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Strain-induced semiconductor to metal transition in MA,Z, bilayers
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Very recently, a new type of two-dimensional layered material, MoSi,Ny4, was fabricated that is semicon-
ducting with weak interlayer interaction, high strength, and excellent stability. We systematically investigate
the effect of vertical strain on the electronic structure of MA,Z, (M = Ti/Cr/Mo, A = Si, Z = N/P) bilayers.
Taking bilayer MoSi, N4 as an example, our first-principles calculations show that its indirect band gap decreases
monotonically as the vertical compressive strain increases. Under a critical strain around 22%, it undergoes
a transition from semiconductor to metal. We attribute this to the opposite energy shift of states in different
layers, which originates from the built-in electric field induced by the asymmetric charge transfer between two

inner sublayers near the interface. Similar semiconductor to metal transitions are observed in other strained
MA,Z, bilayers, and the estimated critical pressures to realize such transitions are within the same order as
semiconducting transition metal dichalcogenides. The semiconductor to metal transitions in the family of MA,Z,
bilayers present interesting possibilities for strain-induced engineering of their electronic properties.
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I. INTRODUCTION

The family of two-dimensional (2D) materials has attracted
great interest since the exfoliation of monolayer graphene
from graphite [1,2]. They have many unique properties and
distinguished performance in applications, including mechan-
ical engineering, electronics, and information and energy
technologies [3-8]. Motivated by this, theorists have con-
tinuously proposed many new 2D materials with excellent
physical or chemical properties [9-13]. However, only a
few of these materials have been synthesized successfully in
monolayers [14-19], and they are mostly lamellar in their
natural bulk forms, with the component layers assembled
by weak van der Waals interaction. Recently, research en-
thusiasm was extended to those 2D materials whose bulk
forms are not layered in nature. A typical example is the
hexagonal MXenes family, which was fabricated by etching
out the A layers from MAX materials [20-22]. In a very
recent work, MoSi;N4, as a member of another new family
of 2D molybdenum nitrides [23,24], was successfully grown
by the chemical vapor deposition method [20]. It is reported
to be semiconducting with high strength and remarkable sta-
bility [20]. Since multilayer MoSi; Ny is stacked by very weak
van der Waals interaction, it is structurally flexible and easy to
deform. Meanwhile, it is known that this kind of deformation
may modify the physical properties of layered 2D materials
dramatically. For example, in AB-stacked bilayer graphene,
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applying a perpendicular electric field can induce a gap open-
ing in the electronic structure, and a subsequent compression
of the interlayer spacing can widen the field-induced band
gap (a 10% compression enhances the gap by 80%) [25].
Another example is layered MoS,, which has been shown
theoretically and experimentally to undergo a transition from
a semiconductor to a metal with vertical pressure [26,27]. In
general, decreasing the interlayer spacing may induce charge
redistribution in layered 2D materials; it is therefore interest-
ing and important to figure out whether the semiconducting
layered MoSi;Ny and other members in the MA,Zy (M =
Ti/Cr/Mo, A = Si, Z = N/P) family are tunable under vertical
strain.

In this work, we will solve this problem theoretically from
first-principles density-functional theory calculations. Indeed,
we show that the compressive strain can serve as an effective
tool to tailor the electronic properties of bilayer MoSiyNy.
Importantly, a semiconductor to metal transition is observed
when the vertical compressive strain reaches 22%. Such a
semiconductor to metal transition is the result of opposite
energy shifts of states in two layers. The opposite energy
shifts are further attributed to the enhanced interlayer inter-
action via asymmetric charge redistribution at the interface.
Moreover, a simple estimation of the pressure demonstrates
that such a transition in the MA,Z4 bilayer is feasible, as
the applied pressure is on the order of a few to tens of
gigapascals. Our theoretical investigations of the tunable elec-
tronic properties of bilayer MA,Z, provide a guide for further
experimental study and bring opportunities to build novel
electromechanical devices from these newly synthesized 2D
materials.
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II. CALCULATION METHOD

Our calculations are performed using the projector aug-
mented wave (PAW) method [28] implemented in the Vienna
Ab initio Simulation Package (VASP) code [29]. The Perdew-
Burke-Ernzerhof (PBE) form of the generalized gradient
approximation exchange-correlation functional [30] with van
der Waals corrections (vdW) [31,32] and the PAW pseu-
dopotentials [28] are adopted. The cutoff energy is set to
500 eV after convergence tests. A I'-centered Monkhorst-
Pack k-point grid [33,34] of 9x9x1 is used for relaxations,
and a grid of 15x15x1 is used for property calculations. In
our current calculations, the total energy is converged to less
than 10~%eV, and the maximum force is less than 0.01 eV/A
during the optimization. A vacuum space along the z axis
is larger than 20 A to avoid spurious interactions. During
the structure relaxation, the z coordinates of N atoms at the
interface are fixed to ensure the layer spacing, and the z axis
is fixed to ensure the thickness of the vacuum slab. The lattice
relaxation is included for all strained samples.

III. RESULTS AND DISCUSSION

To verify the reliability of our result, we first perform first-
principles calculations for the atomic and electronic structures
of monolayer MoSi;N4. The optimized lattice constant is
291 A, and the indirect band gap is 1.789 eV, which are in
agreement with the values of 2.94 A and 1.744 eV reported in
a previous work [20]. With different stacking configurations,
two MoSi;N4 monolayers can form five highly symmetric bi-
layer structures, namely, AB*, AC*, AB, AA, and AC (see the
Supplemental Material [35]). Based on our calculated total en-
ergies of the ground states, the stability of these five structures
follows the order of AA < AB*< AC*< AB < AC. Thus,
we will take the most stable AC-stacked bilayers to discuss
the related electronic properties in the rest of the paper.

The ball-stick structures of AC-stacked MoSi, N, bilayers
are presented in Figs. 1(a) and 1(b). The unit cell and unit
vectors are marked by black vectors. As shown in Figs. 1(a)
and 1(b), the Si atoms of the top monolayer are superimposed
on the Mo2 atom of the bottom monolayer, and the Mol
atom of the top monolayer is superimposed on the N1 and N4
atoms of the bottom monolayer, i.e., sitting above the hexagon
centers of the bottom lattice. The optimized lattice constant
for bilayer MoSi;Ny is the same as that of the monolayer.
The layer distance between Mol and Mo2 atoms is 11.030 A,
much larger than that (6.23-6.54 A) of bilayer transition metal
dichalcogenides (TMDCs), such as MoS,, WS,, MoSe,, and
WSe, [36,37]. This suggests that the interlayer vdW interac-
tion in bilayer MoSi; N, is much weaker than bilayer TMDC:s.
Such an interlayer interaction is so weak that the band struc-
ture of bilayer MoSi, Ny is almost degenerate as two isolated
monolayers in Fig. 1(c), except that there are negligible split-
tings of the highest (lowest) occupied (unoccupied) states
along the I'-K and I'-M directions. For bilayer MoSi; Ny, the
valence band maximum (VBM) locates at the I point, about
0.271 eV higher than the highest occupied states at the K
point, while the conduction band minimum (CBM) is at the
K point, rendering an indirect band gap of 1.761 eV. When
we take the spin-orbit coupling (SOC) into account, there will
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FIG. 1. (a) Top and (b) side views of atomic structure of bilayer
MoSi;N,. The primitive cell and lattice vector a are labeled in (a).
d is the interlayer distance between the top Mol and bottom Mo2
sublayers. (c) Projected band structure and (d) partial density of
states of bilayer MoSi,Ny. The inset in (c) shows the first Brillouin
zone of bilayer MoSi,N,. The band gap center is set to be zero.

be a band splitting (0.141 eV) of the highest occupied states
at the K point [35]. This spin-induced splitting is close to the
value (0.149 eV) of MoS; [38,39]. However, no spin splitting
is observed in the CBM at the K point in bilayer MoSi;Ny.
In Fig. 1(d), the projected density of states shows that both
the VBM and CBM are dominated by the Mo atoms, with a
partial contribution from N atoms but almost no contribution
from Si atoms. With a more detailed analysis of the orbital
contributions, the band edges are indeed mainly from the
localized dz* orbitals of Mo atoms. It is worth noting that the
observed SOC effects and orbital characters of the states at
band edges are very similar to TMDC monolayers. Apart from
the valence band splitting at the K point, the SOC effect does
not modify the VBM and CBM of bilayer MoSi; Ny, and, thus
we will neglect this effect in the following sections.
Applying vertical strain is an effective way to modulate
the electronic properties of layered materials. It can be real-
ized by hydrostatic pressure [40], vacuum thermal annealing,
nanomechanical pressures, or inserting hexagonal BN dielec-
tric layers [41]. In our calculations, the vertical strain is
implemented by the change in the interlayer distance and
characterized by a quantity § = (d-dy)/dy, where d and dj
are the vertical distances for strained and unstrained bilay-
ers, respectively. Figure 2(a) shows the schematic diagram
of bilayer MoSi,Ny4 under vertical strain perpendicular to the
plane of the layer, where the arrows pointing inward and out-
ward indicate compressive and stretched strains, respectively.
Figure 2(b) depicts the evolutions of the total energy and band
gap of bilayer MoSi, N4 under different vertical strains. When
no strain is applied (§ = 0), bilayer MoSi, N4 has an interlayer
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FIG. 2. (a) Schematic diagram of the bilayer MoSi, N4 under an external vertical strain along the direction perpendicular to the layer, where
the arrows pointing inward and outward represent compressive and stretched strains, respectively. (b) The variation of total energy and band
gap of bilayer MoSi, N, as a function of the vertical strain. The zero band gaps are indicated by the black line.

distance of 11.030 A, which is the most stable configuration
with the lowest total energy. When the compression strain is
applied within the range § > —0.09, the total energy remains
almost the same, indicating that the interlayer interaction is
too weak to affect the electronic properties. When further
increasing the compressive strain, the total energy increases
remarkably. Thus, the vertical strain with § = —0.09 can be
regarded as the turning point where the interlayer interaction
becomes strong and it cannot be neglected.

For the band gap, when the value of § is above the threshold
of —0.09, the indirect band gap is almost unchanged, similar
to the trend of total energy. When § is below the threshold, the
band gap decreases significantly. This threshold strain corre-
sponds to a vertical distance of 3.02 A between inner N atoms
of two monolayers, which is comparable to the layer spacing
of layered TMDCs [42], black phosphorene (3.21 A) [43],
and borophene (3.07 10%) [44]. In layered TMDCs, the inter-
layer interaction does affect their electronic structures greatly,
changing the band gap from direct in a monolayer to indirect
in multilayers [19,45,46]. Here, if we continuously increase
the compressed strain in bilayer MoSi; Ny, an electronic phase
transition from semiconductor to metal is finally observed
when the value of § reaches —22%. The corresponding ver-
tical compressive pressure P is 18.66 GPa, which is estimated
in terms of P = (E — Ey)/A(dy — d) [42,47], where E and E
are total energies at layer distances d and dy (equilibrium)
and A is the area of the cell. Such a transition pressure is
on the same order as bilayer TMDCs (5.10-16.28 GPa) [42].
Generally, the electronic phase transition is accompanied by a
structural transition under high pressure [42]. However, for bi-
layer MoSi;Ny4 under the transition pressure, the AC-stacked
mode is still found to be the most stable one among the five
considered structures, indicating that there is no structural
transition during the strain process. This is consistent with the
excellent ambient stability observed in layered MoSi;N4 in
experiments [20]. Our predicted transition pressure of bilayer
MoSi;Ny can be realized by hydrostatic pressure [40], making
it attractive for electromechanical applications.

To ensure the stability of compressed MoSi,Ny4 bilayer,
we first performed phonon calculations of the atomic struc-
ture with critical transition strain. The phonon spectrum in
Fig. 3(a) shows no imaginary frequencies, indicating kinetic

stability of the bilayer under huge compression. Slightly
different from the phonon spectrum of unstrained bilayer
MoSi;Ny [35], some degenerate phonon branches are lifted
as a result of enhanced interlayer interaction. As phonon
calculations do not take temperature into account, we next
adopt ab initio molecular dynamics (AIMD) simulations to
confirm the thermal stability of strained MoSi,Ny4 bilayers in
Fig. 3(b). It is found that the geometry of the AC-stacked
MoSi,; Ny bilayer is well preserved at room temperature. When
the temperature increases up to 800 K [35], the geometry of
the AC-stacked MoSi; Ny bilayer is still retained. The phonon
spectrum and AIMD results manifest the excellent ambient
stability of bilayer MoSi, N4 under vertical compression.
Because the band gap varies significantly within the range
6 < —0.09 in Fig. 2(b), we will focus on the vertical com-
pressive strains in this range. In Fig. 4, we present the band
structures of bilayer MoSi, N, under four representative com-
pressive strains from 9% to 23%. As aresult of § = 9%, shown
in Fig. 4(a), notable changes appear in the electronic structure
of bilayer MoSi;Ny in which there are slight splittings of en-
ergy bands. These band splittings become more evident with
increasing compressive strain (see the changes in § from 9%
to 16% and 22%). Here, we can quantitatively define the rigid
energy shift as the energy difference between VB1 (CB1) and
VB2 (CB2) at the K (I") point as labeled in Fig. 4(b). When the
compressive strain increases from 9% to 23%, the energy shift
increases significantly from 0.116 to 1.605 eV. More impor-
tantly, the energy dispersion of each individual band remains
almost the same during the compression process. As a result,
the charge carrier will maintain its small effective mass and
high mobility, similar to their values (2701200 cm?> V' s~ 1)
[20] in the pristine monolayer. If we inject an electron or hole
into a strained bilayer, the electron or hole will occupy the
energy band of CBI or VBI separately; thus, a switchable
tunnel for electron or hole transport can be realized in separate
layers. Carrier injection thus can be used to effectively tune
the transport properties of strained MoSi, N, bilayers. On the
other hand, with increasing compressive strain, both the VBM
and CBM are driven continuously toward the Fermi level and
thus reduce the energy band gap. The indirect band gap of
bilayer MoSi;Ny decreases from 1.633 to 0 eV when the
compressive strain increases from 9% to 22%. After the com-
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FIG. 3. (a) Phonon dispersions of bilayer MoSi, N, at vertical compressive strain of 22%. (b) Evolution of total energy versus simulation
time in AIMD for AC-stacked bilayer MoSi, N4 under vertical compressive strain of 22% at room temperature. The inset in (b) is a snapshot

of the final equilibrium structures.

pression reaches the critical value of 22%, the metallic feature
appears in the band structure, as shown in Figs. 4(c) and 4(d),
where § > 22%, indicating clearly a robust semiconductor to
metal phase transition.

In order to find the origin of this semiconductor to metal
phase transition, we extract the partial density of states
(PDOS) of bilayer MoSi;N4 with or without strain. As we
have already shown that the band edges of bilayer MoSi; Ny
are dominated by Mo states, we thus focus on the states
of Mo atoms in the two layers. As shown in Fig. 5(a), the
calculated PDOSs of two Mo atoms from different layers in
pristine MoSi;Ny bilayers are totally degenerate because of
the symmetric atomic structures of the two layers. Under a
vertical compressive strain of 22%, the overall shapes of the
PDOS from two Mo are preserved, but they have opposite
energy shifts, and there is an overlap of the highest valence
state of one Mo and the lowest conduction state of the other, as
shown in Fig. 5(b). This overlap of Mo states agrees with the
semiconductor to metal transition in bilayer MoSi,N4 under
the critical strain of 22%. If we make an analysis of the PDOS
from N atoms in different layers, although their contributions
to the states at the band edges are much smaller, the spectrum
shift of each N atom is similar to the Mo atom within the
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same layer. Furthermore, there is a significant enhancement
of PDOS of N1 and N2 atoms, indicating an enhancement of
interlayer interaction between the p, orbitals of N atoms in the
inner sublayers.

The opposite energy shift of the PDOS indicates a possi-
ble strain-induced change in the electric potentials of these
atoms. We thus calculate the plane-averaged charge density
difference Ap(z) along the vertical direction (z axis) for
MoSi;Ny bilayers with different strains and plot the results
in Fig. 6. Here, Ap(z) is calculated by the charge density
difference between the bilayer and two noninteracting mono-
layers. A positive Ap(z) indicates the accumulation of the
charge density, while a negative value means the depletion.
For unstrained bilayer MoSi;Ny4, Ap(z) is almost zero for all
z coordinates, suggesting no charge transfer between layers.
This is also consistent with the observed very weak interlayer
vdW interaction in pristine bilayer MoSi,Ny. For strained
bilayer MoSi; N4, we see clearly that changes in Ap(z) are
totally different on the two sides of the interface. Although
in both layers there are fluctuations in A p(z), clearly, on one
side the overall values of Ap(z) are negative, and on the other
side they are positive, indicating the charge transfer between
the two layers. The amount of charge transfer Q, obtained by
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FIG. 4. Band structures of bilayer MoSi, N4 under vertical compressive strains from 9% to 23%. Blue (red) indicates the orbital contribution
to the band structure from the Mol layer (Mo2 layer), and the intermediate color means that the state is contributed by the two layers. All
bands are shifted to align the deep Mo 5s state. Two conduction bands (CB1 and CB2) and two valence bands (VB1 and VB2) are labeled

in (b).
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All the energies are shifted to align the deep Mo 5Ss state.

the integral of A p(z) along one side of the interface, increases
monotonically as compression strain increases. Furthermore,
if we calculate the ratio between Q and band gap reduction
for different strains, we obtain a set of values around 0.035.
This correlation between Q and the reduced energy gap indi-
cates that the asymmetric charge redistribution at the interface

)
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15
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FIG. 6. Plane-averaged charge density difference Ap(z) of bi-
layer MoSi;N, under vertical compressive strain from 0% to 22%.
The top panel is a three-dimensional charge density difference under
a strain of 22%, and the isosurface value is 0.002 e/A3. The green

and yellow areas represent electron accumulation and depletion,
respectively.

causes the opposite energy shift of the two layers and, sub-
sequently, the semiconductor to metal phase transition at the
critical compressive strain.

To get a general conclusion, we study numerically the
strain-induced semiconductor to metal transition in other
MA,Z4 bilayers and summarize their structural parameters
and transition pressures in Table I. Owing to the weak inter-
layer interaction, the interlayer separation of the unstrained bi-
layer MA,Z, is around 4.02 A, larger than those (3.11-3.39 A)
of bilayer TMDCs [42]. By increasing the vertical com-
pressive strain, the interlayer separation decreases accord-
ingly. Under the transition strain, all considered MA,Z,

TABLE I. Distance between two Z atoms from different layers in
pristine bilayer MA,Z, and estimated pressure required for realizing
the semiconductor to metal transition. We also list the vertical separa-
tion between interlayer anion atoms and the corresponding pressure
for semiconductor to metal transition in some AB-stacked TMDCs
for comparison [42].

Bilayer separation ~ Bilayer separation ~ Transition
at transition at equilibrium pressure

A) A) (Gpa)
MoSi, Ny 1.62 4.02 18.66
MoSi,P, 242 4.02 2.38
CrSi;Ny 2.62 4.03 2.18
TiSi,Ny4 1.20 4.04 32.04
MoS, 2.14 3.11 8.52
MoSe, 2.23 3.19 8.37
MoTe, 2.69 3.37 5.10
WS, 1.80 3.39 16.28
WSe, 221 3.35 15.83
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bilayers change from semiconductor to metal, and the inter-
layer separation ranges from 1.62 to 2.62 A, close to the value
(1.80-2.69 A) of bilayer TMDCs at the transition point [42].
The estimated transition pressure ranges from 2.18 GPa in
bilayer CrSi;N4 to 18.66 GPa in bilayer MoSi,N4, which
is on the same order as that (5.10-19 GPa) in well-studied
layered TMDCs [26,42]. Particularly, bilayer CrSi;N4 and
MoSi, P, have very small transition pressures (2.18-2.38 GPa)
compared to other studied MA,Z,. Our calculations suggest
that the strain-induced semiconductor to metal transition in
semiconducting bilayer MA,Z, can be easily realized experi-
mentally.

To further validate the reliability of our conclusion, we
discuss the band gap revision and layer effects on MoSiyNy.
Because standard PBE calculations usually underestimate the
band gap, we thus perform Heyd-Scuseria-Ernzerhof calcula-
tions with hybrid functionals to reproduce the semiconductor
to metal transition, and we found that the transition occurs
with a bit larger strain of around 24%. We also check the layer
effects on the semiconductor to metal transition in layered
MoSirNy. Our extended calculations show that the semicon-
ductor to metal transition also appears in four-layer MoSi;Ny;
the transition strain becomes smaller, around 18%, and the
corresponding pressure is 15.03GPa, which is also smaller
than that of stacked bilayer. Therefore, we expect that simi-
lar transitions can be observed in other multilayer and bulk
MA,Z4 with experimentally reachable pressures.

IV. CONCLUSION

In conclusion, we have studied the electronic properties of
MA,Zy (M = Ti/Cr/Mo, A = Si, Z = N/P) bilayers under

different vertical strains using first-principles density-
functional theory calculations. Taking the recently fabricated
MoSi;Ny as an example, we showed that the electronic prop-
erties of bilayer MoSi,N4 can be effectively tuned by the
vertical compressive strain. To be more exact, with increas-
ing compressive strain, the band gap of bilayer MoSi;Ny
monotonically decreases and finally closes when the vertical
strain reaches 22%. This is a result of the opposite energy
shift of the states in different layers, which is driven by the
asymmetric charge redistribution on the inner Z-Z sublayer
at the interface. We further confirmed that a similar semi-
conductor to metal transition exists in other strained MA,Z,
bilayers, and the estimated transition pressure to realize such
a transition ranges from 2.18 GPa in CrSi;Ny to 32.04 GPa
in TiSi,N4. Our theoretical predictions provide guidance for
further exploring the strain-tunable electronic properties of
layered semiconducting MA,Z.
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