
ARTICLE OPEN

Prediction of protected band edge states and dielectric tunable
quasiparticle and excitonic properties of monolayer MoSi2N4
Yabei Wu 1,2,3,7, Zhao Tang4,7, Weiyi Xia4, Weiwei Gao5, Fanhao Jia4,6, Yubo Zhang1,2, Wenguang Zhu 3, Wenqing Zhang 1,2✉ and
Peihong Zhang 4✉

The electronic structure of two-dimensional (2D) materials are inherently prone to environmental perturbations, which may
pose significant challenges to their applications in electronic or optoelectronic devices. A 2D material couples with its
environment through two mechanisms: local chemical coupling and nonlocal dielectric screening effects. The local chemical
coupling is often difficult to predict or control experimentally. Nonlocal dielectric screening, on the other hand, can be tuned
by choosing the substrates or layer thickness in a controllable manner. Therefore, a compelling 2D electronic material should
offer band edge states that are robust against local chemical coupling effects. Here it is demonstrated that the recently
synthesized MoSi2N4 is an ideal 2D semiconductor with robust band edge states protected from capricious environmental
chemical coupling effects. Detailed many-body perturbation theory calculations are carried out to illustrate how the band
edge states of MoSi2N4 are shielded from the direct chemical coupling effects, but its quasiparticle and excitonic properties
can be modulated through the nonlocal dielectric screening effects. This unique property, together with the moderate band
gap and the thermodynamic and mechanical stability of this material, paves the way for a range of applications of MoSi2N4 in
areas including energy, 2D electronics, and optoelectronics.
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INTRODUCTION
It is difficult to overstate the research interest in two-
dimensional (2D) materials due to their rich physics and
potential applications in next-generation electronic devices1,2.
While significant progress has been made in our understanding
of the fundamental physics and properties of 2D materials, their
practical applications have certainly lagged behind. Much
recent effort has been put into exploiting the interlayer
coupling effects of 2D materials to tune their electronic, optical,
or magnetic properties3–6, or even to create exotic states such
as those observed in twisted graphene7–9.
However, the fact that the low energy electronic structure,

especially the band edge states, of 2D materials are prone to
environmental perturbations may become a major issue facing
their practical applications in electronic or optoelectronic devices.
There are two fundamental mechanisms through which a 2D
material may couple with its environment: local chemical
interaction and nonlocal dielectric screening. Nonlocal screening
effects can be engineered with the choice of the substrate and/or
the layer thickness, which can actually serve as an advantageous
mechanism to tailor the quasiparticle and optical properties of 2D
semiconductors in a controllable manner10–13. Local chemical
coupling, which may arise from unintentional surface adsorption
and/or interfacial chemical coupling, on the other hand, is
particularly difficult to predict and control in experiment but can
significantly affect the band edge states of 2D materials. Note that

even very weak chemical coupling at typical van der Waals (vdW)
distances, i.e., without the formation of conventional chemical
bonds, can significantly affect the band edge states. These
interactions may strongly modify the electronic structure of 2D
semiconductors, thus their device performance. Therefore, a
compelling 2D electronic material should offer band edge states
that are robust against weak surface or interfacial chemical
interactions.
Here we demonstrate that the recently synthesized MoSi2N4

14

may provide such an ideal 2D semiconductor with band-edge
states being protected from capricious chemical couplings.
MoSi2N4 belongs to a family of emerging 2D materials with the
chemical formula MSi2N4, where M is a transition metal and Si and
N may be replaced by other group IV and V elements, respectively.
This material has demonstrated excellent ambient stability14. A
number of interesting properties such as piezoelectricity and high
thermal conductivity15, and spin-valley coupling16,17 have also
been predicted. In this work, we have carried out thorough density
functional theory (DFT) and many-body perturbation theory
calculations to illustrate how the band edge states of MoSi2N4

are essentially shielded from direct chemical coupling to its
environment, and at the same time, the quasiparticle and
excitonic properties of MoSi2N4 can be modulated through the
nonlocal dielectric screening effects which renormalize the
electron-electron (e-e) and electron-hole (e-h) interactions.
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RESULTS
Electronic and structural properties of MoSi2N4: from
monolayer to bulk
The crystal structure of the newly synthesized monolayer MoSi2N4

is shown in Fig. 1, which can be considered as an MoN2 layer
sandwiched between two SiN layers. The optimized in-plane
lattice constant for monolayer MoSi2N4 is 2.896 Å, which is
consistent with an earlier report14. The distance between two Si
layers is 5.99 Å, which also agrees with experiment14. The strong
polar covalent bonding and the relatively thick layer structure
provide an energetically and mechanically stable structure for
potential applications.
Such a multi-atomic layer structure also offers the possibility of

having protected band edge states from weak interfacial chemical
coupling if these states are primarily derived from orbitals of the
interior atoms. To investigate such possibility, we carry out DFT
calculations of the layer-dependent electronic structure of
MoSi2N4. We first construct six bilayer structures and the
corresponding bulk structures with different stacking patterns.
The structures are optimized using the PBE functional with the
DFT-D318 correction to account for the interlayer vdW interaction.
Details of the optimized structures are shown in the Supplemen-
tary Fig. 1 and Supplementary Table 1. The calculated inter-layer
separation ranges from 3.270 to 2.825 Å for the bilayer structure,
and 3.222 to 2.807 Å for the bulk phase. Not surprisingly, the
lowest energy structures have the smallest interlayer separations.
Table 1 compares the calculated interlayer separation d and
binding energy of the most stable bilayer and bulk MoSi2N4 with a
few selected layered materials. Experimental values for the bulk
interlayer distances, if available, are also shown for comparison.
Compared with other layered materials, MoSi2N4 has slightly
smaller interlayer distances d, and the interlayer binding energy
also falls within that of a typical layered material.
It is well known that interlayer chemical coupling can

significantly modify the low energy electronic structure, especially
the band gap, of many vdW layered materials. Such chemical
coupling effects can be well described within DFT provided that
the interlayer separations are properly determined. With the small
interlayer separations and moderate interlayer binding energy, we
would expect that MoSi2N4 experiences similar chemical coupling
effects found in other layered materials.
Figure 2 compares the PBE band structure of monolayer, bilayer,

and bulk MoSi2N4 calculated using the optimized structures.
Monolayer MoSi2N4 has an indirect band gap of 1.79 eV calculated
within PBE; the valence band maximum (VBM) locates at the Γ
point and the conduction band minimum (CBM) locates at K. These

results are consistent with other theoretical results14,16. Surpris-
ingly, the calculated PBE band gap of bilayer MoSi2N4 is 1.77 eV,
and that of the bulk phase is 1.70 eV, which are only 20meV and
90meV smaller than that of the monolayer structure, respectively.
The DFT-PBE band structures of the five metastable structures for
the bilayer and bulk phases are shown in Supplementary Figure 2.
The dispersion of the low energy electronic structures also

shows negligible changes going from monolayer to bulk. The fact
that interlayer coupling has negligible effects on the calculated
band gap and the low energy band dispersion (at the DFT level) of
MoSi2N4 is in stark contrast with other layered materials, as shown
in Table 2, considering that these materials have comparable
interlayer separations and binding energies (Table 1). For example,
the DFT band gap of MoS2 changes from 1.72 eV (monolayer) to
0.88 eV (bulk), and C3N and C3B both show a band gap change of
over 1.3 eV from monolayer to bulk.
Before we proceed, we briefly discuss the spin-orbit coupling

(SOC) effect in this system. The PBE band structure of monolayer
MoSi2N4 calculated with SOC included is shown with red dotted
lines in Fig. 2(a). The SOC effects result in a splitting of 130 meV of
the top valence band at the K point; the SOC effects on the CBM
(at the K point) and VBM (Γ) states are negligible. These results
agree well with experiment14.

Robust band edge states protected from interfacial chemical
coupling
The negligible layer dependence of the calculated DFT gap
strongly hints at the presence of robust near-edge electronic
states that are shielded from interfacial chemical coupling. This is
only possible if the band edge states are derived primarily from
interior (i.e., Mo and interior N atoms) atomic orbitals. In order to
gain further understanding, we show in Fig. 3 (a) the decomposi-
tion of the Kohn-Sham wave functions near the band gap into
contributions from atomic orbitals. It is obvious that the band
edge states are largely derived from Mo d orbitals with a small
admixture of other atomic orbitals. This is also clearly seen in Fig. 3
(b) and (c), in which we show the isosurface charge density plots
of the band edge states at the K point: the charge density of the
band edges states mainly locates inside the MoSi2N4 layer.
Considering the relatively thick monolayer structure and the fact
that Mo d orbitals are fairly localized, interlayer chemical coupling
effects on the band edge states are greatly reduced.
The presence of small admixtures of atomic orbitals derived

from Si and surface N atoms in the band edge states explains the
slight layer-dependent DFT band structure and band gap as
shown in Fig. 2 and Table 2. Interlayer chemical coupling
(hybridization) will occur for states which have significant
contributions from outer atomic orbitals. Interestingly, these
states are either significantly above or below the band gap.
Therefore, MoSi2N4 offers an exciting material system with band

Fig. 1 Side view and top view of the crystal structure of
monolayer MoSi2N4. The surface and interior N atoms are shown
with red and blue colors, respectively.

Table 1. Comparison between the calculated interlayer binding
energy (Ebind= (2Emonolayer− Ebilayer)/A, in meV/Å2) and interlayer
separation d (in Å) of MoSi2N4 with a few selected layered materials
using the PBE functional with the DFT-D3 correction.

MoSi2N4 MoS2 WS2 Black
phosphorus

C3N C3B

Binding Energy 43.8 39.2 41.9 33.3 30.2 27.7

Bilayer d 2.825 2.944 3.012 3.182 3.202 3.206

Bulk d Theory 2.807 2.921 2.951 3.194 3.187 3.097

Exp. – 2.975 3.019 3.101 – –

Experimental results for MoS2, WS2, and black phosphorus are taken from
refs. 40–42, respectively.
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edge states protected from interfacial chemical coupling. It should
be pointed out that although we only discuss interlayer chemical
coupling effects here, we expect that the band edge states of
MoSi2N4 are similarly protected from other surface or interfacial
perturbations such as physical adsorptions, or weak chemical
coupling with substrates (i.e., without the formation of strong
chemical bonds). As we have mentioned earlier, these perturba-
tions are difficult to control or predict but may significantly affect
the performance of 2D electronic devices.

Layer-dependent quasiparticle properties: tailoring the
electronic structure with nonlocal dielectric screening effects
Our results have unequivocally demonstrated that MoSi2N4 is a
unique layered material with band edge states protected from
surface or interfacial perturbations. This does not mean, however,
that the quasiparticle or excitonic properties of MoSi2N4 are not
affected by nonlocal interlayer or substrate coupling effects. In
fact, substrate or layer-dependent dielectric screening effects can
strongly renormalize the e-e or e-h interactions, thus the
quasiparticle and excitonic properties of 2D materials. Fortunately,
unlike local chemical coupling, which is challenging to control in
experiment, substrate or interlayer screening effects can serve as
an effective means to modulate the quasiparticle and optical
properties of 2D materials10–12. To this end, we first carry out fully
converged GW calculations for monolayer, bilayer, and bulk
MoSi2N4, aiming at illustrating the dielectric screening effects on
the quasiparticle properties, in particular, the quasiparticle band
gap, of MoSi2N4.
Figure 4 compares the GW band structures of monolayer,

bilayer, and bulk MoSi2N4. The band gaps of all three structures
remain indirect (Γ to K) in nature within the GW approximation.
Although the DFT band gap of MoSi2N4 shows a very small layer
dependence, changing from 1.79 to 1.70 eV from the monolayer
to the bulk phase as we have discussed earlier, the quasiparticle
band gap shows more a substantial layer dependence as
summarized in Table 3. The calculated GW band gaps (indirect)
are 2.82 eV for monolayer, 2.67 eV for bilayer, and 2.41 eV for bulk
MoSi2N4, representing a self-energy correction ranging from 1.03
(monolayer) to 0.71 (bulk) eV. Note that even calculated at the GW
level, the layer-dependence of the quasiparticle band gap of

MoSi2N4 is still significantly weaker than other well-known 2D
materials such as MoS2

19,20 and black phosphorus5. For instance,
the GW band gap correction for monolayer MoS2 is 0.96 eV19, and
that for bulk is 0.41 eV20. Those for black phosphorus are 1.17 and
0.26 eV5. These results again suggest that the band edge states of
MoSi2N4 are not as sensitive to environmental perturbation as
other 2D materials. On the other hand, controlled fine tuning of
the quasiparticle band gap (from 2.82 to 2.41 eV) is still possible
with the choice of substrate and/or layer thickness. Similarly,
excitonic properties can be modulated through engineering the
dielectric screening, as we will discuss in the next section.
It should be pointed out that fully converged GW calculations

for 2D materials remain a challenge due to the large cell size
and the unusual analytical behaviors of 2D dielectric functions
and electron self-energies, which make conventional GW
calculations using the band-by-band summation and the
uniform Brillouin zone (BZ) integration approach rather
inefficient. Our work takes advantage of the recent code
developments21,22 that can drastically speed up GW calcula-
tions for 2D materials. Using these new developments, we can
effectively include all conduction bands in the GW calculations,
thus eliminating the need for tedious band convergence tests21.
In addition, the combined subsampling and analytical BZ
integration approach22 greatly improves the efficiency of the
BZ integration of the quasiparticle self-energy. In this work, the
self-energy integration in the BZ is carried out using a 6 × 6 × 1
k-grid with four subsampling points; these parameters are
sufficient to converge the GW band gap to within 0.03 eV as
discussed in our previous publications3,22–24. We have also
tested the convergence of the calculated results with respect to
the thickness of the vacuum layer. More detail of the
convergence test of our GW and BSE calculations can be found
in Supplementary Figs. 3 and 4.

Layer-dependent electron-hole excitations and optical
properties
Now we investigate the layer-dependent e-h excitations and
optical properties of MoSi2N4. The quasiparticle properties are
calculated within the GW approximation as described in the
previous section, and the e-h excitation spectra are obtained by
solving the Bethe-Salpeter equation (BSE)25, which is transformed
into a simplified eigenvalue problem after decoupling the
excitations and de-excitations (also known as the Tamm-Dancoff
approximation)25:

ðEc~k � Ev~kÞAS

vc k
* þ

X

v0c0 k
*

0

< vc k
*

jK̂ehjv0c0 k
* 0>AS

v0c0 k
*

0
¼ ΩSAS

vc k
*; (1)

where K̂ehis the e-h interaction kernel, Ec~k ðEv~kÞ is the quasiparticle
energy of conduction (valence) states, S labels the excitonic state
jS> with eigenvalue ΩSand eigenstate function constructed using
the electron and hole wave functions with the e-h coefficient AS

vc k
*:

ψSð~re;~rhÞ ¼
X

vc k
*

AS

vc k
*φc~kð~reÞφv~kð~rhÞ (2)

Fig. 2 DFT-PBE calculated band structures for MoSi2N4 from monolayer to bulk. The blue solid and red dotted lines in (a) represent the
band structure without and with SOC effects for monolayer MoSi2N4, respectively.

Table 2. Interlayer chemical coupling effects on the band gap of
MoSi2N4 compared with other layered materials.

MoSi2N4 MoS2 WS2 Black phosphorus C3N C3B

Monolayer 1.79 1.72 1.96 0.83 0.39 0.64

Bilayer 1.77 1.26 1.45 0.48 0.13 0.10

Bulk 1.70 0.88 0.98 0.04 −0.98 −0.68

The band gaps (in eV) are calculated at the DFT-PBE level. Experimental
results for MoS2, WS2, black phosphorus, C3N, and C3B are taken from
refs. 3,5,23,43, respectively.
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In our calculations, four (eight) valence and four (eight) conduc-
tion states are included in the expansion of the excitonic wave
functions for the monolayer (bulk or bilayer) MoSi2N4, which
should be adequate to cover excitations of up to at least 6 eV. We
have also carried out calculations using more valence and
conduction bands; the results for low energy excitations are
practically unchanged as shown in Supplementary Table 3. The
contribution to an excitonic state jS> from e-h pairs in the BZ can
be conveniently visualized using the k-dependent excitonic
amplitude function jAS

k
*j2 ¼ P

vc jAS

vc k
*j2. The imaginary part of

the frequency-dependent macroscopic dielectric function

including the excitonic effects is then given by (using atomic
units)

ε2ðωÞ ¼ 16π2

ω2

X

S

j~λ � < 0j~vjS > j2δðω� ΩSÞ (3)

where~λ is the unit vector of the polarization direction of light and
~v is the velocity operator. A Gaussian smearing of width 25 meV is
used in the calculation of ε2ðωÞ.
Figure. 5 compares the calculated ε2ðωÞfor monolayer (a),

bilayer (b), and bulk (c) MoSi2N4. We include results calculated
with (blue) and without (black) e-h interaction. Including the e-h
interaction not only significantly shifts the absorption edge but
also produces prominent excitonic absorption peaks. Note that it
is well-known that the dielectric function is volumetric, therefore it
scales with the thickness of the vacuum layer for 2D systems26–28.
However, the excitonic features (i.e., the position and relative
strength of the excitonic peaks) can be compared directly with
experiment as long as the results are adequately converged with
respect to the interlayer separation. The first absorption peak (i.e.,
peak A) at 2.50 eV for the monolayer MoSi2N4 arises from two
degenerate excitonic states, to be compared with the reported
first optical absorption peak at 2.21 eV14. In addition to the
underlying accuracy of the theory, factors that may contribute to
the difference between experiment and theory include tempera-
ture and SOC effects; both effects turn to shift the absorption
energy downwards. It is interesting that two excitonic states can
give rise to such a strong absorption. The k-resolved e-h pair

Fig. 4 GW band structures for MoSi2N4 from monolayer to bulk. a–c represent the GW band structure of monolayer, bilayer, and bulk
MoSi2N4, respectively. Important electron and hole states involved in the optical transitions that give rise to the A (red), B (green), and C (blue)
low energy absorption peaks in monolayer MoSi2N4 are also shown.

Table 3. Layer-dependent direct and indirect quasiparticle band gaps
(in eV) of MoSi2N4 calculated within the GW approximation.

Indirect gap Γ→K Monolayer Bilayer Bulk

DFT-PBE 1.79 1.77 1.70

GW 2.82 2.67 2.41

GW correction 1.03 0.90 0.71

Direct gap at K

DFT-PBE 2.03 2.09 2.10

GW 3.13 2.94 2.71

GW correction 1.10 0.85 0.61

Fig. 3 Atomic character of the near band edge states of MoSi2N4. a Decomposition of Bloch wave function of MoSi2N4 into atomic
contributions, b the isosurface charge density plot ðρ ¼ 0:02e=Å3Þ for the top of the valence band at the K point, and c the isosurface charge
density plot for the bottom of the conduction band at the K point.

Y. Wu et al.
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amplitudes jAS

k
*j2for these two excitonic states are shown in Fig. 5

(d). It is clear that the dominant contribution to the first two
excitonic states comes from the e-h pairs near the minimum direct
gap at the K and K’ points [see Fig. 4 (a) for the quasiparticle band
structure of monolayer MoSi2N4]. This is very similar to that in
monolayer MoS229. Therefore, for the A excitons, we can define a
non-interacting electron-hole pair excitation gap Enon�int ¼ EQPcK �
EQPvK , which is the minimum quasiparticle band gap at the K point.
Measuring from this non-interacting electron-hole pair excitation
gap, we obtain the exciton binding energy of about 0.63 eV for the
first two excitonic states. A more rigorous definition for the
exciton binding energy is the difference between the mean
quasiparticle excitation gap (for a given excitonic state) and the
excitonic eigenvalue, i.e.,

ESbind ¼
X

vc k
*

jAS
vc k

*j2ðEQP
c k
*�EQP

v k
*Þ � ΩS:

(4)

Using this definition, we obtain an exciton binding energy of
0.78 eV for the A exciton for the monolayer MoSi2N4.
Peak B (at around 2.79 eV) consists of eight energetically close

lying (i.e., nearly degenerate) excitonic states; these excitonic
states are derived from e-h pairs around the Γ point and near the K
(K’) point with close quasiparticle band gaps. This can be clearly
seen in Fig. 5 (e), which shows

P
S2fBg jAS

k
*j2, summation of the

k-resolved e-h amplitudes of the eight excitonic states that
contribute to the B absorption peak. Another pronounced
adsorption peak (peak C) appears at about 2.97 eV. This
absorption peak comprises ten bright excitonic states. The
summation of the e-h amplitudes,

P
S2fCg jAS

k
*j2, of these states is

shown in Fig. 5 (f), suggesting that this absorption peak primarily
originates from e-h pairs states with wave vectors near the Γ point
along the Γ-M directions, forming a ring-like structure around the Γ
point with a small mixture of e-h pairs near the K (K’) point. These
features are consistent with the GW band structure shown in
Fig. 4. Note that SOC effect is not included in these calculations.
Including SOC will result in a double-peak structure of the first
excitonic peak with a splitting of about 130 meV. The SOC splitting
for the B and C peaks, however, is substantially smaller (about 50

meV). This is because the e-h pairs involved in the formation of the
excitons that are responsible for the B and C absorption peaks
spread out near the Γ and K (K’) points [see Fig. 5(e) and (f)] where
the SOC splitting is significantly reduced at the one-particle level
as we have discussed earlier.
Figure 5 (b) and (c) show the imaginary part of the dielectric

function of the bilayer and bulk phases. Similar to the case of the
monolayer, three strong low energy absorption peaks can be
clearly identified for the bilayer system. Due to the increasingly
stronger dielectric screening, therefore weakened e-h interaction,
the calculated exciton binding energies decrease to 0.40 eV and
0.12 eV for the bilayer and bulk phases, respectively. The position
of the absorption peak A shifts slightly upwards with the
increasing layer thickness: 2.50 eV for monolayer, 2.53 eV for
bilayer, and 2.59 eV for bulk. These shifts, however, are likely
within the numerical accuracy of the calculations. The fairly stable
optical band gap (with respect to the layer thickness) can be
traced to the fact that the band edge states of MoSi2N4 are
protected from the interlayer coupling, as we have discussed in
sections II A and B. Additional results comparing the percentage
absorbance between the monolayer and bilayer MoSi2N4, and the
imaginary part of the dielectric function calculated using a larger
broadening parameter of 40 meV are shown in Supplementary
Figs. 6 and 7.
Compared with other 2D materials, the DFT band gap of

MoSi2N4 does not experience a significant reduction with the
increasing number of layers, as shown in Table 3. The calculated
DFT direct gap at the K point actually increases slightly from 2.03
eV (monolayer) to 2.10 eV (bulk). The GW quasiparticle correction
and the excitonic binding energy partially cancel out, as shown in
Table 4. This leads to a net correction to the optical excitation gap
ðΔΣ� EAbindÞ (from the DFT value) that is nearly unchanged going
from monolayer to bulk. As a result, the optical gap of MoSi2N4 is
also rather insensitive to the number of layers or environmental
perturbations, which may be advantageous for applications that
require a stable optical gap. We would like to emphasize that the
partial cancellation between the quasiparticle self-energy correc-
tion and the excite binding energy alone cannot fully explain a
stable optical gap in this system. There are plenty of example of
2D materials with significant layer dependent optical gaps;
examples include GeSe30, black phosphorus5, C3N and C3B.
Finally, we summarize in Fig. 6 the evolution of indirect

minimum band gap, the direct band gap at the K point, and the
optical gap as a function of the number of layers. As we have
discussed earlier, the band gap of MoSi2N4 calculated at the PBE
level is surprisingly stable thanks to the protected band edge
states that are not susceptible to interlayer chemical coupling.
Including the nonlocal self-energy correction within the GW
approximation, however, leads to a significant layer-dependent
quasiparticle band gap. Therefore, MoSi2N4 provides an interest-
ing material system with robust band edge states that are spared
from undesirable chemical coupling, but at the same time, tunable
quasiparticle and excitonic properties through dielectric (or
Coulomb) engineering.

Fig. 5 Layer-dependent optical properties of MoSi2N4. a–c show
the absorption spectra of MoSi2N4 from monolayer to bulk, and (d–f)
e-h pair amplitudes of the first three absorption peaks of monolayer
MoSi2N4.

Table 4. Layer-dependent GW band gap correction (ΔΣ) (to the direct
gap at the K point), binding energy of the A exciton (EAbind ), and optical
gap (Eoptg ) of MoSi2N4. (in eV).

Monolayer Bilayer Bulk

GW correction ΔΣ 1.10 0.85 0.61

A-exciton binding energy EAbind 0.63 0.40 0.12

ΔΣ� EAbind ¼ EDFTg � Eoptg 0.47 0.45 0.49

Eoptg 2.50 2.53 2.59

Y. Wu et al.
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Before we conclude, we would like to mention that calculations
of e-h excitations at the GW-BSE level are extremely difficult to
converge19,29,31, especially with respect to the k-point sampling
density. To alleviate the computational burden of BSE calculations,
one often carries out the calculations on a relative coarse k-grid,
the e-h kernel matrices are then interpolated to finer k-grids to
obtain the final results. For the monolayer and bilayer structures,
the e-h interaction kernel matrices are first calculated using a
coarse 24 × 24 × 1 k-grid, the results are then interpolated onto a
fine 72 × 72 × 1 k-grid from which the e-h excitations and optical
absorption are obtained. For the bulk system, we use an 18 × 18 ×
2 coarse k-grid and a 36×36×8 fine k-grid in our calculations. We
have carefully tested the convergence of our results with respect
to the k-point sampling density (Supplementary Table 2,
Supplementary Figs. 4 and 5). We believe the results should
converge to within about 50 meV. We have also tested the
adequacy of the number of valence and conduction bands
included in the expansion of the excitonic wave functions
(Supplementary Table 3).

Discussion
We have performed detailed first-principles calculations for
the newly discovered layered material MoSi2N4. We find that the
interlayer binding energy between MoSi2N4 layers is comparable
to those in MoS2 and other well-studied layered materials, but
the calculated DFT-PBE band gap of MoSi2N4 is barely affected by
the interlayer interaction, in stark contrast to other layered
materials. Detailed analyses reveal that the wave functions of
the band edge states of MoSi2N4 are derived primarily from
interior atomic orbitals (i.e., Mo and interior N atoms) and thus are
shielded from surface or interfacial chemical perturbations.
The quasiparticle and excitonic properties of MoSi2N4 can still
be modulated through the nonlocal dielectric screening effects, as
demonstrated by our GW-BSE calculations. The quasiparticle band
gap of MoSi2N4 varies from 2.82 eV for the monolayer to 2.41 eV
for the bulk phase. Interestingly, the optical band gap actually
increases slightly with the increasing number of layers, changing
from 2.50 eV (monolayer) to 2.60 eV (bulk). Our findings suggest
that MoSi2N4 offers robust band edge states that are largely
protected from undesirable environmental chemical interactions.
The quasiparticle and excitonic properties can then be solely
tuned by nonlocal screening effects, which can be achieved
through the choice of appropriate substrate and/or controlling the
layer thickness. This unique property, together with the moderate
band gap and the thermodynamic and mechanical stability, may
pave the way for applications of MoSi2N4 in areas including
energy, 2D electronics, and optoelectronics.

METHODS
First-principles GW and GW-BSE calculations
Structural optimizations for the monolayer, bilayer, and bulk phase
MoSi2N4 with different layer stacking patterns are carried out using the
Vienna ab initio simulation package (VASP)32,33. The Perdew-Burke-
Ernzerhof (PBE)34,35 functional is used for the basic electronic band
structure calculations, and the DFT-D3 correction of Grimme et al.18 is
employed in structural optimizations to account for the van der Waals
(vdW) interactions. To minimize the fictitious interaction between periodic
image layers, a vacuum layer of over 20 Å is included in the unit cell of
monolayer and bilayer systems.
The layer-dependent quasiparticle and optical properties of MoSi2N4 are

calculated using the BerkeleyGW package36 within the GW37 and Bethe-
Salpeter equation (BSE)25 approach. Norm-conversing pseudopotentials38

are used for GW calculations, with semicore states (i.e., 4s and 4p) of Mo
included as valence electrons. Cutoff for the plane wave expansion of the
Kohn-Sham wave functions is set at 125 Ry, and that for the dielectric
function is 50 Ry. We use the Hybertsen–Louie generalized plasmon-
pole model (HL-GPP)37 to extend the static dielectric function to
finite frequencies. For GW calculations of monolayer and bilayer systems,
the truncated Coulomb potential39 is used to eliminate the artificial image
interactions. We employed two recently implemented accelerated
methods21,22, which greatly improve the efficiency of fully converged
GW calculations for 2D systems. These two methods address two
fundamental bottlenecks of GW calculations of 2D materials, leading to
an overall speed-up factor of over three orders of magnitude compared
with the conventional approaches as we have discussed in earlier
publications21,22. Other computational details have been discussed in
Results and Discussion, and also in Supplementary Information.

DATA AVAILABILITY
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Received: 28 December 2021; Accepted: 25 May 2022;

REFERENCES
1. Das, S., Robinson, J. A., Dubey, M., Terrones, H. & Terrones, M. Beyond Graphene:

Progress in Novel Two-Dimensional Materials and van der Waals Solids. Annu.
Rev. Mater. Res. 45, 1–27 (2015).

2. Avsar, A. et al. Colloquium: Spintronics in graphene and other two-dimensional
materials. Rev. Mod. Phys. 92, 021003 (2020).

3. Wu, Y. et al. Remarkable Band-Gap Renormalization via Dimensionality of the
Layered Material C3B. Phys. Rev. Appl. 14, 014073 (2020).

4. Yan, J. et al. Stacking-Dependent Interlayer Coupling in Trilayer MoS2 with Broken
Inversion Symmetry. Nano Lett. 15, 8155 (2015).

5. Tran, V., Soklaski, R., Liang, Y. & Yang, L. Layer-controlled band gap and aniso-
tropic excitons in few-layer black phosphorus. Phys. Rev. B 89, 235319 (2014).

6. Huang, B. et al. Layer-dependent ferromagnetism in a van der Waals crystal down
to the monolayer limit. Nature 546, 270–273 (2017).

7. Cao, Y. et al. Correlated insulator behaviour at half-filling in magic-angle gra-
phene superlattices. Nature 556, 80–84 (2018).

8. Cao, Y. et al. Unconventional superconductivity in magic-angle graphene
superlattices. Nature 556, 43–50 (2018).

9. Park, J. M., Cao, Y., Watanabe, K., Taniguchi, T. & Jarillo-Herrero, P. Tunable
strongly coupled superconductivity in magic-angle twisted trilayer graphene.
Nature 590, 249–255 (2021).

10. Qiu, D. Y., da Jornada, F. H. & Louie, S. G. Environmental screening effects in 2D
materials: renormalization of the bandgap, electronic structure, and optical
spectra of few-layer black phosphorus. Nano Lett. 17, 4706–4712 (2017).

11. Winther, K. T. & Thygesen, K. S. Band structure engineering in van der Waals
heterostructures via dielectric screening: the GΔW method. 2D Mater. 4, 025059
(2017).

12. Raja, A. et al. Coulomb engineering of the bandgap and excitons in two-
dimensional materials. Nat. Commun. 8, 15251 (2017).

13. Ugeda, M. M. et al. Giant bandgap renormalization and excitonic effects in a
monolayer transition metal dichalcogenide semiconductor. Nat. Mater. 13,
1091–1095 (2014).

Fig. 6 Layer-dependent band gap results of MoSi2N4. Evolution of
the indirect minimum band gap (left panel), the direct band gap at
the K point and the optical gap (right panel) as a function of the
number of layers calculated at different theory levels.

Y. Wu et al.

6

npj Computational Materials (2022)   129 Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences



14. Hong, Y. L. et al. Chemical vapor deposition of layered two-dimensional MoSi2N4

materials. Science 369, 670–674 (2020).
15. Mortazavi, B. et al. Exceptional piezoelectricity, high thermal conductivity and

stiffness and promising photocatalysis in two-dimensional MoSi2N4 family con-
firmed by first-principles. Nano Energy 82, 105716 (2021).

16. Li, S. et al. Valley-dependent properties of monolayer MoSi2N4, WSi2N4, and
MoSi2As4. Phys. Rev. B 102, 235435 (2020).

17. Yang, C., Song, Z., Sun, X. & Lu, J. Valley pseudospin in monolayer MoSi2N4 and
MoSi2As4. Phys. Rev. B 103, 035308 (2021).

18. Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94
elements H-Pu. J. Chem. Phys. 132, 154104 (2010).

19. Qiu, D. Y., da Jornada, F. H. & Louie, S. G. Screening and many-body effects in two-
dimensional crystals: Monolayer MoS2. Phys. Rev. B 93, 235435 (2016).

20. Kim, H.-G. & Choi, H. J. Thickness dependence of work function, ionization energy,
and electron affinity of Mo and W dichalcogenides from DFT and GW calcula-
tions. Phys. Rev. B 103, 085404 (2021).

21. Gao, W., Xia, W., Gao, X. & Zhang, P. Speeding up GW Calculations to Meet the
Challenge of Large Scale Quasiparticle Predictions. Sci. Rep. 6, 36849 (2016).

22. Xia, W. et al. Combined subsampling and analytical integration for efficient large-
scale GW calculations for 2D systems. npj Comput. Mater. 6, 118 (2020).

23. Wu, Y. et al. Quasiparticle electronic structure of honeycomb C3N: from mono-
layer to bulk. 2D Mater. 6, 015018 (2019).

24. Zhang, Y., Xia, W., Wu, Y. & Zhang, P. Prediction of MXene based 2D tunable band gap
semiconductors: GW quasiparticle calculations. Nanoscale 11, 3993–4000 (2019).

25. Rohlfing, M. & Louie, S. G. Electron-hole excitations and optical spectra from first
principles. Phys. Rev. B 62, 4927–4944 (2000).

26. Tian, T. et al. Electronic Polarizability as the Fundamental Variable in the Dielectric
Properties of Two-Dimensional Materials. Nano Lett. 20, 841–851 (2020).

27. Rasmussen, F. A., Schmidt, P. S., Winther, K. T. & Thygesen, K. S. Efficient many-
body calculations for two-dimensional materials using exact limits for the
screened potential: Band gaps of MoS2, h-BN, and phosphorene. Phys. Rev. B 94,
155406 (2016).

28. Thygesen, K. S. Calculating excitons, plasmons, and quasiparticles in 2D materials
and van der Waals heterostructures. 2D Mater. 4, 022004 (2017).

29. Qiu, D. Y., da Jornada, F. H. & Louie, S. G. Optical spectrum of MoS2: many-body
effects and diversity of exciton states. Phys. Rev. Lett. 111, 216805 (2013).

30. Luo, N. et al. Saddle-Point Excitons and Their Extraordinary Light Absorption in
2D β-Phase Group-IV Monochalcogenides. Adv. Funct. Mater. 28, 1804581 (2018).

31. da Jornada, F. H., Qiu, D. Y. & Louie, S. G. Nonuniform sampling schemes of the
Brillouin zone for many-electron perturbation-theory calculations in reduced
dimensionality. Phys. Rev. B 95, 035109 (2017).

32. Kresse, G. & Hafner, J. Ab initiomolecular dynamics for liquid metals. Phys. Rev. B
47, 558–561 (1993).

33. Kresse, G. & Furthmuller, J. Efficiency of ab-initio total energy calculations for
metals and semicoductores using a plane-wave basis set. Comp. Mater. Sci. 6,
15–50 (1996).

34. Perdew, J. P. & Yue, W. Accurate and simple density functional for the electronic
exchange energy: Generalized gradient approximation. Phys. Rev. B 33,
8800–8802 (1986).

35. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made
Simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

36. Deslippe, J. et al. BerkeleyGW: A massively parallel computer package for the
calculation of the quasiparticle and optical properties of materials and nanos-
tructures. Comput. Phys. Commun. 183, 1269–1289 (2012).

37. Hybertsen, M. S. & Louie, S. G. Electron correlation in semiconductors and insu-
lators: Band gaps and quasiparticle energies. Phys. Rev. B 34, 5390–5413 (1986).

38. Troullier, N. & Martins, J. L. Efficient pseudopotentials for plane-wave calculations.
Phys. Rev. B 43, 1993–2006 (1991).

39. Ismail-Beigi, S. Truncation of periodic image interactions for confined systems.
Phys. Rev. B 73, 233103 (2006).

40. Dickinson, R. G. & Pauling, L. The crystal structure of molybdenite. J. Am. Chem.
Soc. 45, 1466–1471 (1923).

41. Schutte, W. J., Deboer, J. L. & Jellinek, F. Crystal-Structures of Tungsten Disulfide
and Diselenide. J. Solid State Chem. 70, 207–209 (1987).

42. Shirotani, I., Shiba, S., Takemura, K. & Shimomura, O. Pressure-Induced Phase-
Transitions of Phosphorus Arsenic Alloys. Phys. B 190, 169–176 (1993).

43. Yun, W. S., Han, S. W., Hong, S. C., Kim, I. G. & Lee, J. D. Thickness and strain effects
on electronic structures of transition metal dichalcogenides: 2H-MX2 semi-
conductors (M=Mo, W;X= S, Se, Te). Phys. Rev. B 85, 033305 (2012).

ACKNOWLEDGEMENTS
This work is supported in part by the National Natural Science Foundation of China
(Nos. 51632005, 51572167, 11929401, and 12104207), the National Key Research
and Development Program of China (No. 2017YFB0701600), Guangdong Innova-
tive and Entrepreneurial Research Team Program (Grant No. 2019ZT08C044), and
Shenzhen Science and Technology Program (KQTD20190929173815000). Work at
UB is supported by the US National Science Foundation under Grant No. DMREF-
1626967. W.Z. also acknowledges the support from the Guangdong Innovation
Research Team Project (Grant No. 2017ZT07C062), and the Shenzhen Pengcheng-
Scholarship Program. W.G. acknowledges the supports by the Fundamental
Research Funds for the Central Universities, grant DUT21RC(3)033. We acknowl-
edge the computational support provided by the Center for Computational
Science and Engineering at Southern University of Science and Technology, the
Center for Computational Research at UB, and Shanghai Supercomputer Center.

AUTHOR CONTRIBUTIONS
Y.W. and Z.T. were responsible for most of the calculations and data analyses. W.X.
contributed to the early stage of the work. W.G., F.J., Y.Z., and W.Z. participated in the
discussion and provided insightful suggestions. P.Z. was responsible for the original
idea. W.Z. and P.Z. supervised the project. All authors contribute to the manuscript
writing.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41524-022-00815-6.

Correspondence and requests for materials should be addressed to Wenqing Zhang
or Peihong Zhang.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Y. Wu et al.

7

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences npj Computational Materials (2022)   129 

https://doi.org/10.1038/s41524-022-00815-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Prediction of protected band edge states and dielectric tunable quasiparticle and excitonic properties of monolayer MoSi2N4
	Introduction
	Results
	Electronic and structural properties of MoSi2N4: from monolayer to bulk
	Robust band edge states protected from interfacial chemical coupling
	Layer-dependent quasiparticle properties: tailoring the electronic structure with nonlocal dielectric screening effects
	Layer-dependent electron-hole excitations and optical properties
	Discussion

	Methods
	First-principles GW and GW-BSE calculations

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




