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Excitons in van der Waals heterostructures having interlayer or intralayer types are responsible
for their optical absorption properties. Here, we systematically investigate the band alignment and
excitons in MoSioN4/WSisNy heterostructure using ab initio GW calculations and Bethe-Salpeter
equation. The quasiparticle energy spectrum shows that the valence band maximum and conduction
band minimum are from different layers, and hence the band alignment is type II in this heterostruc-
ture. However, unlike normal type-II heterostructures with interlayer excitons at the lowest energy,
MoSi2N4 /WSizNy heterostructure behaves like a type-I heterostructure, in which the optical exci-
tation at the lowest energy is the intralayer exciton while the interlayer exciton is higher in energy.
We develop a macroscopic dielectric model explaining the atypical exciton feature as a result of
the large layer distance and the small exciton Bohr radius in this heterostructure. In addition, we
find that the interlayer exciton is dark due to the absence of band hybridizations between the two
layers, and the energy and oscillator strength of intralayer exciton are almost independent of the
stacking configuration. These new results enrich the exciton mechanism in 2D layer materials and

are beneficial for the design of optoelectronic devices based on moiré heterostructures.

I. INTRODUCTION

Stacking two monolayers together forms van der Waals
(vdW) heterostructures, which not only inherit the orig-
inal properties of monolayers but also induce new physi-
cal features. The type-II vdW heterostructures (i.e., the
valence band maximum and conduction band minimum
contributed by different layers) enable the formation of
interlayer excitons. Such bound interlayer electron-hole
pairs with the charges residing in different layers have ul-
tralong lifetime and thus form an ideal platform for real-
izing bosonic many-particle states such as Bose-Einstein
condensates[I], 2]. Owing to the type-II band alignments
from different layers, the interlayer exciton usually lies
at the lowest energy in transition metal dichalcogenide
heterostructures[3 4]. Two monolayers with different ori-
entations (i.e., with a twist angle) form a moiré superlat-
tice with a relatively large period, which can be viewed
as regions with high-symmetry stacking separated by do-
main walls[D], giving rise to an exciton lattice centered
on high-symmetry stacking regions[6l [7]. It has been
demonstrated that the periodic moiré pattern can signifi-
cantly modulate the electronic band structure and induce
multiple interlayer exciton resonances in experiments|g].
Therefore, the moiré pattern in two-dimensional semi-
conductors is a novel platform for engineering new types
of excitons and realizing their applications in optoelec-
tronics.
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Recently, monolayer MoSisNy4, a new member of the
family of 2D molybdenum nitrides without bulk phases,
has been synthesized by chemical vapor deposition[d].
Along the z direction, it has a septuple atomic layer with
1.17 nm thickness, which can be viewed as a MoNy layer
passivated by two Si-N bilayers, leading to the ambient
stability of MoSiaN4 monolayers[d]. The excellent me-
chanical properties and ambient stability of monolayer
MoSisNy have stimulated several investigations on its
physical properties such as spin-valley coupling[I0HI2],
high thermal conductivity[I3] and piezoelectricity[14].
However, only two works are performed on the excitonic
properties of MoSiaN4[I5] [I6], especially for the exciton
absorptions in monolayer and bilayer MoSio Ny and their
response to the in-plane strain[I5, [16]. However, the
interlayer excitons and their theoretical mechanisms in
molybdenum nitride heterostructures have not been in-
vestigated yet. This work aims to reveal the formation of
different types of excitons and their spectral features in
MoSiaN, /WSiaNy heterostructure, and meanwhile, de-
velop the corresponding macroscopic dielectric model.

We use first-principles GW-Bethe Salpeter equation
(BSE) approach to systematically calculate the quasipar-
ticle band structure, the optical absorption spectra and
the formation and properties of different types of excitons
in MoSiaN,/WSisNy heterostructure. The calculated re-
sults show that the energy of interlayer excitons is higher
than that of intralayer excitons in this heterostructure,
which is strikingly different from the behavior of inter-
layer excitons always as the lowest excitations in usual
transition metal dichalcogenide heterostructures[3, [].
This atypical behavior of interlayer excitons is attributed
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to the large layer distance and small exciton Bohr ra-
dius in MoSiaNy4/WSisNy heterostructure from our con-
structed macroscopic dielectric model. For the intralayer
excitons, the energy and optical dipole oscillator strength
are almost independent of the stacking configuration.
The atypical interlayer exciton and robust intralayer exci-
ton in type-II MoSisN,/WSiaNy heterostructures enrich
the present excitonic properties in vdW heterostructures
and will further stimulate more experimental works and
applications towards optoelectronics in molybdenum ni-
trides based vdW heterostructures.

II. COMPUTATIONAL DETAILS

We fully relax MoSioN4/WSisNy heterostructure ac-
cording to the force and stress calculated by density
functional theory (DFT) with the Perdew, Burke, and
Ernzerhof (PBE) functional[I7], using the QUANTUM
ESPRESSO package[I8]. The van der Waals correc-
tions (vdW-DF) are utilized to include the interlayer
interaction[I9]. The ground state wave functions and
eigenvalues are obtained from the DFT/PBE with norm-
conserving pseudopotentials which include the semi-core
states of transition metal M[20]. The plane-wave ba-
sis is set with a cutoff energy of 80 Ry with a 16 X
16 x 1 k-point grid. The total energy is converged
to less than 1(})76 eV, and the maximum force is less
than 0.01 eV/ A. A vacuum space between neighboring
layers is set to be more than 25 A to avoid interac-
tions between adjacent layers. Based on these parame-
ters, the relaxed lattice constant for monolayer MoSioNy4
(WSiyNy) is 2.910 A (2.912 A), agreeing well with previ-
ous calculations[9, [2I] and leading to nearly zero lattice
mismatch in MoSioN,/WSisNy heterostructure.

The excited-state properties of the heterostructure are
calculated by the GW approximation within the general
plasmon pole model[22], which is reliable in obtaining
the excitonic properties of 2D materials. The unoccu-
pied conduction band number involved in calculating the
dielectric function, self-energy, and absolute band edge
is set to be 2000 after converge test. The 24 x 24 x
1 coarse k grid is used in calculating GW quasiparti-
cle band gaps and the coarse-grid e-h interaction kernel.
In solving the BSE, we use a finer k-point grid of 48
X 48 x 1 for converged excitonic states. We note that
a marginal error of 0.1-0.2 eV could still be present in
the exciton binding energy due to the slow convergence
of GW+BSE calculation with respect to k-point grid in
low-dimensional systems|[23] 24]. All the GW-BSE calcu-
lations are performed with the BerkeleyGW code[25], [26]
including the slab Coulomb truncation scheme to mimic
interactions between structures|27, [28]. For optical ab-
sorption spectra, only the incident light polarized paral-
lel with the plane is considered due to the depolarization
effect [29] 30].

III. QUASIPARTICLE ELECTRONIC
STRUCTURES IN AA-STACKED
MOSI;N4s/WSI; N, HETEROSTRUCTURE

Let us first study quasiparticle electronic structures
of AA-stacked MoSisN,/WSioN, heterostructure, where
the Mo (Si, N) atoms in one layer fully overlap with the
W (Si, N) atoms in the WSi;Ny layer. The optimized
layer distance between Mo and W atom is 10.492 A, much
larger than that (6.23-6.54 A) of bilayer TMDCs, such
as MoS; and WS, [31] [32]. This suggests that, compared
with bilayer TMDCs, the interlayer vdW interaction in
MoSisNy /WSisNy heterostructure is much weaker, which
is a result of the two passivated SiNs pyramid layers
and has been observed in bilayer MoSiaN4[33]. Such
weak interlayer interaction indicates quite weak band hy-
bridization between the two layers in the band edge of
MoSioN4/WSisNy heterostructure, as shown in Fig. [Ia).
This is different from bilayer or bulk TMDCs, where the
obvious hybridization of chalcogen p-states at the I" point
results in the crossover from direct band gaps in mono-
layers to indirect band gaps in multilayers[34]. In detail,
the VBM and CBM of MoSisN4/WSisNy heterostructure
are contributed by WSi;N, and MoSisNy layer, respec-
tively, indicating the type-II heterostructure. The VBM
is dominated by W d.> and d,>_,» orbitals, while CBM
mainly consists of Mo d,2 orbitals, accompanied by N p
orbitals. On the whole, it is clearly shown that the indi-
rect band gap feature and band dispersion of monolayer
MoSi; Ny are almost unaffected by the WSi;Ny substrate,
and vice versa. Therefore, the effect of wavefunction
overlap might be ignored in MAsZ,-based heterostruc-
tures.

Fig. (b) shows the absolute band edge energies of
monolayer MoSiasNy (WSigNy) in MoSiaNy/WSisNy het-
erostructure. The values of VBM and CBM in MoSisNy
are lower than those of WSi;Ny, confirming the type-
IT band alignment of MoSisN4/WSisNy heterostructure,
which is consistent with the projected band structure
analysis in Fig. [I[a). At the DFT level, the absolute
VBM and CBM of monolayer MoSisN4 (WSisNy) in the
contact system are very close to those of free-standing
sample, with energy difference smaller than 0.05 eV. Af-
ter including quasiparticle correction, compared with the
suspended monolayer, the supported MoSioaN, (WSisNy)
possesses almost the same CBM energy, while with higher
VBM. The quasiparticle correction pushes up the VBM
by 0.153 eV (0.051 eV) for supported MoSoN4 (WSioNy),
leading to a 4.9% (1.7%) reduction in quasiparticle band
gap compared to free-standing monolayers. Comparing
the band edge energies at DFT and GW levels, we can
conclude that this environment-induced renormalization
of the quasiparticle band gaps is a result of many-body
effects on the screening and thus not apparent at the
DFT level. On the other hand, the renormalization of the
quasiparticle band gap of supported MoSisNy is the same
as the bilayer MoSisN4[16], confirming the reliability of
our results. This quasiparticle band gap renormalization
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FIG. 1. The quasiparticle band structure of AA-stacked MoSi2N4/WSiz2N4 heterostructure with the irreducible representations

of energy bands at K point.

IXp, X1, X2, and X3 label the intersubband transitions at K and I' that give rise to the

corresponding excitonic or interband-transition peaks in Fig. (b) Band alignments of monolayer MoSiaN4 (WSi2Ny) in
AA-stacked MoSiaN4/WSiaNy structure calculated by PBE and GW calculations, where the band alignments of suspended
monolayers (black lines) are listed for comparison. The red and blue rectangles represent the band alignments of MoSi2N4 and
WSiaNy, respectively. (c) Plane-averaged charge density difference Ap(x) of MoSiaN4/WSiaNy heterostructure. The top panel
is a three-dimensional charge density difference, and the isosurface value is 2x107° e¢/A3. The yellow and blue areas represent

electron accumulation and depletion, respectively.

is very small in comparison with those of encapsulated
monolayer black phosphorus (MoSes), whose quasiparti-
cle band gap is reduced by 25% (11%)[35, 36]. The small
renormalization originates from the outer passivated Si-
N bilayers in MoSisN4 and WSisNy, which protect the
band edge states from the dielectric screening. In this
sense, the absolute band edge energy of isolated mono-
layer MA5Z, is still instructive for realistic conditions
with surrounded dielectric environment.

Apart from dielectric screening, charge transfer could
also affect the band alignment of MoSi;N,/WSisNy het-
erostructure. In order to quantify this effect, we ex-
tract the plane-averaged charge density difference Ap(z)
along the vertical direction (z axis) for MoSiaN,/WSisNy
heterostructure in Fig. [[[c). Here, Ap(z) is calcu-
lated by the charge density difference between the het-
erostructure and two noninteracting monolayers. For
MoSioNy/WSisNy heterostructure, the Ap(z) is on the
order of 10~% e/A, which is one order of magnitude
smaller than that of typical type-II TMDC heterostruc-
ture like PtSo/MoTey[37]. This suggests small charge
transfer between layers, consistent with the observed very
weak interlayer vdW interaction in MoSioNy/WSisNy
heterostructure. On the whole, we can see clearly that
changes in Ap(z) are almost symmetric on the two sides
of the interface. This is very different from the asym-
metric Ap(z) for other bilayers such as strained bilayer
MoSisNy and TMDCI33|, 87]. This symmetric charge dif-
ference indicates that the charge transfer is very small in
MoSi;Ny /WSisNy heterostructure, leading to the weak
interlayer interaction in MAsZ4. It is the negligible
charge transfer between the sublayeres in MA3Z, het-
erostructures that results in insignificant interlayer in-
teraction for MAsZ, bilayers.

IV. STACKING-INDEPENDENT EXCITONS IN
MOSI;N4s/WSI; N, HETEROSTRUCTURE

In a real MoSioNy/WSisNy heterostructure, two indi-
vidual layers have different orientations, forming a twist
angle and a moiré superlattice with a relatively large pe-
riod. A small-angle moiré superlattice can be viewed
as regions of high-symmetry stacking separated by do-
main walls[5], in which the periodic modulation of local
potential give rise to an exciton lattice centered on high-
symmetry stacking region forms[6l [7]. Hence, we will pay
attention to specific stacking styles and calculate their lo-
cal excitonic properties. As shown in Fig. [2| we take the
R type as an example to study the twist-angle depen-
dent excitonic properties of twisted MoSiosN4/WSisNy
heterostructure. The R type represents a small twist an-
gle rotated from the AA stacking style. In the R type of
twisted bilayers, three local stacking styles can be identi-
fied in Fig. [2] which have been denoted as AA, AB, and
AC, respectively. In the AA configuration, two monolay-
ers are aligned, and all atoms of the same type are su-
perimposed. Based on the AA configuration, the AB and
AC configurations are obtained by shifting the bottom
WSiyNy layer along the long-diagonal of the unit cell by
1/3 and 2/3, respectively. The interlayer distances and
relative energies of the three heterostructures are given
in Table[l Among the three configurations, AA possesses
the largest interlayer distance (10.492 A), and thus the
weakest interlayer interaction. The largest interlayer dis-
tance is attributed to the repulsion arising from the N
atoms superimposing in the two layers, leading to the
highest relative energy. Meanwhile, AB and AC config-
urations share similar and lower interlayer distances and
lower relative energies.

We first compare the quasiparticle band structure of



FIG. 2. The schematic plots of MoSiaN4/WSisNy4 heterostructure rotated from the AA stacking style with a small twist angle
(moiré pattern). Three local stacking styles are identified and amplified with top and side views.

TABLE I. Interlayer distance d, relative energy AFE, band gap, and energy and optical oscillator strength of the excitons for

the three different MoSiaN4/WSi>Ny4 heterostructures.

Xl IXO X2 XS

d AE EgDFT EgGW EgD}fIq; Ef%( Energy Osc. Str. Energy Osc. Str. Energy Osc. Str. Energy Osc. Str.

(A) (meV) (eV) (eV) (eV) (eV) (eV) (a.u.) (eV) (a.u.) (eV) (a.u.) (eV) (a.u.)
AA 10.492 46 1.558 2.771 1.802 2.923 2.327 635 2.451 1.8x107* 2.757 593 2.864 1672
AB 10.144 0 1.454 2.652 1.706 2.891 2.298 652 2,505 3.1x107* 2.767 690 2.866 1014
AC 10.144 0 1.643 2.849 1.902 3.057 2.326 662 2.480 0.7x107% 2.720 562 2.847 1199
the'three stacking styles. .In AB and AC conﬁ.guratio.ns, a @ x T @x,
typical type-II quasiparticle band alignment is obtained, ul ox % 1
which is similar to that of AA configuration in Fig. [I[a). gl AIX“ /\ANA’AA—ME
We focus on the band gap at K point, because the ver- 2 ok B AAWYC7 0 Vo
tical inter-band transitions and excitons around these g 21 (b) X 1 @X
points are responsible for optical spectra observed in the EUr XX 1
MoSi;N, /WSisNy moiré heterostructure. Table IH sum- EE (7) /\‘DE” : SN
marizes the GW'.—calculated. quasiparticle ban.d gaps at 6%2' L ©) % 1 ()X,
the K point, which vary with the local stacking styles. uweox, X% 1
For the R stacking styles, the energy variation is ob- 7t Ali(u J\AJ\N/\V/:)M

ol .

servable: AB style has the smallest band gap of 2.891
eV, while AC style possesses the largest band gap of
3.057 eV, showing a 166 meV variation of the quasipar-
ticle band gap. This quasiparticle band gap variation
is larger than that (100 meV) of R-type MoSes/WSey
twisted bilayers[38§].

Figs. a)c) shows the optical absorption spectra
of the three local stacking styles. Like many other 2D
structures, enhanced excitonic effects are observed: af-
ter including e-h interactions, three excitonic peaks are
formed below the quasiparticle band gap with significant
e-h binding energies around a few hundred meV. Gener-
ally, there are two types of excitons, the intralayer (Xj,
X, and X3) and interlayer ones (IXg). To elucidate these
features, we break down each exciton state into its com-
ponent transitions. The exciton wave function can be

2.1 24 27 30 33 36 39
Energy (eV)

FIG. 3. (a)-(c)Optical absorption spectra of three identified
local stacking styles in a MoSi2N4/WSiaNy heterostructure
with (red) and without e-h (blue) interactions. The energy
of the interlayer exciton (IXo) is marked by the black arrow.
A 20-meV smearing to spectral widths is applied. (d)-(f)The
reciprocal-space distribution of the charge density of bright
exciton Xl, XQ, and Xg.

written as a linear combination of electron-hole pairs

\I/)\(’I”e,'l”h) = Z Aﬁckak(re)Tz{}Zk(rh)

vck

(1)

where er(re) (¥1,.(rn)) is the quasi-particle electron



TABLE II. The character table of irreducible representations
for the little group Cs at K point, where I, C3 and C3 are
three operation classes, A, ' and £* are the irreducible rep-
resentations, and w = e>™/3,
I C3 C3
A 1 1 1

E 1 v w
B 1 w ’LU2 (xvy)a(xzyyz)a(xz 7y2axy)7(‘]17‘]y)

functions

2 2 2
z,x° +y 27, J,

(hole) wavefunctions; A indexes the exciton state; v and
¢ index the occupied and unoccupied bands, respectively;
and Aﬁck is the electron-hole amplitude. The oscillator
strengths fs reads [26]

_ 2le- (0[v[9)?

Is RE (2)

where the velocity matrix element is given by

(0[v]S) = —iQ5 37 A5, (vklr|ck). (3)
vck

There are three main bright exciton peaks X, Xg, and
X3 in the optical spectra below the quasiparticle direct
gap. The exciton wavefunction shows that the first peak
X; at lowest-energy (2.327 eV) arises from two degener-
ate excitonic states, and comes from transitions between
VBM—1 and CBM (Table within MoSisN4 mono-
layer, indicating the intralayer character. Fig. d) shows
the k-resolved e-h pair amplitudes for these two excitonic
states of Xy, which are dominated by the e-h pairs near
the minimum direct gap at K and K’ points, similar to
that in monolayer MoS3[39]. For the second peak Xs
around 2.757 eV, it comes from transitions between VBM
and CBM+1 within WSi;Ny layer. The exciton X5 orig-
inates from the direct transition at K point in reciprocal-
space exciton wave function as shown in Fig. [B[e). At
energies above the second peak, the third peak X3 is due
to the direct transition at I' point partially coinciding
with other direct transitions at K point, mostly within
MoSiaNy layer. The bright intralayer excitons have large
dipole oscillator strength, because of the significant over-
lap of their electron and hole wave functions. In addition,
the optical oscillator strengths of these three intralayer
excitons (listed in Table [I) are robust to the stacking
style, having the same order of 10? for excitons X; and
Xs, and the order of 103 for exciton Xs. This is very
different from the excitons in TDMC moiré supercells,
with the optical dipole oscillator strength modulated by
a few orders of magnitude. These prominent optical os-
cillator strengths are meaningful for designing material
platforms of moiré excitons and exciton condensations.

The interlayer exciton (IXy) is marked by the black
arrows in Figs. [B(a){3{c). For AA stacking, the exciton
IXy comes primarily from transitions between the VBM
and CBM, which make up 99% of the exciton eigenvec-
tor. It is located at 2.451 eV, and the quasiparticle direct

band gap is 2.923 eV, resulting in an e-h binding energy
of 472 meV. This is similar to the binding energy (410
meV) of MoSea/WSes bilayers[38]. The calculated op-
tical oscillator strength of the interlayer exciton shows
very small values (on the order of 107° times that of the
intralayer exciton). We analyze the selection rule at K
point to determine whether the very low brightness arises
from the forbidden transition. The character table of the
little group C3 at K point is listed in Table [ and the
calculated irreducible representations of energy bands at
K point are labeled in Fig. a) The selection rule at
K point is determined by the nonzero matrix elements of
the dipole operatorsfdd], i.e., (vK|z|cK), (vK|y|cK) and
(vK|z|cK). If these matrix elements of (vK|r|cK) are
zero, the forbidden transition will enable optically for-
bidden (dark) exciton, as indicated by Egs. and (3).
Using the irreducible representations of energy bands at
K point in Fig. (aL)7 the character table in Table [[If and
the orthogonality theorem, we obtain

(vK|z|cK) # 0, (vK|y|cK) # 0, (vK|z|cK) = 0.  (4)

The allowed transitions in Eq. with z-polarization or
y-polarization exclude the possibility from the selection
rule causing the very small optical oscillator strength of
the interlayer exciton. We thus suggest that the enor-
mous physical separation of electron and hole wave func-
tions enable the quite small oscillator strength of the in-
terlayer exciton. Note that here we still call the interlayer
exciton IXy with such a negligible oscillator strength as
dark exciton, since it is hardly directly accessible by op-
tical techniques, as presented in Fig.

As listed in Table [[] the energy and brightness of the
interlayer exciton are nearly independent of the stacking
style. It is located at 2.451 eV in AA configuration, 2.505
in AB style, and 2.480 eV in AC style, and the corre-
sponding exciton binding energies are 472, 386, and 577
meV, respectively. This dark interlayer exciton is very
different from the stacking-dependent interlayer excitons
in TMDCs, with dipole oscillator strength reaching the
same order as those of intralayer excitons. Therefore,
unlike in TMDCs [7], the moiré superlattice in bilayer
MoSiaN,/WSiaNy has minor influences on the interlayer
excitonic properties. Unlike interlayer exciton with the
lowest-energy in normal type-II heterostructures[3], 4],
the interlayer exciton IXy in MoSioNy/WSisNy type-11
heterostructures has the energy higher than their in-
tralayer exciton Xy, as shown in Fig. [3]and Table[[TI] The
intralayer exciton X; originating from the MoSisNy layer
is located at around 2.3 €V, and it depends on the stack-
ing order, with 0.1-0.2 eV below the interlayer exciton
Xj. The binding energies of intralayer exciton X are 791,
814, and 798 meV in AA, AB and AC stacking, respec-
tively, which are 200-400 meV higher than the binding
energy of the interlayer exciton. This is in stark contrast
to the case of TMDC bilayers, in which the binding en-
ergy of intralayer and interlayer exciton differ by about
0.1 eV[31l 4I]. The robust intralayer exciton and the
atypical interlayer exciton in type-II MoSiaNy/WSisNy



TABLE III. Dominant band-to-band transition and its weight
>k |Avck\2 of excitons in MoSi2N4/WSiaNy heterostructures.

State  Conduction band  Valence band >, [Avex|?
1Xo CBM VBM 0.992
X3 CBM VBM-1 0.989
Xa CBM+1 VBM 0.997
X3 CBM VBM-1 0.654

heterostructures enrich the new exciton mechanism in
2D materials and are beneficial for the design of moiré
heterostructures and optoelectronic devices.

V. MACROSCOPIC DIELECTRIC MODEL FOR
EXCITON SPECTRA IN MOSI;N,/WSI,Ny
HETEROSTRUCTURE

To explain the atypical exciton spectra in
MoSioNy/WSisNy heterostructure, we build the follow-
ing macroscopic dielectric model for 2D heterostructures.

J

> (laP +G1*)o(q,Gr)e' ¥ =)~ lame — dm(ag + e lay) Iql2

GJ_ GJ_

The monolayers at z = 0 and z = d are assumed as an
infinitely thin 2D dielectric slabs [42]. In this respect,
assuming that the charge density at position r| inside
the layer at z = 0 takes the form as p(r|, z) = ed(r|)d(2),
the induced potential ¢(r|,z) in real space follows the
Poisson’s equation:

V2¢(r“,z) = —4med(r))d(z)

—4r[a1d(z) + a20(z — d)] Vﬁ o(r, ),
()

where the second term arises from the 2D macroscopic
polarization with a; and as as the 2D polarizabilities for
the monolayers at z = 0 and z = d, respectively. After
performing the following Fourier transform,

Gry,2) = Y d(q,GL)edmei s, (6)

a,G1

where q and GG are the in-plane and out-of-plane compo-
nents of the wave vector, respectively, we rewrite Eq.
as

F o) e )

where d is the distance between the two monolayers. Simplifying Eq. , we write ¢(q,G ) as

4dre — dm(aq + e_iGLda2)|Q|2¢2D(q7 z)

¢(qa GJ—) =

where

¢2D (qv

a2 +G.*?

; (8)

Z¢ (q,G1)e'“+* (9)

Performing a sum over G for Eq. and using Eq. @D, we have

¢2D (q7 )

Then we obtain ¢2p(q, z) as

4re — Ar|gl*a1dap(q, 2) Z e’ - 4rla[*as¢an(a, 2) Z G (10)
or a2 + G 2 N lal2 + G2
[
i.e., ¢ap(q,z = 0), and
2meelald

27‘(‘667‘(1Hz|
la| + 27| q|2aq e~ 1allz] + 27| q|2ape—lallz—dl”

(11)
Consequently, the induced intralayer potential and inter-
layer potential correspondingly read

¢2D (qv Z) =

2me
lal + 27|q|?a1 + 27|g|2age—lald’

¢intra (q) = (12)

¢inter(q) =

. (3
[l 2rlaPare 19 1 2nfqPag’ )

e., ¢ap(q,z = d). By comparison, for 2D monolayer
materials with the polarizability o and d = 0 in Eq. (L1J),
the induced potential reads

2me

_me 14)
o+ 27lafa (

(bmono (Q) =

which reproduces the result in Ref. [42].



Eqgs. — indicate that the three potentials decay with the increasing of |q| and diverge at |q| = 0. From
on(q) = ﬁ, we define the g-dependent effective dielectric function €,(q) as

- 2me

67;(‘1) = %(7

lal (15)

where n = {intra, inter, mono} is the exciton type. The Coulomb interaction in Egs. — with a corresponding
cutoff 1/a; of |q| is an estimation of the exciton binding energy E} in SI unit, i.e.,

et [T [ P 16
b 47TEOS/O /0 eén(@)adq = 6075/0 % ¢ (16)

where ¢ = |q|, e is the unit charge, S is the area, € is the vacuum dielectric constant, a7, is the n-exciton Bohr radius
as the root mean square radius of the exciton wave function in real space. Based on the fact that the terms with the
rapid decaying factor e~19l¢ in the denominators of Eqs. and are small correction terms, we neglect them
and derive the following analytically approximate expressions of E{""® and E{"e",

) 2 2
g — &gy (14 2001,
2605@1 a? ra
2p77 d d d ()
. e“e T2
Ejnter = Ei(———— — ——) — Ei(— ",
2e050n alBter  2mag 2moug

where Ei(z) is the special function giving the exponential integral function Ei(z) = ffoo et—tdt. Eqgs. —, Eq.

and Eq. are the central results of the macroscopic dielectric model for excitons in bilayer systems.

In the above macroscopic model, the effective dielec-
tric function €,(q) = 2me/(¢,(q))|q| is determined by the
three parameters oy, as and d. We have calculated their
values from the ab initio method and list them in Ta-
ble m The polarizabilities a; and ag are close to each
other for MoSisN,/WSisNy and MoS; /WSy with their
values near 6 A. However, the layer distance d = 6.3 A for
MoS2 /WS, is almost half of that for MoSiaN4/WSisNy
with it values 10.492 A. We extract the Bohr radius a'}
for the n exciton from the distribution of exciton wave
function given by the GW-BSE calculations. As listed in
Table excitons in MoSisN,/WSisNy have their Bohr
radii a7 ~ 7.142 A and a}§**" ~ 9.091 A, and exci-
tons in MoSs /WS, have their Bohr radii a%’”a ~ 11.120
A and atmter ~ 15.384 A. The areas S calculated by using
Eq. , Eq. , Ejom? ~ 0.95 eV and a’5°"° ~ 5.926
A for MoSiyNy, and E*™° ~ 0.5 eV and a5 ~ 12.7

A for MoS, from GW computations are about 31.69 A®
and 40.06 AZ, respectively.

e 1

Fig. a) shows the g-dependent binding energy den-
sities 60—; z(g of exciton in Eq. for the in-
tralayer exciton X; and the interlayer exciton IXy in
MoSiaNy /WSisNy heterostructure as well as the exciton
binding energy density for MoSis N4 monolayer. For com-
parisons, Fig. (b) shows the corresponding exciton bind-
ing energy densities for MoSs /WS, heterostructure and
MoS; monolayer. The sharper decay of binding energy
density for interlayer excitons than that for intralayer ex-
citons exists for both MoSisN4/WSisNy and MoSo /WSs
heterostructures in Fig. a) and b)7 because of the

(

additional factor e~!91? in the numerator for interlayer
excitons in Eq. . Therefore, the binding energy den-
sity of intralayer excitons is always larger than that of
the interlayer excitons. From Eq. , the exciton bind-
ing energy is determined by the area under the curve
from 0 to (a’)~!. Consequently, the less Bohr radius
for intralayer excitons results in a larger binding energy
than that for interlayer excitons. The calculated bind-
ing energy are Ei"°" ~ 0.428 eV and E;"" ~ 0.692 eV
for MoSiaN4/WSisNy heterostructure, and the calculated
binding energy E{"°" ~ 0.294 eV and E/"*"* = 0.397 eV
for MoS3 /WS, heterostructure, as shown in Table
These results from the macroscopic model are compara-
ble with those from the GW-BSE approach. We figure
out that the macroscopic model only includes the direct
interaction term without the exchange interaction contri-
bution. The GW-BSE calculation results show that the
exchange energy for both interlayer and intralayer exci-
tons is relatively small comparing with the direct term
in MoSisN, /WSisNy heterostructures. The discrepancy
between the classical electrostatic binding energy and the
GW-BSE value especially for the intralayer exciton with
a difference of 200 meV arises from Eq. , which is
only an estimation of the exciton binding energy. The
more accurate value is given by the GW-BSE.

Another difference for their binding energy between
MoSisNy /WSisNy and MoS;/WSs  heterostructures is
that the difference E{"re — Einter for MoSiaN,/WSiaNy
is larger than that for MoSs/WS,, as shown in Table
Actually, we can also clearly see the larger binding en-
ergy density difference for MoSiaN4/WSioNy in Fig. a)



TABLE IV. The 2D polarizability a1 (MoSiaN4 or MoS2), ae (WSi2Ns or WS2), layer distance d, exciton Bohr radius ag,

and exciton binding energy calculated by our model(F;
heterostructures.

Model

) and GW+BSE (EZ5F) for MoSiaN4/WSiaNy and MoS2/WSs

inter intra
ar(A) aa(A)  dA)  aBT(A)  agT(A)  EYNeV)  EBFF(eV)  EBTYNeV)  EpSE(eV)
MoSiaN4/WSiaNy  5.926 5.615  10.492 9.091 7.142 0.428 0.472 0.692 0.903
MoS2/WS» 6.489  6.311 6.300 15.384 11.120 0.294 0.430 0.397 0.500
@ r ! — = — VI. CONCLUSION
b MoSipN;/WSipN, 1 | —inter
| | —intra
0'8; i i In conclusion, we systematically study the band align-
?g 06F ! ! ment and excitons in MoSisN, /WSiaNy heterostructure
e r l l using ab initio GW and Bethe-Salpeter equation calcu-
== 04 ! ! . . . . .
= r ! ! lations. The quasiparticle band alignment is type II and
02F l } insensitive to the dielectric environment screening, with
0: : ! band edge energies of composed single layer changing
0 0.05 0.1 0.15 0.2 about 0.15 eV, leading to a 4% reduction in the quasi-
q (A particle band gap compared to free-standing monolayers.
b - — —— However, unlike normal type-II heterostructures, opti-
1F MoSy /WS, i i ——inter cally, MoSioN4/WSisNy heterostructure behaves like a
! ! —intra 3 type-I heterostructure, where the lowest optical excita-
0.8+ | | mono— . .. . . . . .
: ! ! 1 tions is intralayer exciton while the interlayer exciton is
2 06F ! ! - higher in energy. Using a macroscopic dielectric model,
T oal | | p we attribute this unique feature to the large layer dis-
T 1 ! ] tance and small exciton Bohr radius of MoSiaN4/WSiaNy
02F | i . heterostructure. Additionally, we find the interlayer ex-

FIG. 4. g-dependent binding energy densities for n-exciton in
Eq. for (a) MoSiaN4/WSisNy4 and (b) MoS2/WS» het-
erostructures, where n = inter, intra or mono denote the inter-
layer, intralayer or monolayer excitons, and a%**" and a%'"®
are the Bohr radii for the interlayer and intralayer excitons,

respectively.

than that for MoSs/WSs in Fig. b), as a result of the
larger layer distance d leading to the sharper decay for
MoSioNy/WSisNy. Because the energy position E} of
exciton absorption peak is determined by the difference
between the band edge E;!, and the binding energy E;! for
n-exciton, i.e., B} = E}, — B}/, the larger binding energy
difference between Ei""™® and Ej"°" with similar band
edges E/m® ~ Ei™e" induce the atypical exciton spec-
tra, i.e., E;;”ter > EZ,"”’“, for MoSiaNy/WSisNy, com-
paring with that for MoS;/WSs. Therefore, our macro-
scopic model indicates that the atypical exciton spectra
in MoSisN4/WSisNy is mainly attributed to its larger
layer distance and its smaller exciton Bohr radius com-
paring with MoSs/WSs.

citon is dark due to negligible electron-hole overlap, and
the energy and oscillator strength of intralayer exciton
are almost independent of the stacking configuration.
The atypical interlayer exciton and robust intralayer exci-
ton in type-II MoSisN, /WSiaNy heterostructures enrich
the picture of excitons in 2D materials and are useful for
the design of moiré heterostructures and optoelectronic
devices.
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