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Controllable Band Alignment Transition in InSe—-MoS,

Van der Waals Heterostructure

Xi Chen, Zheng-Zhe Lin,* and Ming Ju

Van der Waals (vdW) heterojunctions with type-Il band alignment, in which
electrons and holes are localized in distinct layers, play a central role in
optoelectronic devices and solar cells. The present study analyzes a type-1—lI
band alignment transition in InSe—MoS, vdW heterostructure, proposed to be
controlled via changing interlayer distance or applying perpendicular external
electric field. The band position shift of InSe relative to that of MoS,
attributes to a surface polarization mechanism. Changing band offset into

The band alignment of vdW heterostruc-
tures is crucial in applications of optoelec-
tronics. Several experimental investigations
have shown that underlying type-I1I band
alignment is required for optoelectronics
and solar cell applications.'*??! For two-
dimensional vdW heterostructures with
type-1I band alignment, electrons and holes
are spatially separated in distinct layers and

type Il facilitates possible use and allows greater flexibility for band
engineering of InSe-MoS, heterostructure in optoelectronic and solar energy
applications. The present findings provide theoretical guidance to a new
approach to improve the optoelectronic properties of vdW heterostructures.

The birth of two-dimensional materials launched a great
revolution in material science. Several two-dimensional materi-
als have been considered as building blocks for future nano-
electronics and optoelectronics. They can lead to drastic
reduction in characteristic lengths of electronic devices.'™* As
isolated atomic planes, two-dimensional materials can be
reassembled by designing layered heterostructures, which are
often called van der Waals (vdW) heterostructures.l*! With
distinctive electronic and optoelectronic properties,”™* vdW
heterostructures have awakened many research efforts for their
potential applications in light-emitting diodes, solar cells, and
high-electron-mobility transistors. At present, vdW heterostruc-
tures built by graphene,">* phosphorene,'* and transition-
metal dichalcogenides (TMDs)!'®'® have been studied in
experiments and theory. A strong photoinduced modulation
doping effects in graphene-BN vdW heterostructures were
found.™! As building blocks, different two-dimensional materi-
als can assemble various vdW heterostructures, revealing new
physical properties and phenomena.
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form interlayer excitons, thus electron-hole
recombination could be avoided. Such
spatial charge separation leads to long
electron-hole recombination lifetime!*22*]
and plays a central role in the internal
process of solar cells.?* If the band
alignment can be controlled and switched
to type-II, more vdW heterostructures are
then suitable for optoelectronic and solar energy applications.

In recent years, research efforts have been centered upon
devices based on two-dimensional semiconductors such as
TMDs and black phosphorene attributed to their exotic
properties.’>2”) Recently, indium selenide (InSe)*® which
belongs to III-VI layered semiconductor family has been
successfully prepared.” On the one hand, Single-layer InSe
exhibits high carrier mobility up to 10> cm?V~'s™ "3 high
on-off current ratio (=10%, and large broadband spectral
response.*” Considered as key elements for optoelectronic and
nanoelectronic applications attributed to its novel properties,
InSe has attracted great interest.?%**7*¢! On the other hand,
two-dimensional TMDs have also proved promising funda-
mental building blocks for ultrathin high-performance devi-
ces.’”73% Research works have demonstrated and predicted that
TMD field-effect transistors show high on/off current ratio
(10* ~ 10%) with less short-channel effects. Considering InSe—
MoS, heterostructure has been grown by molecular beam
epitaxy,[*” the band engineering in InSe-MoS, vdW hetero-
structure is worth studying.

The goal of this paper is to investigate the band structure and
properties of two-dimensional InSe-MoS, vdW heterostructure
based on density functional theory (DFT) calculations. The InSe—
MoS, heterostructure presents a type-I—II band alignment
transition, controlled by changing interlayer distance. The band
position shift of InSe relative to that of MoS, attributes to a
surface polarization mechanism. Moreover, it is showed that the
type-I—II band alignment transition can be also realized by the
application of perpendicular external electric field. This allows
manipulation of the band properties and flexibility for band
engineering of InSe-MoS; heterostructure in optoelectronic and
solar energy applications. The present results are essential to the
design of future nanoelectronic and optoelectronic devices and
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propose a new approach to improve the properties of two-
dimensional vdW heterostructures.

Computational Methods: In the simulation model, 3 x 3 InSe
monolayer is matched to 4 x4 MoS, monolayer. The lattice
constant mismatch is less than 2%. Periodic boundary
conditions are applied. To avoid the interactions between
nearest slabs, the replicas of simulation systems are separated
by a large spacing of 30 A along the z direction (perpendicular to
the two-dimensional surface).

First-principles calculations are performed within spin-
polarized DFT by using Vienna ab initio simulation package
(VASP).*!l Projector-augmented wave (PAW) method*? is used
to account electron-ion interactions. In all the calculations, a
plane-wave basis set with kinetic energy cutoff of 400 eV is used
to expand the wave functions. The convergence of the total
energy was considered to be achieved until two iterated steps
with energy difference less than 10™° V. The Brillouin zone is
sampled by using 3 x 3 x 1 I'-centered Monkhorst—Pack grid. A
Gaussian smearing with a width of ¢=0.05¢eV is used.

In geometry optimizations and total energy calculations, the
optB88-vdW dispersion-corrected exchange functional,****
which has been demonstrated as a reliable approach to describe
dispersive forces in 2D systems,!*” is employed to correctly
describe the effect of a vdW interaction. Geometry optimizations
are performed until the Hellmann—Feynman forces acting on
each atom are less than 0.01 eV A~". Ground state structures are
found by using the conjugate gradient method.

To account for the band gaps and band edge positions, the
Heyd-Scuseria—Ernzerhof (HSE06) hybrid functional*®*”! is
used to calculate the band structures of the optimized systems.
In general, HSE06 hybrid functional provides more accurate
band gaps as well as band alignment. The band structures and
absolute band energies are aligned with respect to the vacuum
level obtained via electrostatic potential.

Basic properties and band alignment: The InSe monolayer
lattice (Figure 1a) has hexagonal symmetry, with a thickness of
four atoms linked in the Se—In—In—Se sequence via covalent

7

—— without SOC
—— with SOC

K r M K

side view
Figure 1. Basic properties of InSe monolayer. a) Top and side view of InSe
monolayer. b) Band structure of InSe monolayer at the level of HSE06. Red
and blue lines denote the calculation results with and without SOC,
respectively. The Fermi level is shown by dashed line. The energy of
vacuum level is set zero.
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bonds with the In atoms at tetrahedral sites. The rhombic unit
cell is shown by dashed lines in Figure 1a. The calculated lattice
constant a=4.09 A is in agreement with previous experimen-
tal®®*® and theoretical®®*>>% results. In InSe monolayer, an
indirect band gap (shown by the arrow in Figure 1b is observed,
with the conduction band minimum (CBM) at the I' point and
the valence band maximum (VBM) lying between the I' and K
points. The spin-orbit coupling (SOC) induces a splitting of
some bands (see red lines in Figure 1b by about 0.1eV (as seen,
e.g., at K, I', and M points). Generally, hybrid HSE06 functional
provides more accurate band gap than standard DFT approach.
Ideally, one should also employ GW many-body theory to obtain
reliable band energies. (It is worth noting that the vertex
correction, which is ignored by the GW method, is very
important for the band alignment. Recent report indicates that
the vertex mainly shifts the bands of two-dimensional semi-
conductors relative to vacuum by 0.5eV.®") Here, the Perdew—
Burk-Ernzerhof (PBE) functional, HSE06 functional and GW0
calculations (starting from HSEOQ6 orbitals) are performed for
InSe single cells to obtain band gap. With the PBE functional, the
calculated band gap is 1.42 (1.39)eV with (without) SOC,
respectively. With the HSE06 functional, the calculated band gap
is 2.15 (2.12) eV with (without) SOC, respectively. The GWO0
calculation further increases the band gap. With GWO
calculation, the calculated band gap is 2.96 (2.93)eV with
(without) SOC, respectively (in agreement with Debbichi
et al®®). The differences between PBE, HSE06 and GWO
calculations are mostly a shift of band structure. The GW0
calculation provides more accurate band gap, but takes much
more computation time. So, in the following text, HSE06
functional is employed without SOC for all the calculations.
Before investigating the properties of InSe-MoS, hetero-
structure, we first understand the band alignment of InSe and
MoS, monolayers. DFT calculations suggest a band alignment
transition in the combination of InSe and MoS, monolayers. For
isolated InSe and MoS, monolayers, the band structures are
predicted to be type-II band alignment (Figure 2a), i.e., the VBM

of MoS, is higher than the VBM of InSe
(AVB = E;\/,glg’[z — E}fsf > 0), and meanwhile, the CBM of
MoS, is  higher than the CBM  of InSe
(ACB = Ef,ff;’lz — EICHBSI;'[ > 0). When the InSe and MoS,
(a) (b)
| = ;
type-I type-II m .{

PBE HSE06 GWO0

combined InSe & MoS2 isolated InSe & MoS2 isolated InSe & MoS2

Figure 2. Band alignment of InSe and MoS,. a) Isolated and combined
InSe and MoS, monolayers. b) Calculated band alignment of separated
InSe and MoS; monolayers at the level of PBE, HSE06 and GWO. The
energy of vacuum level is set zero.
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monolayers constitute vdW heterostructure, the band alignment
changes into type-I (Figure 2a),i.e., Ayg = E&?SAZ - BB <0
and Acg = Eﬁ%g[z — ESBM > 0. To verify the reliability of our
calculations, the band structures of isolated InSe and MoS,
monolayers are calculated by using PBE, HSE06 and GWO
calculations (Figure 2b). The PBE calculation provides band offset

Aygp = E?\/A%I\SAZ — EKIBSI\CA = 0.04eV and Acg = EI(\:A%I;/IZ —
ESBM = 0.03 eV. However, the PBE result may be quantitatively

inaccurate, while the HSE06 and GWO results are more reliable.

(a)

top view
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The HSEO06 calculation provides Ayg =0.13eVand Acg =0.11€V.
The GWO calculation provides larger band gaps than HSE06, and
the GWO0-predicted band offset Ayg =0.14eV and Acg =0.12eV
are similar to HSE06. Although HSEO6 still underestimates the
band gaps relative to GWO0 by 0.81eV for InSe and 0.81eV for
MoS,, the HSE06 is significantly closer to the GWO0 result than the
PBE. Therefore, HSE06 functional is used throughout the paper

for band offset calculations.
Band alignment control via interlayer distance control: In this

section, we study controlling the band alignment of InSe-MoS,
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Figure 3. The band structure and alignment of InSe—MoS, heterojunction changing with interlayer distance. a) The top and side views of InSe-MoS,
vdW heterostructure. Periodic boundary is shown by dashed lines. b) Projected band structure of InSe-MoS; heterostructure at the level of HSE06 with
interlayer distance d =3.3, 4.3, 6.3, and oo A. The green projection comes from the InSe layer and the blue comes from the MoS, layer. The Fermi level is
shown by dashed lines. The energy of vacuum level is set zero. ¢) The band gap (upper) and band offset (lower) varying with enlarging InSe-MoS,
distance d. d) Isosurfaces of charge redistribution with values of 10 *eA~* (cyan/yellow respectively) for d=3.3 A.
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heterostructure via changing the interlayer distance. The
simulation model of InSe-MoS, vdW heterostructure is set
up by matching 3 x 3 InSe monolayer to 4 x 4 MoS, monolayer
(Figure 3a), with a supercell lattice constant of 12.50 A. The
lattice constant mismatch of InSe (MoS,) is +1.8 (—1.9)%,
respectively. In the most stable structure, the vertical distance
from the bottom of MoS, layer to the top of InSe layer is 3.3 A
(Figure 3a). Such distance is larger than the sum of the covalent
radii of S and Se atoms, indicating no chemical bonds at the
InSe-MoS, interface.

Before studying the effect of interlayer distance, we first
investigate band properties of the most stable structure of InSe—
MoS, heterostructure. The 1st of Figure 3b plots the projected
band structure of the most stable InSe-MoS, heterostructure,
with interlayer distance d=3.3 A. The green projection comes
from the InSe layer and the blue comes from the MoS, layer. The
electronic states of the InSe and the MoS, layers are weakly
perturbed upon the formation of InSe-MoS, heterostructure.
We found that the band gap of InSe/MoS, change by less than
0.13/0.01 eV, respectively. In the 1st panel of Figure 3b, the InSe—
MoS, heterostructure presents a type-I band alignment with a

valence band offset Ays = Eyoe — Ejfe = —0.10eVanda
conduction band offset Acg = Eyle — Epie = 0.62eV.

Next, we gradually enlarge the interlayer distance d and
observe the change of band structure. The lower panel of
Figure 3c plots Ayp and Acg varying with enlarging InSe-MoS,
distance d. In the range of d=4~5A, the band alignment of
InSe-MoS,; heterostructure changes from type-1 (Ayg <0 and
Acp > 0) to type-II (Ayg >0 and Acp >0). In the 2nd panel of
Figure 3b, the band structure of InSe-MoS, heterostructure with
d=4.4 A is depicted, presenting a type-1I band alignment with
Ayg=0.13€eV and Acg=0.70eV. The InSe-MoS, heterostruc-
ture presents a semiconducting character with an indirect band
gap of 1.68 eV, with VBM at the K point and CBM lying at the I'
point. In the projected band structure of Figure 3b, we can see
that VBM lies on the InSe layer while CBM is localized in the
MoS, layer, which is suitable in order to promote the electron-
hole separation. With enlarging interlayer distance d > 4.4 A, the
band structure of InSe-MoS, heterostructure only has a little
change. The 3rd panel of Figure 3b depicts the band structure of
d=06.3A, presenting a type-1I band alignment with Ayg=0.16
eV and Acg =0.73 eV which are almost equivalent to those of
isolated InSe and MoS, layers (the 4th panel of Figure 3b).

In terms of change of interlayer distance d, the band gap
slightly changes with it. The upper panel of Figure 3c plots the
band gap of InSe and MoS,, and the band gap of InSe-MoS,
heterostructure. In the range of d=3.3~9.3 A, the band gap of
MoS, seldom changes, while the band gap of InSe slightly
increases. In the change of d, the band gap of InSe-MoS,
heterostructure changes a little, from 1.68 to 1.66 eV. According
to results above, the change of interlayer distance d only affects
band alignment of InSe-MoS, heterostructure but seldom
changes band gap. This characteristic is beneficial for the use of
InSe-MoS,; heterostructure as adjustable device, with flexible
control of band alignment and without changing band gap.

To gain more insight into the change of band alignment, we pay
attention to the interaction and charge redistribution between InSe
and MoS, layers. As the InSe and MoS, layers have different Fermi
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energy, electrons would slightly redistribute when the two layers
get close to each other, leading to the rise/drop of InSe/MoS,
valance band. To visualize the charge redistribution, we plot the
isosurface of charge redistribution in the InSe-MoS, hetero-
structure for the case of d =3.3 A in Figure 3d. It can be seen that
slight charge redistribution happens mainly in the region between
the InSe and MoS, layers. In the InSe layer, the electrons are
repulsed by the MoS, layer, showing more negative charge area
near the centers of Se atoms. Such repulsion leads to the
enhancement of InSe valence band. On the contrary, in the MoS,
layer the electrons are attracted by the InSe layer, showing more
negative charge area in the region between the InSe and MoS,
layers. Such electronic attraction on MoS, leads to the reduction of
MoS, valence band. The electron redistribution reveals a
polarization near InSe-MoS, contact surface that causes the
slight interaction between InSe and MoS, layers.

In addition, the stability of InSe-MoS, heterostructure is
examined by comparing the total energies of relaxed InSe-MoS,
system (Umpse—Mos,) With ones of isolated InSe and MoS, layers
(Umse and Upmes,). The Uppse and Upmes, are obtained by
considering the strained 3 x 3 InSe and 4 x 4 MoS, supercells.

The binding potential is calculated as U = Ulnse mos, —

(Umse + Uwmos,) = —18.9meV A%, which is lower than
the binding potential of InSe-phosphorene heterostructure
(—9.03 meV A~2B% The stability of InSe~MoS, heterostructure
is further revealed by the change of interlayer binding energy.
Starting from interlayer balance distance d=3.3 A, interlayer
binding energy U® decreases with enlarging d (Figure 4). In the
range of d=3.3~50A, U°=-18.9~-893meVA 2 keeps
lower than the binding potential of InSe-phosphorene hetero-
structure. In this range of d, InSe-MoS, heterostructure keeps
more stable than InSe-phosphorene heterostructure. When
manipulating the band alignment via changing interlayer
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Figure 4. Energetics of InSe-MoS, heterostructure. The change of InSe—
MoS, binding energy U® with interlayer distance d.
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distance in this range, the stability of InSe-MoS; heterostructure  interlayer distance or applying external electric field. DFT
could be guaranteed. calculations reveal the stability of two-dimensional InSe-MoS,

Band alignment control via external electric field: In this section, =~ vdW heterostructure. It is evident that there are no chemical
we further consider controlling the the band alighment via  bonds at the InSe-MoS; interface. The electronic states of InSe
applying external electric field. For InSe-MoS; heterostructurein ~ and MoS, layers are mostly preserved upon the formation of
the equilibrium interlayer distance d=3.3A (type-l band InSe-MoS; heterostructure, and nearly independent of parallel
alignment, Ayg = E;\//l]?)l\s/lz — E®M < 0), an external electric displacement of MoS, on InSe. An intrinsic change from type-I
field pointing from Mo$, to InSe is applied. Then, electrons drift ~ t© type I band alignment occurs with enlarging interlayer
from InSe to Mo$S, and the band alignment would change from distance. The §hift of the band position of. InSe relative to that
type-1 to type-I1. Figure 5a plots the projected band structure with of MOSZ at?nbutes to a 51.1rfa.ce Polanzation mechanism,
perpendicular external field £ =0, 0.2, and 0.4eVA~". It can be leading to slight electron. rgdlstrlbutlor.l betwe.en the InSe and
seen that the band of InSe gradually moves down relative to that of Mo, layers. Moreover, 1t1s .a%so possible to invoke the. type-
MoS, with increasing electric field, leading to enlarging Ayg and I-1I band al%gnment transition by applying perpgndlcular
Acs. For &> 0.2eVA ", the band alignment is changed o type-11 external electric field or bias voltage. Overall, changing band

VBN VBM offset to type II leads to possible use of InSe-MoS,
(AVB = Elos, = Emse < O)- The lower panel of peterostructure in optoelectronic and solar energy applica-

Figure 5b plots the change of Ayg and Acg along with external ~ tions. Our research proposes a new perspective on advantage
electric field e = —0.2 ~0.4eV A~L. The result above offers us a  nanoelectronic and optoelectronic devices with well-controlled
simple way to control the band alignment by applying bias voltage fea.ture of VdW heterf)structures, and 3159 provides .theoretical
on the InSe-MoS, heterostructure. For d=3.3 A, a voltage of guidance on improving the optoelectronic properties of vdW
0~ 2 Vcan generatean electric field of about 0~:0.6 VA !, whichis ~ Deterostructures.
large enough for the band offset control. We then perform detailed
calculations for external field e=—0.2~0.4eVA™', and find
linear relation of band gap dependent on ¢ (Figure 5b). Acknowledgements

Conclusion: In conclusu.)n, the .InSe—MOS? heterost?ucture This work was financially supported by the Fundamental Research
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