so-called moiré pattern, with
R-type orientation of the component layers [24]. However, the
previous theoretical works [25,26] adopted the commensurate
alignment for the stacking and did not apply the R-type orien-
tation. On the other hand, in a previous theoretical work [27],
the stable stacking structure of NbS, and MoSe; is theoreti-
cally investigated and predicted to be an R-type commensurate
stacking, 2R,, as the stable structure. The theoretical predic-
tion for R-type orientation is consistent with the experimental
work [24] but the commensurate stacking had not been ob-
served in the case of NbS, and MoS, heterostructure. Thus
the previous experimental and theoretical works imply that
the stacking structure of metal-semiconductor heterostructure
of TMDC:s is affected by the chalcogen elements in the com-
ponent layers.

In this paper, we investigate the stability of commensurate
heterostructures of group-V and -VI TMDC monolayers with
the same chalcogen as shown in Fig. 1 and the electronic
structures in the heterobilayers. In Sec. II, the stability of these
heterostructures is theoretically evaluated with first-principles
calculations for the lattice optimization and the energy varia-
tion under lattice compression or extension. The most stable
stacking is revealed for the vdW heterostructures and also
energetically compared with the moiré heterostructure. In
Sec. III, the spinful electronic structures are presented for
the most stable commensurate heterostructure. We reveal that
the corrections for vdW interaction and spin-orbit coupling
are necessary in different processes in a first-principles band
calculation and that both the corrections can be incorporated
for obtaining electronic structures. The difference between
two cases of metal-semiconductor vdW heterostructures with
a single chalcogen and with two chalcogens is also presented
in terms of electronic structure. Moreover, the origin of the
difference is revealed in terms of the effect of chalcogen on
the work functions of the component layers. The conclusion
is given in Sec. IV.

II. STABILITY OF COMMENSURATE
HETEROSTRUCTURE

In this section, the feasible heterostructure is investigated
for each combination of the metallic and semiconducting
TMDC layers energetically using first-principles calculation
with the effect of interlayer vdW interaction. In this work,
honeycomb monolayer TMDCs (1H-TMDCs) are adopted as
the component layers for the heterostructure and these layers

are assumed to possess the same direction of honeycomb
lattice as shown in Fig. 1. A monolayer TMDC consists of
three sublayers, one transition-metal sublayer sandwiched by
two chalcogen sublayers, that are strongly bonded to each
other, and the layerlike crystals of the three sublayers are
weakly bonded via vdW interaction in a heteromultilayer.

There are two possible stacking structures of vdW heter-
obilayer, commensurate, and moiré stacking structures. The
two types of stacking structures minimize different com-
ponents in the electronic energy. In the moiré structure,
each component layer preserves the pristine lattice constant
minimizing the deformation energy. On the other hand, the
commensurate structure enforces the component layers to be
deformed to match the lattice constant in the renewed honey-
comb lattice. However, the commensurate stacking enhances
the interlayer coupling in comparison with the incommensu-
rate stacking, i.e., moiré structure, and reduces the electronic
energy in terms of the interlayer coupling energy. If the con-
tribution of the interlayer coupling is smaller than that of
the lattice deformation, the heterostructure prefers a moiré
structure of the layers with different lattice constants [16,17].

In this section, the stability of the commensurate vdW
heterostructure and the role of the calcogen sublayers are
investigated for combinations of MX; and M'X, with M = Nb
or Ta, M’ = Mo or W, and X = S or Se with a visible differ-
ence in the lattice constants.

The following first-principles calculations are performed
using QUANTUM ESPRESSO [28], a package of numerical
codes for density functional theory (DFT), with the Perdew-
Burke-Emzerhof functional [29] in projector augmented wave
method. For including effects of vdW interaction, a correction
to the exchange-correlation (XC) functional, vdw-df-C6 [30],
is applied to the calculations [31]. The correction reproduces
the distance dependence of vdW interaction and it is employed
except for the spinful calculations because the DFT calcula-
tions cannot include both effects of spin-orbit interaction and
vdW interaction simultaneously. The energy cutoff is 60 Ry
for the plane wave basis and 500 Ry for the charge density on
a k mesh of 12 x 12 x 1 in the first Brillouin zone. To simu-
late isolated monolayers or heterobilayers, the lattice constant
30 A in the z axis, the perpendicular direction to the layers,
is adopted for their unit cells. The convergence criterion is
10~% Ry for the self-consistent field calculation. For lattice
relaxation calculations, vc-relax in QUANTUM ESPRESSO is
used with the correction for vdW interaction [32] and the
convergence threshold is 10~ kbar for stresses and 10~
Ry/Bohr for forces. In all calculations for lattice relaxations,
the lattice constant of the honeycomb lattice and the atomic
positions in the z axis are optimized by this code except where
specially noted.

First, the ground-state energy is investigated for several
commensurate stacking structures to identify the lowest en-
ergy one. Four highly symmetric stacking patterns shown in
Fig. 2 are considered as the candidates. Two of them, 2H, and
2H,, include two inverted monolayers in which the positions
of transition-metal and chalcogen atoms are exchanged in the
honeycomb lattice. Here, the exchange of atoms leads to that
of the K and K’ points in the reciprocal space. The other two,
2R, and 2R,, consist of two monolayers with the same order
of these atoms. The numerical calculations are performed in
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FIG. 2. Four highly symmetric stacking structures of two 1H
TMDC monolayers. The top view and horizontal view of the stacking
layers are shown schematically. The spheres represent transition
atoms and chalcogen atoms, MX, and M'X, with M = Nb or Ta,
M’ =Moor W, and X = S or Se.

the spinless condition with the correction of vdW interaction
because the spin-orbit coupling is much smaller than the vdW
interaction in the interlayer interaction. The total electronic
energy of each stacking structure in the optimized lattice is
presented in Table I. For all cases, the heterobilayer possesses
the lower energy than that of two isolated monolayers, i.e., it is
more stable than two isolated monolayers, even if each layer is
compressed or expended in the heterostructure. Moreover, 2R,

TABLE 1. The total electronic energies of vdW heterobilayers
MX,-MX, for four stacking structures. The energy is given in meV
as the deviation from that of two isolated monolayers MX, and M X,
with the optimized lattice constants. The upper and lower divisions
are devoted to the sulfide layers and the selenide layers, respectively.

Nsz-MOSZ NbSZ-WSZ TaSZ-MOSZ TaSZ-W82
2H. —192.0 —183.1 —201.5 —192.9
2H, —203.9 —190.7 —208.3 —196.0
2R, —201.1 —190.5 —207.6 —197.7
2R, —206.8 —195.2 —214.2 —203.2
NbSe,-MoSe, NbSe,-WSe, TaSe,-MoSe, TaSe,-WSe,
2H, —248.4 —2394 —246.8 —238.0
2H, —253.8 —240.0 —246.6 —233.6
2R, —255.0 —243.0 —250.6 —239.0
2R, —262.1 —250.2 —258.0 —246.7

MoS, TaS, ~ NbS, WS, TaS, ~ NbS,
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FIG. 3. Lattice constant dependence of electronic energy for 2R,
vdW heterobilayers. The filled and blank marks represent the heter-
obilayers with Nb and Ta as M, respectively. The solid and dashed
horizontal lines denote the estimated energies of the moiré heterobi-
layers with Nb and Ta, respectively. The energy is given with respect
to that of the two isolated monolayers. The vertical lines represent
the lattice constants of pristine monolayers.

stacking structure gives the lowest energy for any combination
of elements among the four structures.

The stable stacking structure, 2R;, is different from the
pristine metallic and semiconducting bilayers, 2H, and 2H,,
respectively. However, 2R, stacking possesses the character-
istics of both the metallic and semiconducting bilayers in
terms of the configurations between transition-metal atoms
and chalcogen atoms allocated in different component layers.
In a pristine metallic (semiconducting) bilayer, the 2H, (2H,)
structure maximizes (minimizes) the distance between the
nearest transition-metal atom and chalcogen atom allocated in
different component layers. In 2R, stacking, a transition-metal
atom in the metallic and semiconducting layers fulfills the
above conditions simultaneously for the nearest chalcogen in
the other layer. Thus the 2R, stacking structure is preferable
for both the metallic and semiconducting component layers
in the vdW heterobilayer. Therefore, the most stable stack-
ing structure, 2R, stacking, is considered in the following
investigations.

The lattice constant of the heterobilayer is almost in the
middle between those of the isolated component layers and
strongly depends on the species of chalcogen. In Fig. 3, the
lattice constant dependence of the electronic energy for the
2R, heterobilayer is presented. The maximum and minimum
values in the horizontal axis are almost the lattice constants
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dr a

FIG. 4. Schematics of (a) a moiré structure and (b) a commen-
surate stacking with a displacement dr. In (c), the distribution of
displacement vector dr is presented with the lattice vectors, a;
and a,.

of the pristine crystals of the metallic layer (NbX; or TaX;)
and semiconducting layer (MoX, or WXj), respectively. The
lattice constant giving the lowest energy is that of the 2R,
heterobilayer in the optimized lattice structure. The numerical
results clearly show that the lattice constant of the hetero-
bilayer is about the middle value between those of the two
component layers. Therefore, both the component layers are
compressed or extended from the pristine lattice structures in
forming the heterobilayer.

Secondly, the commensurate vdW heterobilayer is com-
pared with the moiré heterobilayer in terms of the total
electronic energy. A moiré heterobilayer is produced by stack-
ing two different monolayers and preserving their original
lattice constants as shown in Fig. 4(a). In this heterostructure,
each layer can preserve the lattice structure of pristine mono-
layer without any deformation. However, the local stacking
structure is not the lowest-energy one, 2R;, and varies accord-
ing to the location. In general, the first-principles calculation
for a moiré structure is too difficult because it possesses a
much larger periodicity than that of the original layers or no
explicit periodic structure. In practice, the difference of lattice
constants in MoSe; and NbSe; is about 5% and it requires 20
times the original lattice constant of a monolayer even if the
difference is assumed to be 5% exactly. Thus an estimation
is adopted for the calculation of the electronic energy in the
moiré structure as follows:

Emoiré — Z (EA(EIXZ _ EI/\/IXZ) +Ebi(dr), (1)
M

where Epy and Ej;, are the electronic energy for an isolated
monolayer MX, with the pristine lattice constant and the
lattice constant of the commensurate vdW heterostructure, re-
spectively, and EY(dr) is the average energy of commensurate
vdW heterobilayers with various displacements dr between
two layers in Fig. 4(b). Here, dr is given by (n1a; + nyaz)/N
with 0 < nj < N for N = 12 as shown in Fig. 4(c).

In Fig. 3, the estimated electronic energy for the moiré
structure is presented by a horizontal line for each heterobi-
layer MX,-M'X,.

Here, the energy for the moiré structure is also given with
respect to the energy of isolated two component layers,

AEMoiré _ pmoiré _ ZEAOlX2’ )
M

to compete with AE, .

For vdW heterobilayers of sulfides, the numerical results
clearly show that the moiré heterobilayer gives a much lower
energy than that of the commensurate heterobilayer as shown
in Figs. 3(a) and 3(b). Thus the moiré structure can be more
stable than the commensurate stacking structure and a feasible
structure for any combination of transition-metal atoms. In
the cases of selenides, on the other hand, the commensurate
heterobilayer gives an electronic energy comparable to that for
the moiré heterobilayer. Especially in the case of MoSe,, the
electronic energy for the commensurate structure is obviously
lower than the estimated value for the moiré structure.

The numerical results clearly show that the commensurate
stacking structure is more preferable for selenide layers to
form the heterobilayer. The difference due to the chalcogen
sublayers is attributed to an increase in the electronic energy
for each component layer with a change of lattice constant
from the pristine monolayer. In Fig. 5, the variation of elec-
tronic energy is presented for several isolated monolayers with
several lattice constants. The origin in the x axis represents
the optimized lattice constant for each commensurate het-
erobilayer MX,-M'X,. The electronic energy of the isolated
monolayer is given with respect to that for the monolayer
possessing the lattice constant of the heterobilayer. Here,
the bottom of each curve denotes the electronic energy of
the pristine monolayer. The numerical results indicate that
each sulfide layer obtains a larger energy benefit than the
selenide layer when relaxing to the pristine structure. Since
the incommensurate heterobilayer consists of layers with
the pristine lattice constant, the incommensurate structure is
more preferable for sulfide heterobilayers. In other words,
the commensurate heterostructure is more feasible for the
heterobilayers of transition-metal diselenide monolayers.

III. ELECTRONIC STRUCTURE IN THE
COMMENSURATE HETEROBILAYER

In heterostructures of TMDCs, the electronic structures
are affected by not only vdW interaction but also spin-orbit
coupling [33]. The band calculation is performed using QUAN-
TUM ESPRESSO with a lattice structure given by a lattice
optimization calculation. The effect of spin-orbit coupling
can be included in first-principles calculations but it cannot
be adopted concurrently with the correction for vdW inter-
action to the XC functional. Actually, the two effects are
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FIG. 5. Electronic energy of pristine monolayer TMDCs with
several lattice constants. Each panel presents the numerical results
for isolated monolayers included as the component layers in a heter-
obilayer MX, — M'X,. The x axis represents the change of lattice
constant from that of the heterobilayer. The electronic energy is
represented with respect to that for the isolated monolayer with the
lattice constant of the heterobilayer.

not necessary in the same calculation process for obtaining
a plausible band structure. The calculation is divided into two
processes: the lattice optimization and the band calculation. In
what follows, it is shown that vdW interaction and spin-orbit
coupling are crucial only in the former and latter calculations,
respectively.

First, the role of vdW interaction is investigated in the
lattice optimization calculation and the band calculation for
commensurate heterobilayers. In Figs. 6(a) and 6(b), the
spinless band structures are presented under three different
conditions on the correction for vdW interaction. The first
condition (no-vdW) is to perform these calculations without
the correction. The second condition (opt-vdW) is to apply
the correction only to the lattice optimization. The third con-
dition (full-vdW) is to adopted the correction in both the two
calculations. The band structures with the lattice optimized
with vdW interaction are almost the same regardless of the
correction to the band calculation. On the other hand, the
absence of the correction in the lattice optimization leads to
a visible difference in the band structure. These numerical
results clearly show that the correction plays a crucial role in
optimizing the lattice structure but it has a minor contribution
to the band calculation.

K M r K M r
------------- opt-vdW ——  full-vdW ——
(c) NbS,~MoS,  (d) NbSe,~MoSe,
4 D T T T T 40 [ T T T
S 30 ¢ 1 30 |¢ 1
2 | \
=200 % {20 % :
LUE 3 Lno—vdwW ¢ \"Q no—vdwW ¢
110 | % vdWw v 10} g,  vdW 7
m "%, SOC u/ %, SOC
ot \\\\“%W O 000000000

64 66 68 7 72
d(a)

6 62646.668 7
d(d)

FIG. 6. Spinless band structures obtained under three dif-
ferent conditions of XC functional for (a) NbS,-MoS, and
(b) NbSe;-MoSe;. In (c) and (d), the total electronic energy is given
for various interlayer distances.

Next, the contribution of spin-orbit coupling is investigated
in the lattice optimization. In Figs. 6(c) and 6(d), the total
electronic energy is presented for various interlayer distances
defined between transition-metal sublayers under different
calculation conditions: the optimization with the correction
for vdW interaction (vdW), that with spin-orbit coupling
(SOC), and that without any correction (no-vdW). The
distance for the lowest energy indicates that of the stable het-
erobilayer and it changes with the application of the correction
for vdW interaction. However, spin-orbit coupling does not
change the energy variation with the interlayer distance.
Moreover, the lattice constant of honeycomb lattice is almost
unchanged in the presence of spin-orbit coupling. The other
heterobilayers, MX,-M'X>, also show similar relations among
the conditions in each calculation process. Therefore, a
plausible band structure for the heterobilayer can be given by
the first-principles band calculation with spin-orbit coupling
in the lattice structure optimized with vdW interaction.

A. Heterobilayer of sulfide layers

In Fig. 7, the electronic and spin structures of commen-
surate 2R, heterobilayers MS,-M'S, are presented with the
wave amplitudes for spin and layer degrees of freedom. The
amplitudes are given by those on appropriate spinful Wannier
orbitals calculated using WANNIER90 [34], a code to give
maximally localized Wannier orbitals and hopping integrals
among the orbitals from a first-principles band structure. Five
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FIG. 7. Spinful band structures with the amplitudes of spin and
layer degrees of freedom for MS,-M’S,. The size and color of mark
represent the amplitudes of wave function and spin polarization in
the perpendicular direction to the layers.

d orbitals in a transition-metal atom and six p orbitals in two
chalcogen atoms are adopted as the Wannier orbitals for each
layer in the unit cell. Thus a tight-binding model is obtained
using the hopping integrals defined on the 44 spinful Wannier
orbitals and it provides wave functions represented by wave
amplitudes on the orbitals. Especially on the M-I" line, the
spin amplitude shows irregular variations but it is artifacts
of numerical calculations due to the almost degenerated spin
states.

In every case, a single partially filled band and a fully filled
band can be found around the Fermi energy. The partially
filled band fully consists of Wannier orbitals in the metallic
layer, NbS; or TaS,, and shows the dispersion similar to that
in the pristine monolayer. The band possesses three local
maxima at the I", K, and K’ points and it provides two Fermi
pockets around each of the high-symmetry points, so-called
valleys, even though the metallic layer is deformed due to the

formation of the heterobilayer. Here, time-reversal symmetry
promises the same dispersion with the inverted spin in the K
and K’ valleys. In the two valleys, the spin states are split due
to spin-orbit coupling in the spin axis along the perpendicular
direction to the layers and the order of spin states is inverted
due to time-reversal symmetry.

The highest fully filled band consists of Wannier orbitals
in the semiconducting layer, MoS, or WS,, but the structure
is different from that in the monolayer material. Although the
maximum electronic energy in the monolayer appear at the K
point (and the K’ point), the energy at the K point is lower than
that at the I" point in the cases of heterobilayers. This is the
characteristic feature of bilayer materials [35,36] but the spin
split at the K point is the same as the monolayer. Therefore,
in the heterobilayer of sulfide layers, the highest fully filled
band is composed of Wannier orbitals in the semiconducting
layer and obtains the characteristics of both the monolayer and
bilayer materials.

B. Heterobilayer of selenide layers

The electronic and spin structures for selenide heterobilay-
ers MSe,-M’Se; are presented in Fig. 8. These band structures
are similar to those for sulfide heterobilayers in terms of the
partially filled band. In the partially filled band, electronic
states consist of Wannier orbitals localized in the metallic
layer and show a spin split in the K and K’ valleys. For the
bilayers of Ta, however, the Fermi pockets are not isolated
in three valleys because the upper branch does not cross the
Fermi level as shown in the lower four panels of Fig. 8. On
the other hand, the highest fully filled band possesses different
features in the dispersion from that for sulfide heterobilayers.
The maximum energy state appears at the K (K’) point and the
electronic states around the I" point are constructed of orbitals
in both the metallic and semiconducting layers. Moreover, the
numerical results indicate the presence of conductive states in
the WSe; layer, i.e., the Fermi energy is lower than the top of
the band for the NbSe,-WSe, heterobilayer. The conductive
states indicate the charge transfer between the metallic and
semiconducting layers. The charge transfer is absent in the
cases of MSe,-MoSe,, but the TaSe,-WSe, heterobilayers
possess electronic energy states close to the Fermi energy in
this band. Thus thermally excited charge can appear in the
band around the K and K’ points even at a low tempera-
ture. For M Se,-MoSe, heterobilayers, the excitation energy
between a filled band and the Fermi energy is more than
200 meV and thus it indicates that the semiconducting layer
can be an insulating cover or substrate for the metallic layer.
In the heterobilayers composed of a unique chalcogenide, the
charge transfer is suppressed between the metallic and semi-
conducting layers but it is in contrast to similar heterobilayers
of NbS;,-M’Se, for M’ = Mo or W in a previous work [27]. In
the previous work, a large number of charges is theoretically
predicted to transfer to the semiconducting layer as shown in
Fig. 9. Since the previous work also shows the 2R, stacking to
be the most stable structure for NbS,-MoSe, and NbS,-WSe»,
the obvious difference is that different chalcogen sublayers—
sulfur and selenide sublayers—are adopted in the metallic
and semiconducting layers, respectively. Thus the chalcogen

075308-6



ROLES OF CHALCOGEN SUBLAYERS OF 1H ...

PHYSICAL REVIEW B 109, 075308 (2024)

NbSe,-MoSe,

NbSe,-layer MoSe,-layer

1/2
3 \
S MN/ VY
C DA AN
q B : -1 74| Y
r K M r T KM T
NbSe,-WSe,
NbSe,-layer WSe,-layer
1/2
RAVA A
2
5 4
&0 - N\g 0
NN IR\
A A B\ 74| IR
r K M r T KM T

TaSe,-MoSe,
TaSe,-layer MoSe,-layer

\ /| N/ /i
VA

E-Ep(eV)
<

-1

-1 -172
r K M r r K M r
TaSez-WSez

TaSe,-layer WSe,-layer 12
s N /D /
N
50 0
NN\ VR N/\ VY
m N p
3\ sf -1 \\ /\ i. /] 12
r

K M r r K M r

FIG. 8. Spinful band structures with the amplitudes of spin and
layer degrees of freedom for M Se,-M'Se,. The left and right columns
show the wave amplitude in the metallic and semiconducting layers,
respectively, represented by the size of marks. The spin polarization
is also represented by the color.

sublayers dominate the charge transfer between the metallic
and semiconducting layers in the heterostructure.

Charge transfer at an interface of two materials is, in gen-
eral, attributed to the difference of work functions, which is
defined by the difference between the highest energy of occu-
pied states and vacuum level, in the two materials. In Fig. 10,
the electrostatic potential profile around a pristine monolayer
and the highest energy of occupied states are presented for
the component layers in this work. The potential is averaged
in the xy plane parallel to the layer and drawn in the normal
axis to the layer. The numerical calculation is performed in
a periodic boundary condition with a spacer 30 A between
adjacent layers, where the transition-metal sublayer is placed
at the origin in the horizontal axis. The electrostatic potential
is fluctuated around the origin but it approaches a unique value
except for the vicinity of the layer. Since the potential far from

NbS,-MoSe,
1 NbS,-layer 1 MoSe,-layer 12
2 §
B 1 2N\
S ORVIRNNS A O J
o \ \

] e - -l = ‘ -1/2
r K M r o K M r
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| \ / 1/2
M / ¥ Al
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FIG. 9. Spinful band structures with the amplitudes of spin and
layer degrees of freedom for vdW heterobilayer of NbS, and semi-
conducting transition-metal diselenide. The size and color of marks
represent the amplitude in a component layer and the spin polariza-
tion. The left and right panels show the amplitude for the NbS, layer
and semiconducting layer, respectively.

the layer provides vacuum level E, the excitation energy to
E, from the highest energy of occupied states gives the work
function. In Fig. 10, the highest energy of occupied states
is represented by a horizontal line and the distance from the
origin, E — E,, = 0, is equal to the work function.

In the pristine monolayers, the work function is affected
by the chalcogen rather than the transition-metal as shown
in Fig. 10. In fact, the highest energy of occupied states is
comparable among sulfide monolayers or selenide monolay-
ers with respect to vacuum level but the change of chalcogen
leads to a visible variation in the energy. In Table II, the
numerical results of work function Wy are presented for the
pristine monolayers MX, for X =S and Se. Moreover, the
work functions are also given for the monolayer crystals with
the lattice constant adjusting to that of the heterobilayer, e.g.,
NbS,-MoS, and TaS,-MoS; in the case of MoS, monolayer,
and the average Wy for the lattice constants is also presented
in Table II. Obviously, the deviation of work function among
the monolayers decreases with adjusting the lattice constant
to that of the heterobilayer for each chalcogen X. Thus, in

TABLE II. Work functions of monolayer MX, with the pristine
lattice constant Wy and that of 2R, heterobilayers Wy. Here, Wy is
the averaged value over heterobilayers of different partners. These
energies are given in the unit of eV.

NbX2 MOX2 TaX2 WX2
Ws 6.062 5.845 5.891 5471
W¢ 5.977(2) 5.975(2) 5.821(2) 5.577(2)
Wse 5.476 5.159 5.300 4.793
WY, 5.388(2) 5.274(3) 5.217(3) 4.881(2)
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FIG. 10. Averaged electrostatic potentials for pristine monolayers: (a) NbX;, (b) MoX;, (c) TaX;, and (d) WX, for X = S and Se. The
horizontal axis indicates the position in the normal axis to the layer with respect to the transition-metal sublayer. The vertical axis represents
the potential in eV with respect to the vacuum level E,. Each horizontal line represents the highest energy of occupied states.

the heterobilayer, the metallic and semiconducting component
layers possess similar work functions. The comparable work
functions suppress a charge transfer between two layers in
heterobilayers except for the tungsten layer. In the case of
a layer with tungsten, the work function is much lower than
those of the other monolayers. Thus a small charge transfer is
indicated for heterobilayer NbSe,-WSe,. The large difference
of the work function between the sulfide and selenide layers
also provides a clear understanding of a large charge transfer
for NbS,-MoSe,, a heterostructure of monolayers with differ-
ent chalcogen sublayers, in a previous work [27].

IV. CONCLUSION

We have investigated the crystal and electronic structures
of a commensurate vdW heterobilayer composed of metal-
lic and semiconducting TMDC monolayers with the same
chalcogen and revealed two important roles of chalcogen
sublayers: stabilizing the commensurate heterostructure and
controlling the charge transfer between metallic and semi-
conducting layers. First-principles calculations reveal that
2R, stacking gives the lowest ground-state energy for the

commensurate heterobilayers among various stacking struc-
tures and it is more stable than two isolated pristine
monolayers due to the vdW interaction in the heterobilayers.
Moreover, it is shown that selenide sublayers make vdW het-
erobilayers comparably or more stable in comparison with the
moiré bilayer. In the 2R, vdW heterobilayers, electronic states
in a partially filled band are fully localized in the metallic layer
and those in the highest band below the partially occupied one
are almost occupied. The electronic structure indicates the ab-
sence of a large charge transfer between two layers in contrast
to the case of NbS,-MoSe, (WSe,) heterobilayer in Ref. [27].
First-principles calculations have shown that the work func-
tion of each layer strongly depends on the chalcogen sublayers
and it is comparable between the two component layers
with the same chalcogen. These theoretical results suggest
that the chalcogen sublayers play a crucial role in metal-
semiconductor vdW heterostructure of TMDC monolayers.
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