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As a recent member of the two-dimensional (2D) van der Waals (vdW) heterostructures, the WSe,/CrSe,
heterostructure has received considerable attention due to its fascinating characteristics compared with the
constituent 2D materials. In this paper, we performed first-principles calculations to investigate its structural,
electronic, and magnetic properties and explored the effects of interlayer and in-plane strains on these properties.
Our results reveal that the antiferromagnetic (AFM) ground state in the CrSe, layer of the heterostructure is
maintained owing to weak vdW interactions between the CrSe, and WSe, layers. However, the AFM state
can be transformed into the ferromagnetic state at interlayer compressive strain of —19% or in-plane tensile
strain of 2.5%. Moreover, the WSe,/CrSe, heterointerface belongs to the metal-semiconductor interface and
exhibits p-type ohmic contact and low contact resistance. The transition from p-type ohmic contact to p-type
Schottky contact or n-type Schottky contact can be achieved by interlayer or in-plane strain engineering, which
is associated with the strain-induced energy shifts of the valence band maximum and conduction band minimum
of WSe,. Additionally, the tunneling probability of the heterostructure rises dramatically (up to 100%) with
interlayer coupling, which is favorable for carrier transport at the heterointerface. Our findings demonstrate that
strain engineering is an effective way of modulating metal-semiconductor interfaces and provide theoretical
guidance for designing electronic and magnetic devices based on the WSe,/CrSe, vdW heterostructure as well
as broadening its applications in future functional devices.
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I. INTRODUCTION

Since graphene was obtained by mechanical exfoliation
of graphite [1], ultrathin two-dimensional (2D) nanomateri-
als have attracted increasing interest from various fields of
science and engineering because of their substantial prop-
erties and wide application prospects [2—6]. In addition to
graphene and its derivatives, transition metal dichalcogenides
(TMDs) with the chemical formula MX, (M = Ti, Zr, Hf,
V, Nb, Ta, Cr, Mo, W; X = S, Se, Te), as a family of 2D
nanomaterials with favorable electronic properties, have been
widely recognized as potential candidates in the fields of field-
effect transistors and optoelectronic devices [7—14]. However,
no single material can fulfill diverse requirements and be
used for multiple purposes. For example, some TMDs exhibit
low carrier mobility despite their ideal band gaps, limiting
their uses in high-performance electronic and optoelectronic
devices [15,16]. Given this, one of the solving strategies
for complementing advantages and expanding possibilities
is to construct 2D van der Waals (vdW) heterostructures
[4,17-19].

Various 2D vdW heterostructures with desired proper-
ties have been prepared experimentally [20-25]. Among
them, metal-semiconductor vdW heterostructures have been
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considered attractive building blocks in 2D electronic and
optoelectronic devices [26,27]. As a critical parameter af-
fecting carrier injection in devices, the barrier height at
the metal-semiconductor interfaces dominates the carrier
injection efficiency and transport performance. However,
Fermi-level pinning, lattice strain, and metal-induced gap
states at the interfaces can greatly inhibit carrier transport
and contact tunability, leading to performance degradation,
especially in atomically thin devices [26,28]. Therefore, un-
derstanding the metal-semiconductor interface properties and
developing interfacial engineering is crucial for the design
and realization of metal-semiconductor heterostructures with
excellent performance. For this purpose, vertically stacked
metal-semiconductor heterostructures based on 2D TMDs
are considered one of the candidates. They can form either
Schottky or ohmic contacts [29,30]. Furthermore, the inter-
face contact types and associated barriers of these heterostruc-
tures can be effectively modulated by strain engineering
[31-38]. For example, available experimental studies show
that the graphene/MoS, heterostructure has ultrahigh strain
sensitivity and enables large-scale modulation of the Schot-
tky barrier [32], and the construction of MoS; and WSe; in
field-effect transistors can lower their contact barriers with
the source and drain by strain [31,33]. Theoretical calcu-
lations also demonstrate that the contact types formed by
graphene/W Se, and graphene/MoS, can be modulated by out-
of-plane strain [36]. In-plane strain has also been applied to
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change the interfacial contact types and tunneling barrier of
Tiz;C,T2/MoS, (T =F, O, OH) [37].

Recently, a series of high-quality metallic TMDs
(m-TMD)/semiconducting TMDs (s-TMD) vdW heterostruc-
tures with unusual electronic and photonic properties,
such as VSe,/WSe,, NiTe,/WSe,, CoTe/WSe,r, VS2/WSe»,
VSe,/MoS,, and WSe,/CrSe,;, has been experimentally
synthesized by chemical vapor deposition [23,24], which
provides an option for solving the problems existing at
the metal-semiconductor interface. Among these heterostruc-
tures, the WSe,/CrSe, heterostructure is an emerging vdW
heterostructure with fascinating properties such as good envi-
ronmental stability, high-quality vdW interfaces with clearly
resolved moiré superlattices, and ferromagnetic (FM) be-
havior [24]. Moreover, the charge transfer from the WSe,
substrate has an important influence on the properties of CrSe;
in the heterostructure [24]. Additionally, WSe; is a promising
material for applications in p-type field-effect transistors ow-
ing to its perfect subthreshold swing and large Ion/Iopr values,
while the relatively low carrier mobility and high contact
resistance limit its applications [39]. Considering that CrSe;
displays a metallic character and intriguing magnetic behav-
ior [40], the combination of WSe, and CrSe, to construct
the WSe,/CrSe, heterostructure can be expected to exhibit
more attractive properties and remedy the shortcomings ex-
isting in WSe; by forming adjustable metal-semiconductor
heterointerfaces. However, available studies on WSe,/CrSe,
are limited to magnetically induced valley splitting, spin-
filtering, and tunneling magnetoresistance in heterojunction
[41,42]. Detailed knowledge about the electronic and mag-
netic properties of WSe,/CrSe, vdW heterostructure is still
lacking. Furthermore, it remains unknown how strain can
effectively modulate these properties and whether it can in-
duce the transitions between different magnetic orders and/or
between contact types.

In this paper, the geometric, electronic, and magnetic
properties of the WSe,/CrSe, vdW heterostructure were sys-
tematically investigated by using density functional theory
(DFT) calculations. Firstly, we investigated the geometric and
electronic structures as well as magnetic ground states of
the unstrained WSe,/CrSe, heterostructure. Subsequently, we
explored its electronic and magnetic properties at different
strains and examined the effects of interlayer and in-plane
strains on these properties. Further, the strain-modulated
interfacial contact properties of the heterostructure were char-
acterized in terms of the Schottky barrier. Lastly, the effects
of strain on tunneling capability of the heterostructure were
discussed. This paper is structured as follows. A brief descrip-
tion of the computational methodology is given in the next
section. The third section presents the computational results
and discussion. The main conclusions are summarized in the
fourth section.

II. COMPUTATIONAL METHODS

All calculations in this paper were carried out by using
first-principles calculations based on the spin-polarized DFT
within the projector augmented-wave method [43], as im-
plemented in VASP. The Perdew-Burke-Ernzerhof functional
in the generalized gradient approximation was employed to
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FIG. 1. Top and side views of (a) WSe, and (d) CrSe, monolay-
ers. Black rhombuses in (a) and (d) refer to the unit cells of WSe,
and CrSe,. Band structures of (b) WSe, and (e) CrSe, monolay-
ers. Projected density of states (PDOS) of (c) WSe, and (f) CrSe,
monolayers.

describe the electron exchange-correlation interactions [44].
A DFT-D2 method based on the Grimme scheme was used
to describe the vdW correction between the WSe, and CrSe,
monolayers. The kinetic energy cutoff was set to be 550 eV.
Because of the application of periodic boundary conditions, a
vacuum layer with a thickness of 20 A was added along the
Z direction to eliminate the interactions between neighboring
layers. The Brillouin zone samplings for structural relaxations
and electronic structure calculations were respectively set to
be7 x 7 x land 11 x 11 x 1 I'-centered Monkhorst-Pack
k mesh. All the initial structures were fully relaxed until the
fluctuations for total energy and Hellmann-Feynman forces
were < 107%¢eV and 0.01eV /A, respectively. In addition, a
dipole correction along the Z direction was applied in all
electrostatic potential calculations.

III. RESULTS AND DISCUSSION

A. Geometric and electronic structures of pristine states

Firstly, we investigated the structural and electronic proper-
ties of WSe, and CrSe, monolayers. As is well known, TMD
layered materials have two common structures, i.e., trigonal
prismatic 2H and octahedral 17 phases. The 2H phase is a
honeycomb structure with D3;, point group symmetry, and the
1T phase is a central honeycomb structure with D3; symme-
try. According to experimental and theoretical verification,
2H-WSe, and 17-CrSe, are considered the most stable, re-
spectively [24,45]. Therefore, they are addressed in this paper.
After full relaxation, the corresponding lattice constants are
3.287 and 3.457 A [see Figs. 1(a) and 1(d) for specific con-
figurations], in agreement with the available reports (3.32 and
3.46A) [41,46]. The bond lengths are 2.537 A for W-Se and
2.501 A for Cr-Se. For the WSe, monolayer, the valence band
maximum (VBM) and conduction band minimum (CBM) lie
at the same I" point [see Fig. 1(b)], indicating a nonmagnetic
semiconductor with a direct band gap of 1.647 eV. To ex-
plore the electronic structure of the CrSe, monolayer, we first
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FIG. 2. WSe,/CrSe, heterostructure: (a) Relaxed structure (Configuration I), (b) spin densities in antiferromagnetic (AFM) and ferro-
magnetic (FM) states. The yellow and cyan isosurfaces refer to spin-up and spin-down densities, respectively, (c) projected band structure,
(d) planar electronic density difference Ap, and (e) electrostatic potential along the Z direction.

investigated its magnetic ground state. A 2 x 2 supercell
of four Cr atoms was used, and both the FM and antiferro-
magnetic (AFM) states were considered (see Fig. S1 in the
Supplemental Material (SM) [47] for details). The DFT calcu-
lations show that the energy of —7.149 meV/unit cell for the
AFM state is lower than that for the FM state, implying that
the CrSe, monolayer should display the AFM ground state.
Moreover, the magnetic moments are mainly contributed by
Cr atoms. These results are consistent with the previous study
[40]. Further, the band structure and electronic state density of
the CrSe, monolayer in the AFM ground state are respectively
illustrated in Figs. 1(e) and 1(f). Evidently, the bands and
the electronic states of Cr —4d and Se — 3p orbitals pass
through the Fermi level, signifying the pronounced metallicity
of CrSe, monolayer.

The WSe,/CrSe, heterostructure consists of a 2 x 2 prim-
itive unit cell of the WSe, monolayer and a 2 x 2 primitive
unit cell of the CrSe, monolayer. According to the formula
6 = 2(a — b)/(a + b), where a and b are the lattice constants
of the two monolayers, the lattice mismatch between the
monolayers is 5% or so. The small lattice mismatch is benefi-
cial to a stable formation of the WSe,/CrSe, heterostructure.
For screening the most stable WSe,/CrSe, heterostructure, six
possible vertical stackings were considered, as labeled I-VI in
Fig. S2 in the SM [47]. In these stacked heterostructures, we
set the lattice constants of the WSe, and CrSe; layers to their
average value (6.743 A). The total energies were minimized
with respect to the in-plane lattice constant. After structural
optimization, the WSe,/CrSe,-I stacking was found to be
the most energetically stable, in agreement with the config-
uration in previous reports [41,42]. Its vertical distance of
3.053 A between interlayer surface atoms is also the small-
est among all six configurations (see Tables S1 and S2 in
the SM [47] for details about the total energy and structural
information).

To evaluate the structural stability of the WSe,/CrSe;-1
stacking in Fig. 2(a), we calculated its binding energy by the

following equation:

Ey = Ewse,/crse; — Ewse, — Ecrse, » (D

where Ewse, /crse, 1S the total energy of the heterostructure and
Ewse, (or Ecse,) 1s the energy of pristine WSe; (or CrSe;)
monolayer. The binding energy of —1.241 eV indicates that
the WSe,/CrSe,-1I heterostructure should be stable. Thus,
WSe,/CrSe; is used to refer to the I-type stacking configu-
ration in the following discussion. Like the CrSe, monolayer,
the WSe,/CrSe, heterostructure is also AFM at the ground
state, and the energy difference between the AFM and FM
states is —57 meV/u.c., implying that the introduction of
WSe, does not change the magnetic state of CrSe,. The spin
densities of the WSe,/CrSe, heterostructure in the AFM and
FM states are illustrated in Fig. 2(b). Evidently, the spin polar-
ization in both magnetic states is solely attributed to Cr atoms.
Figure 2(c) further illustrates the projected band structure of
the WSe,/CrSe, heterostructure, where the contributions of
WSe, and CrSe, are respectively marked in red and blue.
The WSe,/CrSe, heterostructure exhibits metallic character,
and the projected bands of the CrSe; part are consistent with
those of the CrSe, monolayer. In contrast, the band gap of
the WSe, part is smaller than that of its monolayer, and the
VBM shifts from the K point to the I" point, suggesting a
direct-to-indirect band gap transition induced by the formation
of the heterostructure.

The interfacial characteristics and contact type (Schottky
or ohmic) of metal-semiconductor interfaces are important
factors to affect the carrier transport between metal and
semiconductor and hence to determine the performance of
heterostructures in practical applications. The specific type of
contact and the Schottky barrier are usually determined based
on the Fermi level and band edge of the semiconductor at
the metal-semiconductor junction [34,37]. When the VBM
or CBM of the semiconductor crosses the Fermi level, an
ohmic contact is formed. Otherwise, a Schottky contact can
be identified when the Fermi level lies between the VBM
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and CBM of the semiconductor. Specifically, the CBM being
close to the Fermi level indicates an n-type Schottky contact
(nSC), while the VBM being close to the Fermi level signifies
a p-type Schottky contact (pSC). Based on the Schottky-Mott
model at the metal-semiconductor interface [48], the heights
of n- and p-type Schottky barriers are respectively defined by

®N = Ecpm — EF, ®p = Ef — Evpm, 2)

where EF is the energy of the Fermi level, and Ecgy and Evpm
are the energies of the CBM and VBM, respectively.

As can be seen from Fig. 2(c), the VBM of WSe, partly
contacts with the Fermi level; thus, the WSe,/CrSe, het-
erostructure exhibits a p-type ohmic contact (pOC). As shown
in Table S3 and Fig. S3 in the SM [47], the use of DFT+U did
not change the AFM ground state and the ohmic contact of the
heterostructure. This contact type formed in the heterostruc-
ture is generally considered to have low contact resistance
and is therefore beneficial for current input. Consequently, the
WSe,/CrSe, vdW heterostructure is more suitable for applica-
tion in p-type field-effect transistors than the WSe, monolayer
with metals in which the Schottky contact is formed [49].

In the WSe,/CrSe, heterostructure, electron transfer oc-
curs at the interface due to the difference in work function
(Wr) between the WSe, and CrSe, monolayers. Generally, the
direction of electron transfer is from the layer with small Wg
to the layer with large Wr. Hence, the electrons will transfer
from WSe, (Wg = 5.088eV) to CrSe, (W = 5.584¢eV) in the
WSe,/CrSe;, heterostructure. To visualize the charge redis-
tribution and charge transfer between the WSe, and CrSe,
layers, we calculate the charge density difference as follows:

AP = PwSe,/CrSe; — PWSe; — OCrSey s 3

where pwse, /Crse,» PWse,» and pcrse, are the charge densities
of the WSe,/CrSe, heterostructure and pristine WSe, and
CrSe, monolayers, respectively. As shown in Fig. 2(d), the
charges accumulate near the CrSe; layer, whereas they deplete
near the WSe, layer, implying that the charges are mainly
transferred from the WSe, to the CrSe, layer. In addition,
the Bader charge analysis suggests that the WSe; layer trans-
fers 0.057 electron to the CrSe, layer. Due to the charge
transfer, a built-in electric field can be created at the inter-
face. Figure 2(e) illustrates the electrostatic potential of the
WSe,/CrSe; heterostructure, with a potential difference AV
of 0.41 eV on two sides. Also, the interlayer dipole moment
of the heterostructure is ascertained to be 0.088 ¢ A.

B. Strain-modulated magnetic properties

To further extend the applications of 2D vdW het-
erostructures, inducing (either interlayer or in-plane) strain
is frequently considered an effective way to modulate their
intrinsic properties and thus meet different application re-
quirements. Therefore, we examined how the electronic and
magnetic properties of the WSe,/CrSe, heterostructure are
modulated by strain engineering. As shown in Fig. S4(a) in
the SM [47], the interlayer strain was applied by changing the
interlayer distance between the WSe, and CrSe, layers. The
magnitude of the interlayer strain is defined as ep = AD/Dy,
where Dy and AD, respectively, represent the interlayer dis-
tance of the unstrained WSe,/CrSe, heterostructure and its
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FIG. 3. (a) Total energy of WSe,/CrSe, heterostructure in an-
tiferromagnetic (AFM) and ferromagnetic (FM) states at different
interlayer strains and the energy difference between the two states.
(b) Total energy of WSe,/CrSe, heterostructure in the AFM and FM
states and the energy difference between the two states as a function
of biaxial strain.

variation under interlayer strain. In the strained regime, the
Z coordinates of W and Cr atoms were fixed, while Se atoms
were fully relaxed. Note that the negative value of ¢ indicates
the compressive strain. The total energies in the FM and AFM
states and their difference (AE = Earpv — Erpm) for different
interlayer distances are presented in Fig. 3(a). Evidently, the
energy difference between the AFM and FM states is nega-
tive in a large range of interlayer strains, implying that the
WSe,/CrSe; heterostructure tends to be in the AFM ground
state. However, with the interlayer compressive strain rising
to —19% (corresponding to small interlayer spacing), the total
energy of the heterostructure in the FM state begins to be
lower than that in the AFM state, signifying an AFM-to-FM
transition in the heterostructure at this critical strain.

In addition, we explored the effect of in-plane biaxial
strain, including compressive and tensile strains by decreas-
ing and increasing the lattice parameter of the WSe,/CrSe;
heterostructure. The in-plane strain can be expressed as ¢, =
Aa/ap, where the lattice constants of the unstrained and
strained heterostructures are respectively denoted as ag and a
(a = ap— Aa). The schematic illustration of the heterostruc-
ture under biaxial strain is displayed in Fig. S4(b) in the
SM [47]. Similarly, we calculated the total energy of the
WSe,/CrSe; heterostructure in the AFM and FM states under
in-plane biaxial strain and the corresponding energy differ-
ence between the AFM and FM states to determine the
magnetism of the ground state, as illustrated in Fig. 3(b).
Clearly, the magnetism of the heterostructure is strongly de-
pendent on the biaxial strain. It always remains an AFM
ordered state under compressive strain, whereas when the
tensile strain exceeds 2.5%, the positive energy difference
occurs, meaning that the heterostructure transforms into an
FM-favored ground state.

Next, the intrinsic mechanism of the magnetic order transi-
tion is discussed. It is known that the magnetic ground state of
the CrSe, monolayer has been determined by the competition
between direct-exchange and superexchange interactions of
the two nearest-neighboring Cr atoms [40]. In the case of
the WSe,/CrSe, heterostructure, the changes in Bader charge
and interface dipole moment were calculated when it was
subjected to two types of strains. As presented in Fig. S5 in
the SM [47], the charge transfer and the interfacial dipole
moment exhibit a similar trend, that is, they decrease with
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increasing interlayer distance, while they increase with in-
plane strain. The interlayer charge transfer of the WSe,/CrSe;
heterostructure increases with the interlayer compressive
strain and in-plane tensile strain, accompanied by the tran-
sition from the AFM to the FM state. However, it should
be noted that the change in charge transfer is not the un-
derlying cause of the magnetic transition because the same
modulation pattern in the heterostructure is also found in the
CrSe, monolayer subjected to in-plane biaxial strain [40]. The
magnetic moments of Cr atoms in the heterostructure and the
CrSe; monolayer under biaxial strain are respectively listed in
Tables S4 and S5 in the SM [47]. It is found that the magnetic
moment of each Cr atom in the former (2.357 ug) is approxi-
mately equal to that of the latter (2.360 ug), and both rise with
increasing biaxial strain. The same trend and close magnetic
moment further verify that, in the WSe,/CrSe, heterostruc-
ture, the magnetic properties of CrSe, are not remarkably
affected by the WSe, layer. Consequently, the magnetic order
transition in the heterostructure should still be attributed to the
competition of exchange interactions.

It is known that the strength of the exchange interaction
is closely associated with the distance between Cr atoms
and the distance between Cr and neighboring Se atoms. To
explore the mechanism of the transition between the AFM
and FM states, the variation of atomic distances under two
types of strains was analyzed. When changing the interlayer
distance, the distance between neighboring Cr atoms (dc;—cy)
is essentially constant, and thus, the strength of the direct
AFM interaction also remains unchanged. However, the bond
lengths between Cr and Se atoms on the upper and lower
surfaces with interlayer coupling in the CrSe, layer (see
dcr—se—up and doy_se—down 1n Fig. S4(a) in the SM [47]) vary
remarkably with the interlayer distance. As shown in Fig.
S6(a) in the SM [47], dcr—_se—down 18 contracted with the de-
creasing interlayer distance, causing the superexchange FM
interaction to enhance. As the interlayer compression pro-
ceeds, the superexchange FM interaction gradually exceeds
the direct AFM interaction, eventually leading to an AFM-
to-FM transition. The results in Fig. 3(a) indicate that the
magnetic ground state of the WSe,/CrSe; heterostructure has
a low sensitivity to the interlayer coupling since a consid-
erable interlayer compressive strain (—19%) is required to
trigger the transition from the AFM to the FM state, which
is consistent with the small change in the magnetic moment
of Cr atoms (see Table S6 in the SM [47]). Next, the distance
between Cr atoms (dc;_c;) and the distance between Cr and
Se atoms (d¢;_se) under different biaxial strains are illustrated
in Fig. S6(b) in the SM [47]. It can be observed that the
variation of dc;_se with biaxial strain is small, indicating
the basically unchanged superexchange FM interaction. By
comparison, dc,—_cy increases linearly with biaxial strain, and
the corresponding AFM direct-exchange interaction gradually
decreases, leading to the dominance of superexchange FM
interaction. As a result, the transition from the AFM to the
FM state occurs in the CrSe; layer of the heterostructure.

C. Strain-modulated electronic properties

From the device point of view, the contact type of metal-
semiconductor interface is crucial for the applications of the

WSe,/CrSe, vdW heterostructure. As disclosed in Sec. IIT A,
it exhibits pOC in a pristine state. Here, we further explore
whether the contact type and the Schottky barrier of such a
heterostructure can be tuned by interlayer and in-plane biaxial
strain. As demonstrated in the previous magnetic analysis,
under interlayer strains, the WSe,/CrSe, vdW heterostruc-
ture mostly remains in the AFM ground state. However, as
the interlayer compressive strains become >—19%, the large
reduction in the layer spacing of the heterostructure in the FM
state leads to an increase in the repulsive forces between the
Se atoms at the interface, with a consequent severe distortion
of the structure of CrSe,. Therefore, the interlayer strain is
only applied up to —25%. Here, the effects of the interlayer
strain in the AFM state on the type of interfacial contact and
Schottky barrier are first chosen to be discussed. Figure 4(a)
shows the projected band structures of the WSe,/CrSe, het-
erostructure under different interlayer strains, and the detailed
information on CBM and VBM variations is illustrated in
Fig. 4(b). It is observed that the band structure of the CrSe,
part essentially remains unchanged. In contrast, the WSe, part
is remarkably affected by the interlayer coupling, leading to
significant changes in the contact type and the barrier height.
With the interlayer tensile strain increasing from 0 to 20%,
the overall energy levels of the conduction and valence bands
of WSe, located at the K point shift upward, whereas the
energy level of the valence band located at the I" point shifts
downward. The VBM shifts from the I" to the K point at the
interlayer strain of 10%, indicating that the band structure
of WSe, in the heterostructure changes from an indirect to
a direct band gap. By contrast, with the interlayer compres-
sive strain going from 0 to —17.5%, the energy levels of
the conduction and valence bands of WSe, located at the K
point move downward as a whole, while the energy level of
the VBM located at the I point moves upward and crosses
the Fermi level. Note that the contribution of WSe, to the
valence band which crosses the Fermi level gradually dimin-
ishes with the increasing interlayer compressive strain and
almost disappears at the strain of —13%. When the interlayer
distance further decreases, this band is solely contributed by
CrSe;. These results demonstrate that large compression can
induce the transition from ohmic to Schottky contact in the
WSe,/CrSe, heterointerface.

To gain a deep understanding of the mechanisms of inter-
layer coupling, we calculated the Schottky barrier at different
strains according to Eq. (2), and the corresponding results are
presented in Fig. 4(c). The n-type Schottky barrier decreases
with the interlayer compressive strain. However, the p-type
Schottky barrier first decreases and then abruptly increases. It
becomes positive at the compressive strain of —13%, where
the contribution of WSe, to the valence band crossing the
Fermi level disappears, indicating the switching from pOC to
pSC. Moreover, the n-type Schottky barrier becomes less than
the p-type Schottky barrier as the compressive strain contin-
ues to increase to —15.5%, implying that the heterostructure
switches to nSC. That is, applying interlayer compressive
strain (increasing interlayer coupling) at the interface of the
WSe,/CrSe, heterostructure can induce a continuous transi-
tion from pOC to pSC and nSC, suggesting that inducing
interlayer strain is an effective way to efficiently modulate
the contact type and Schottky barrier at the heterointerface.
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In addition, the band structure of the FM state evolved with
the interlayer compressive strain ranging from —25 to 20%
is illustrated in Fig. S7 in the SM [47]. The spin-up band
structures remain nSC, and the spin-down ones exhibit pOC.
Next, the effects of in-plane biaxial strain on the interfacial
properties of the WSe,/CrSe, heterostructure are discussed.
From our analyses of the magnetism at ground states, it can
be found that the WSe,/CrSe, heterostructure exhibits the
AFM state at biaxial strain ranging from —10 to 2.5% [see
Fig. 3(b)]. Hence, the AFM states of the heterostructure were
addressed to explore the influence of the in-plane biaxial strain
on the contact type of interface and the Schottky barrier. As
shown in Fig. 5, the biaxial compressive strain can tune the
interfacial contact of the WSe,/CrSe, heterostructure from
pOC to pSC. Both n- and p-type Schottky barriers signifi-
cantly depend on the strain. A clear difference between them,
however, can be identified. That is, the latter gradually in-
creases with the increasing biaxial compressive strain, while
the former tends to increase and then decrease, as indicated
by Fig. 5(a). From the band structures illustrated in Figs. 5(b)
and 5(c), one can find that when the biaxial compressive
strain goes from O to —2%, the CBM of the WSe, part in
the heterostructure moves upward, while the VBM moves
downward. The VBM shifts from the I' to the K point at
the strain of —2%, signifying the occurrence of the indirect-
to-direct band gap transition. Subsequently, the CBM shifts
downward with biaxial compressive strains further ranging
from —2 to —10%, suggesting that the tendency of the CBM
to increase and then decrease may be related to the change in
the type of band alignment from indirect to direct band gap.
The above results indicate that the biaxial compressive strain
can effectively modulate the interfacial contact type and the
Schottky barrier. Additionally, we also calculated the band
structure of the WSe,/CrSe, heterostructure in the FM state
under biaxial tensile strain (see Fig. S8 in the SM [47]). In

this case, no significant change in the overall properties of the
heterostructure is observed, despite the shifting band structure
of the WSe, part.

D. Characterization of strain-modulated tunneling capability

For metal-semiconductor heterostructures, in addition to
the Schottky barrier, the tunneling barrier is another important
parameter to measure the interface performance, which can
reflect the efficiency of carrier injection and transport at the
metal-semiconductor interface [38]. Generally, high tunneling
potential barriers facilitate the carrier injection, while low
tunneling potential barriers may promote the carrier trans-
port across the interface. It is usually reflected through the
tunneling probability (73), which is defined by barrier height
(Hg) and barrier width (Wg). When the square barrier model
is adopted, T can be evaluated by the formula [50,51]:

A/ ZmHB )
—WB 9

P “

Ty = exp (—2

where m and 7 are the free electron mass and Planck’s con-
stant, respectively. Meanwhile, we replaced the actual barrier
at the WSe,/CrSe, interface in Fig. 2(d) with a squared
barrier and measured its width (Wp) and height (Hp). The cal-
culated tunneling probability of the unstrained WSe,/CrSe;
heterostructure is 7.88%.

The low tunneling probability indicates a high tunneling
barrier at the heterostructure interface, which is not favorable
for carrier transportation. Available studies have demonstrated
that the tunneling barrier and tunneling probability of
Ti3X>/MoS, (X = B, C, N) heterostructures can be effectively
modulated by varying the interlayer distance, and in-plane
strain can also tune the tunneling probability of Tiz;C,7,/MoS,
(T = F, O, OH) [37,38]. Inspired by these studies, we
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further investigated the tunneling capability of the
WSe,/CrSe, heterostructure under interlayer and in-plane
biaxial strain to explore whether the two approaches can
modulate its tunneling barrier. Figures 6(a) and 6(b) illustrate
the electrostatic potentials of the WSe,/CrSe, heterostructure
under two types of strains, from which the corresponding
square barrier height and barrier width can be obtained
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FIG. 6. The electrostatic potential of WSe,/CrSe, heterostruc-
ture along the Z direction at (a) interlayer and (b) biaxial strains.
Barrier height, barrier width, and tunneling probability of the het-
erostructure at (c) interlayer and (d) biaxial strains.

to detect the variation of the tunneling probability. It is
observed from Fig. 6(c) that the interlayer strain has a large
effect on the barrier height and width. With the increasing
interlayer distance, both gradually rise while the tunneling
probability drops accordingly. On the contrary, decreasing the
interlayer distance makes the interfacial interactions increase.
As a result, the barrier height and width drop significantly,
corresponding to a large rise in the tunneling probability. At
the interlayer strain of —20%, the tunneling probability even
reaches 100%, indicating that the reduction of the interlayer
distance is beneficial to increasing the tunneling probability
of the interface, decreasing the interface tunneling barrier,
and promoting the carrier transport capability at the interface.
In contrast, the in-plane biaxial strain has a small effect
on both the barrier height and width of the WSe,/CrSe;
heterostructure, as indicated by Fig. 6(d). Simultaneously,
a small tunneling probability can be observed from this
figure, suggesting that the charge transfer from metal to
semiconductor is still suppressed. Therefore, these results
demonstrate that the tunneling barrier of the WSe,/CrSe;
heterostructure is more sensitive to the interlayer strain and
strongly depends on the interfacial interactions. Our results
are like the modulation of the tunneling barrier in Ti, X,/MoS,
heterostructures where a significant reduction of the tunneling
barrier can be achieved by decreasing the interlayer distance
[38], suggesting that the interlayer strain might serve as
a feasible method to modulate the tunneling barrier in
metal-semiconductor heterostructures. Therefore, for the
WSe,/CrSe; heterostructure, the improvement of interfacial
properties can be realized by adjusting the interlayer distance.
For example, the interlayer distance can be appropriately
decreased so that the heterostructure may both maintain the
ohmic contact in favor of carrier injection and lower the
tunneling barrier at the interface. In this way, the WSe,/CrSe;
heterostructure can have a high carrier injection efficiency
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along with desired interfacial carrier transport, which is
favorable for current input and output. This makes
it a potential candidate for future high-performance,
low-power field-effect transistors. All in all, the WSe,/CrSe;
heterostructure should be a promising 2D nanomaterial
with tunable electronic and magnetic properties. From the
perspective of device application, strain engineering is an
effective way not only to effectively control the contact
type and Schottky barrier at the interface but also to alter
the tunneling characteristics at the interface, thus shedding
light on strain regulation to enhance the performance of
nanoelectronic devices.

IV. CONCLUSIONS

In summary, we investigated the geometric, electronic, and
magnetic properties of the WSe,/CrSe, heterostructure by
DEFT calculations. The results show that WSe, and CrSe, can
form a stable vdW heterostructure with an AFM ground state
and metal-semiconductor interface. Like the pristine CrSe,
monolayer, the heterostructure can transform from the AFM
into the FM state at in-plane biaxial strain exceeding 2.5%.
By comparison, the magnetic order is insensitive to interlayer
coupling, and a relatively high interlayer compressive strain
(—19%) is required to induce the AFM-to-FM transition. The
transition of the magnetic ground state is independent of the
change in interfacial charge transfer. Furthermore, the pOC is
found to form at the interface of the WSe,/CrSe, heterostruc-
ture, and both the interlayer and in-plane strain can effectively

modulate the interface contact type and the Schottky barrier
height. Specifically, the contact type of the WSe,/CrSe, het-
erostructure can transform from pOC to pSC at interlayer
strain of —13% and to nSC at —15.5%. Meanwhile, the tran-
sition of the WSe,/CrSe, heterostructure from pOC to pSC is
also observed under in-plane biaxial compression. Addition-
ally, a tunneling barrier exists at the heterostructure interface
due to weak vdW interactions. With the decreasing interlayer
distance, the enhancing interlayer interaction can lower the
height and width of the tunneling barrier and consequently
increase the tunneling probability, which in turn promotes
the carrier transport capability at the interface. Therefore,
the injection and transport efficiency of interface carriers can
be controlled by adjusting the interlayer distance to opti-
mize the current input and output. In this paper, we not only
advance the fundamental understanding on strain-modulated
electronic and magnetic properties of the WSe,/CrSe, vdW
heterostructure but also provide important reference for
designing and developing Schottky devices or low-power
field-effect transistors based on vdW heterostructures.
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