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First-principles study on electronic states of In,Sesz/
Au heterostructure controlled by strain
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The development of low-dimensional multifunctional devices has become increasingly important as the
size of field-effect transistors decreases. In recent years, the two-dimensional (2D) semiconductor In,Ses
has emerged as a promising candidate for applications in the fields of electronics and optoelectronics
owing to its remarkable spontaneous polarization properties. Through first-principles calculations, the

effects of the polarization direction and biaxial tensile strain on the electronic and contact properties of
In,Ses/Au heterostructures are investigated. The contact type of In,Ses/Au heterostructures depends on
the polarization direction of In,Ses. The more charge transfers from the metal to the space charge
region, the biaxial tensile strain increases. Moreover, the upward polarized In,Ses in contact with Au

maintains a constant n-type Schottky contact as the biaxial tensile strain increases, with a barrier height

Received 8th January 2023
Accepted 27th March 2023

dsp , of only 0.086 eV at 6% strain, which is close to ohmic contact. On the other hand, the downward

polarized In,Ses in contact with Au can be transformed from p-type to n-type by applying a biaxial

DOI: 10.1039/d3ra00134b

rsc.li/rsc-advances based field effect transistors.

1. Introduction

As the miniaturization of silicon-based field-effect transistors
(FETs) progresses, their scalability is approaching its limit, and
a critical factor limiting this scalability is the short-channel
effect. Therefore, an alternative material to silicon should be
developed to avoid those scaling issues in future logic transistor
applications. Two-dimensional (2D) materials, such as transi-
tion metal dichalcogenides (TMDs) and black phosphorus (BP),
with atomic thickness, dangling-bond-free surface, and
a moderate band gap of E; ~ 1-2 €V, are active candidates for
application in logic transistors.** However, TMDs suffer from
a low carrier mobility (~200 ecm® V' s7), and BP easily
decomposes in air, and thus they are unsuitable for high-
performance applications.>® In recent years, In,Se; has attrac-
ted much attention as an emerging 2D III-VI semiconductor
material. This material exhibits several phases: a, B, v, 8, and k,
depending on the temperature and preparation conditions.”?
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tensile strain. Our calculation results can provide a reference for the design and fabrication of In,Ses-

Among them, o-In,Se;, which belongs to the R3m group
(rhombohedral structure), is stable at room temperature.’ From
bulk to monolayer, a-In,Se; has a direct band gap of 1.45 eV to
2.8 eV, comparable to BP." It is theoretically predicted that the
electron (hole) carrier mobility of monolayer a-In,Se; is as high
as 920-960 (510-560) cm> V' s~ .1 In 2D In,Ses-based FET,
a high on-off ratio exceeding 10° and on-state current of 671 pA
pum~"' have been observed.’> In addition, Ding et al*® have
theoretically predicted the existence of in-plane and out-of-
plane ferroelectricity of the monolayer In,Se; at room temper-
ature and subsequently demonstrated the ferroelectricity of the
material experimentally.**** Xue et al. observed ferroelectric
polarization switching and hysteresis loop sown to the bilayer
and monolayer In,Se; at room temperature, indicating that
ferroelectricity of the thinnest layer can be realized in 2D
materials.’® More recently, Wan et al. successfully fabricated
a 2D ferroelectric FET consisting of graphene and layered
In,Se;, demonstrating nonvolatile memory after repeated
writing of more than 10° cycles.”” Wang et al. observed the
abnormal bipolar resistive switching phenomenon in In,Se;-
based FET, which was rationalized on the basis of Schottky
barrier (SB) modulation by in-plane ferroelectric switching.®
Thus, the presence of out-of-plane and in-plane piezoelectricity
in a-In,Se; flakes offers an opportunity for the development of
both directed and non-directed piezoelectric devices, including
optoelectronic devices,'** ferroelectric diodes, and nonvolatile
memories.*
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In 2D FET devices with 2D semiconductor as the channel
materials, contacts with metal electrodes are absolutely neces-
sary, where SB is usually formed. The SB can induce an extra
contact resistance and thus decrease the carrier transfer effi-
ciency between the 2D semiconductor and metal electrodes,
which often significantly reduces the performance of the
FETs.>*** Yang et al. theoretically predicted the formation of
lateral p-type Schottky contact in monolayer In,Se;/Au hetero-
structure with Schottky barrier height (SBH) of 0.35 eV and
0.31 eV, respectively, using the work function approximation
and quantum transport simulation methods.*?® Unfortunately,
the average pinning factor calculated for monolayer In,Se; is
about 0.09, which implies strong Fermi level pinning (FLP)
effects.”® The robust FLP is influenced by the interplay between
the metal and In,Se; while being insensitive to the metal work
function. Therefore, tuning SBH is difficult with different metal
electrodes. In recent years, many methods have been proposed
to tune the interfacial SBH, such as passivating the metal
surface with external atoms or inserting an h-BN insulating
layer between MoS, and metal to reduce FLP, while the electron
injection is impeded by a significant tunneling barrier due to
the weak interaction between the 2D material and the metal
layer.>”~*° Strain engineering is one of the most feasible ways to
tune the electronic properties of 2D heterostructures. For
example, Dai et al. reported that biaxial strain could induce the
band alignment of PtS,/MoTe, and GaN/WS, heterostructures
transition from type-II to type-I but also can realize semi-
conductor-metal transition.**** The calculated carrier mobility
of the CdS/Sil, heterostructure is up to 10° em®> V' s7* by
applying a biaxial strain, implying an excellent photocatalyst
performance.*” Feng et al. achieved a strain sensor made of
patterned o-In,Se; films with high sensitivity (gauge factor ~237
in —0.39% to 0.39% uniaxial strain range along the device
channel length) and high spatial resolution of the strain
distribution.®® Hou et al. deposited Au electrodes on a-In,Se;
nanosheets to prepare a flexible transistor, and they modulated
the photoresponse characteristics of the transistor by applying
plane strain and found that the optimized photoresponsiveness
was improved by 200% at a compressive strain of —0.15%.**
However, the influence of strain on the electronic structures
and contact properties of In,Se;/metal heterostructures are still
veiled.

In this paper, the effect of biaxial strain on the interfacial
electronic states and contact properties of monolayer In,Ses;/Au
heterostructures are investigated by first-principles calcula-
tions. Both polarization directions (upward and downward,
defined by the built-in electric field) are considered. It is found
that the type of contact between In,Se; and Au depends on the
polarization direction of In,Se; contacted with Au, potentially
leading to a transition from n-type to p-type behavior. Further-
more, biaxial strain engineering is a valuable method to
modulate the electronic structure and contact properties of the
In,Se;/Au heterostructure. This investigation offers a deeper
comprehension of the interplay between strain engineering and
polarization direction dependence on the interfacial properties
of In,Sez/Au, presenting guidance for future In,Se;-based
transistors.
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2. Computational details

All calculations are performed using the Vienna ab initio
simulation package (VASP) based on density functional
theory.***® The electron-ion core interaction is described by
projector augmented wave potentials, which is more precise
than ultra-soft pseudo-potentials.*” For the generalized gradient
approximation (GGA), not only the spatial distribution of the
charge density but also the effect of the charge density gradient
on the exchange correlation energy is taken into account. As we
all know, the GGA approximation often underestimates the
band gap of the semiconductor. However, considering the
consistency of the resulting trend between the different
methods, the GGA method is used in this work. The Perdew-
Burke-Ernzerhof (PBE) formulation of the GGA is used to
describe the exchange-correlation interaction.*® The DFT-D2
method in the Grimme scheme is employed to include the
contribution of van der Waals interaction between layers.** The
cutoff energy of the plane wave is chosen to be 400 eV, and the
Gaussian trailing method with an energy spread of 0.05 eV is
used. The K points in the first Brillouin zone are optimized for
geometry structure and static calculation using 5 x 5 x 1 and 11
x 11 x 1 grids, respectively. The ions are relaxed to the ground
state using a conjugate gradient algorithm with an energy
convergence rate of 1.0 x 107> eV and a force convergence rate
of 0.02 eV A™" for each ion. A vacuum layer of 15 A thickness is
added in the z-direction of the lattice to avoid interactions
between adjacent plates.

The crystal structure of monolayer In,Se; consists of five
triangular atomic planes stacked in a sequence of Se-In-Se-In-
Se. The optimized lattice constants of In,Se; is 3.986 A in
agreement with the experimental value of 4.0 A.** The polari-
zation direction of In,Se; is defined by the direction of the
inducted built-in electric field. Both upward (left, Up-In,Se;/Au)
and downward directions (right, Dw-In,Ses;/Au) are studied
interfacial systems, as presented in Fig. 1(a). Previous studies
have demonstrated that even a few percentage modification of
the in-plane lattice constants of closely aligned metal surfaces
results in negligible changes in their electronic properties.***
However, modifying the lattice constant of In,Se; can lead to
significant changes in its electronic properties.** Hence, in
order to preserve the intrinsic properties of In,Ses, we kept the
lattice size constant and followed the method described in the
literature® for our modeling. In this paper, the In,Se;/Au het-
erostructure is constructed by stretching the 4 x 4 supercell of
Au (111) surface and matching the 3 x 3 supercell of the
monolayer In,Se; with a lattice mismatch rate of 2.610%. We
maintained the minimum unit lattice constant of In,Se; at
a value of 3.9954 A and the initial minimum unit lattice
constant of Au at a value of 2.884 A to ensure the desired
structure. During the ionic relaxation of the interface structure,
all atoms are completely relaxed. To investigate the effect of
strain on the electronic properties of In,Ses/Au heterostructure,
the In,Ses/Au heterostructure under biaxial tensile strain in the
xy-plane is investigated. The biaxial tensile strain is applied
along the xy-plane by varying the lattice constant of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) The initial configuration of the monolayer In,Ses/metal heterostructure system in both the upward and downward directions of In,Ses
(Up-InoSes/Au and Dw-In,Ses/Au). (b) In-plane biaxial tensile strain is depicted.

heterostructure and can be defined as ¢ = (a — ay)/a,, where a,
and a are the in-plane lattice constants of the equilibrium and
strained lattice constant, respectively, as shown in Fig. 1(b).

3. Results and discussion

As shown in Table 1, the interlayer distance (d,) is the average
distance between the closest layer of In,Se; and metal in the
vertical direction. dge_,, is set as the minimum distance
between the selenium atoms in the In,Se; layer and the atoms
in the metal layer. The binding energy (Ey,) is defined to evaluate
the thermodynamic stability of the In,Se;/Au heterostructure as
follows:

Ey, = (EInzSe3 + Eau — EInZSeE—Au)/Na (1)
where Eryse, Eau and Epyseau are the total energies of the
pristine In,Se;, metal, and In,Se;-Au interfacial systems,

Table 1 Optimized interlayer distance d, (A) and dse_au (A), binding
energy Ey, (eV), and charge transfer value Ap (e) of Up- and Dw-In,Ses/
Au heterostructures under a biaxial strain

0% 2% 4% 6% 7%

Up-In,Ses/Au  d, (A) 2.523 2.478 2.416 2.348  2.352
2.760 (ref. 25)
2.275 (ref. 46)

dseau (A) 2.643 2.595 2.552 2.524  2.512
3.340 (ref. 25)
Eb (eV)  0.962 0.852 0.548 0.131 —0.102
0.510 (ref. 25)
Ap (e) 0.637 0.786 0.868 0.940 0.966
Dw-In,Se;/Au  d, (A) 2.665 2.614 2.551 2.490 2.464

2.920 (ref. 25)
2.485 (ref. 46)

dse-au (A) 2.697 2.649 2.611 2.567 2.552
3.400 (ref. 25)

Eb (eV) 0.822 0.704 0.388 0.052 —-0.297
0.350 (ref. 25)

Ap (e) 0.503 0.590 0.674 0.755 0.791

© 2023 The Author(s). Published by the Royal Society of Chemistry

respectively. N represents the total number of In,Se; unit cells
in the system. When Ey, is positive, the system is stable. The
larger the absolute value of Ey, the stronger the heterostructure
binding.

For Up-In,Ses/Au heterostructure, d, (dse-ay) is smaller than
that of the Dw-In,Se;/Au heterostructure without strain, indi-
cating the stronger interaction between In,Se; and Au in Up-
In,Ses/Au heterostructure, which is consistent with the litera-
ture results.” By applying the biaxial tensile strain from 1% to
7%, the d, (dse-au) in both Up-In,Se;/Au and Dw-In,Ses/Au
heterostructures gradually decreased, indicating a gradually
enhanced interaction between In,Se; and Au. The binding
energy of the Up-In,Se;/Au heterostructure is larger than that of
the Dw-In,Sez/Au heterostructure without strain. For the Up-
In,Sez/Au and Dw-In,Ses;/Au heterostructures, E, gradually
decreases as the biaxial tensile strain increases from 1% to 7%,
reaching negative values at 7% strain, and the heterostructure
changes from a stable to an unstable structure. Therefore, the
later section focuses on the interfacial properties of In,Se;/Au
stable structures at 1-6% strain.

To gain further insight into bonding properties and inter-
layer interactions, the plane-averaged charge density difference
is calculated as follows:

Ap = PIn,Se;~Au — PAu — Pln,Se; (2)

where pi se-aw Pin,se,, and pay are the charge densities of the
In,Se;—Au heterostructure, monolayer In,Se;, and the metal,
respectively. Fig. 2 displays the charge density difference of (a)
Up-In,Sez/Au and (b) Dw-In,Se;/Au heterostructures under
biaxial strain. The red and blue-filled areas represent the charge
accumulation and consumption, respectively. In general, the
charge depletion and accumulation lead to electron wave
function polarization, that is, the formation of interface electric
dipoles, which will modify the band alignment.*” Apparently,
the charge transfer occurs at the interface between In,Se; and
Au. Bader charge analysis shows that the Up-In,Se;/Au hetero-
structure exhibits a larger charge transfer of 0.637e compared to
the 0.503e¢ observed for the Dw-In,Se;/Au heterostructure,

RSC Adv, 2023, 13, 1385-11392 | 11387
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Fig. 2 Planar average charge density difference Ap along the z-direction of (a) Up-In,Ses/Au and (b) Dw-In,Ses/Au heterostructures under

biaxial strain. Red and blue represent the accumulation and depletion

indicating a stronger interaction for Up-In,Se;/Au hetero-
structure, as listed in Table 1. By increasing the biaxial tensile
strain, the charge accumulation in the first layer of Au gradually
decreases but gradually increases in the space charge region for
the Up-In,Se;/Au and Dw-In,Se;/Au heterostructures.

The tunneling barrier is an important factor in determining
the performance of the semiconductor/metal contact. The
strong interaction not only leads to high orbital overlap but also
promotes the electron injection between the metal and the
semiconductor, leading to the tunneling and Schottky barriers
being lowered. To evaluate the tunneling barrier, the effective
potential energy of In,Se;-Au with the biaxial tensile strain is
calculated. The barrier width d is defined as the width of the
vdW gap between Au and In,Se;, and as shown in Fig. 3, is equal
to the interlayer distance dg.,s in the above-mentioned struc-
tural optimization structure. The tunneling barrier height
(Prp,etr) is defined as the minimum barrier height that electrons
need to overcome upon injection between the metal and semi-
conductor. According to the method in the literature,*® we can
obtain:

@gap > ¢In2Se3 > quu.min
@gap > ®AuA,min > ¢InZSe3

@IugSeg = @gap ’
0» (pAu,min = (pgap

¢g‘alp - ¢In2 Ses»

@gap - ¢Au.min7

Drp e = 0, (3)

where @, s, Pgap, ANAPpymin are the maximum value of
In,Ses, value of the van der Waals gap between In,Se; and Au,
and the minimum value of the metal of the effective potential
(Vegr) of the entire device, respectively. From Fig. 3(b), it can be
seen that the tunneling barrier @rp ¢ is 0.102 eV for the Dw-
In,Se;/Au heterostructure without strain. When the biaxial

1388 | RSC Adv, 2023, 13, 1385-11392

of electrons, respectively.

tensile strain is applied, the tunneling barrier @rp ¢ vanishes
for the Dw-In,Sez/Au heterostructure. While for the Up-In,Ses/
Au heterostructure, the effective potential of In,Se; (P se,) is all
higher than that of the vdW gap (®4,p,) between the Au and
In,Se; layers with or without strain, indicating no tunneling
barrier exists.

The unconstrained monolayer In,Se; has an indirect band
gap of 0.843 eV, with the valence band maximum (VBM) located
between the I' point and the M point, while the conduction
band minimum (CBM) is located at the I' point in the first
Brillouin zone, which is consistent with previous theoretical
results,” as shown in Fig. S1.f Fig. 4 presents the energy band
structures of (a) Up-In,Se;/Au and (b) Dw-In,Se;/Au hetero-
structures under biaxial tensile strain. Compared to pristine
In,Se;, the energy bands of In,Se; hybridize to some extent with
Au metal, but most of the In,Se; energy bands and Au energy
bands can still be distinguished by their different colors. Blue
and gray colors indicate the contributions from the In,Se; and
Au layers, respectively. It can be found that the Up-In,Se; energy
band structure is significantly more hybridized than Dw-In,Ses,
and the energy band exhibits more hybridization intensity with
increasing tensile strain, consistent with the strong interfacial
forces discussed previously. In addition, the dispersion of CBM
becomes larger with increasing tensile strain, leading to
a decrease in the effective mass that is beneficial for device
application.

Fig. 5 shows the partial density of states (PDOS) of (a) Up-
In,Se;/Au and (b) Dw-In,Se;/Au heterostructures under biaxial
tensile strain. The conduction band portion of bulk In,Se; is
mainly contributed by In s and In p, while the valence band
portion is mainly contributed by In p and Se s. Compared with
pristine In,Se;, the Eg of the free Up-In,Se;/Au heterostructure

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effective potential (Ve¢) along the z direction (direction perpendicular to the interface) at the interface of (a) Up-In,Ses/Au and (b) Dw-
InzSes/Au contact under biaxial tensile strain. @i, se., Pgap aNd Pay min are the Ve of InzSes, the vdW gap between Au and InzSes layers, and the
minimum Ve of Au, respectively. ®@1g ot is the height of the tunnel barrier, and d is the width of the vdW gap between Au and In,Ses.

is shifted in the direction of the conduction band, but the Eg of
the free Dw-In,Se;/Au heterostructure is shifted in the direction
of the valence band. Under biaxial stretching at 6% strain, the
conduction band of pristine In,Se; approaches the Fermi level
while retaining its semiconductor properties, as shown in
Fig. S2.7 Similarly, the semiconductor properties of both Up-

and Dw-In,Se;/Au heterostructures remain unchanged under
biaxial stretching. Meanwhile, under biaxial tensile strain, the
total electronic states of the Up-/Dw-In,Se;/Au heterostructure
are gradually shifted to the left, indicating that the relative
height between the CBM and the Fermi level in the In,Se; layer
can be continuously changed.

E (eV)

(b)

E (eV)

M K

M K

Fig. 4 Band structure of In,Ses in (a) Up-In,Ses/Au and (b) Dw-In,Ses/Au contact systems under biaxial tensile strain. The gray line indicates the
energy band structure of the interfacial system. The blue line indicates the energy band structure of the ML In,Ses projection, whose weight is

represented by the size of the dot. The Fermi level is set to zero energy

© 2023 The Author(s). Published by the Royal Society of Chemistry

and is denoted by the dashed line.
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purple, green, red, and blue lines represent the In s, In p, Se s, Se p, and the total density of states, respectively. The black vertical dashed line

represents the Fermi level.

The 1In,Se;/Au heterostructure acts as a metal-semi-
conductor contact heterostructure, and the Fermi level of the
combined system is located in the In,Se; band gap region,
resulting in the formation of a Schottky barrier at the interface.
There are two ways to calculate SBH, one is Mott-Schottky
estimation, and the other is first-principles calculation. The
Mott-Schottky estimation is based on ignoring the interaction
between the metal and semiconductor, defining n-type SBH as
the difference between the metal work function @,; and the
electron affinity of In,Se; Xin,sc,, where @ is the difference
between the vacuum potential and the Fermi level, and xn s, is
the free energy difference between the conduction band
minimum (CBM) level and the vacuum electron level. The work
function of Au (111) is calculated to be 5.152 eV. Owing to the
asymmetric structure of In,Se; and the built-in electric field
caused by spontaneous ferroelectric polarization along the
vertical direction, the work functions on its two sides are
different. The calculated Xin,se, of Up-In,Se; is 5.111 eV, while
the Xin,se, of Dw-In,Se; is 4.613 €V. It can be found that an n-
type Schottky contact is formed between Au and Up-In,Se;
with an electronic SBH of 0.041 eV. It forms a lateral p-type
Schottky barrier for Dw-In,Se; contacted with Au and the SBH
of 0.251 eV. In first-principles calculations, the n-type Schottky
barrier (®sp ) is indeed the energy difference of the conduction
band minimum (CBM) with respect to Ep, while the p-type
Schottky barrier (g ) is indeed the energy difference of the
valence band maximum (VBM) with respect to Eg. It can be
found that the polarization direction of In,Se; is upward, and
the In,Se;/Au heterostructure presents an n-type Schottky
contact with @gp , = 0.410 €V under no strain. On the contrary,
when the polarization direction of In,Se; is downward, the
contact type between Au and In,Se; becomes a p-type Schottky
contact with @gg , = 0.093 eV. The large difference in the values

M390 | RSC Adv, 2023, 13, 1385-11392

of SBH calculated by the two methods reflects the possible
existence of Fermi level pinning (FLP) behavior at the interface.

Fig. 6 displays the SBH results of Schottky-Mott estimates
and first-principles calculations. The strain dependence of SBH
estimated by the Schottky-Mott limit is determined by the
strain dependence of intrinsic properties of Au and In,Se;. The
SBH of In,Sez/Au heterostructure is found to decrease as the
work function of Au decreases, and the electron affinity of
In,Se; increases under tensile strain. The contribution of

. Schottky—Mott estimated

(a) Dsex/eV - First-principles calculated

A

0.410
0.230

-0.156

0.134

0.041 4 0.086

-0.401 -0.61:

1.156

0.749
0.926

1.050 1.086

1.286

1.424 1.487

Y
DsprleV
(b) DspnleV 0938

\ 0.773

0.696

0.619 0.655 0.674

2% 4% 6%

v 0%
Dspr/eV

Fig. 6 Schottky barriers of (a) Up-In,SesAu and (b) Dw-InySes/Au
contact systems under biaxial tensile strain.
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interfacial atomic and electronic rearrangements to the SBH is
completely ignored. However, when the tensile strain reaches
6%, the SBH of the Up-In,Sez/Au heterostructure becomes
0.086 eV by using the first-principles calculations, which is close
to ohmic contact. The electrons in the Au layer can freely flow to
the In,Se; layer through the In,Se;/Au contact. However, the
VBM of Dw-In,Se;/Au heterostructure is gradually moved away
from the Fermi level under the action of biaxial tensile strain,
resulting in a gradual increase of the SBH at the interface. Until
6% tensile strain, Dw-In,Se;/Au heterostructure changes from
p-type to n-type Schottky barrier. Our findings suggest that
strain-tunable SBHs of In,Se;/Au heterostructures can be used
in the design and fabrication of future In,Se;-based field effect
transistors.

4. Conclusions

In summary, the effects of the polarization direction and biaxial
tensile strain on the electronic properties and Schottky barrier
of In,Se;/Au heterostructures are comprehensively investigated
by first-principles calculations. The interaction force between
Up-In,Se; and Au is stronger than that of Dw-In,Ses, and the
interfacial force gradually increases with increasing tensile
strain. In,Ses;/Au heterostructure can switch from n-type to p-
type when the polarization direction of In,Se; changes. When
the biaxial tensile strain is 6%, the ®gg, of the Up-In,Se;/Au
heterostructure is only 0.086 eV, which is close to ohmic
contact, while the Dw-In,Se;/Au heterostructure changes from
p-type to n-type Schottky contact. Our study provides a detailed
biaxial tensile strain of the SBH of In,Se;/Au heterostructures,
providing theoretical guidance for more efficient applications.
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