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Interlayer coupling in layered semiconductors can significantly affect their optoelectronic properties. However, un-
derstanding the mechanisms behind the interlayer coupling at the atomic level is not straightforward. Here, we study
modulations of the electronic structure induced by the interlayer coupling in the y-phase of indium selenide (y-InSe) us-
ing scanning probe techniques. We observe a strong dependence of the energy gap on the sample thickness and a small
effective mass along the stacking direction, which are attributed to strong interlayer coupling. In addition, the moiré pat-
terns observed in y-InSe display a small band-gap variation and nearly constant local differential conductivity along the
patterns. This suggests that modulation of the electronic structure induced by the moiré potential is smeared out, indicating
the presence of a significant interlayer coupling. Our theoretical calculations confirm that the interlayer coupling in y-InSe
is not only of the van der Waals origin, but also exhibits some degree of hybridization between the layers. Strong interlayer
coupling might play an important role in the performance of y-InSe-based devices.

Keywords: indium selenide (InSe), interlayer coupling, scanning tunneling microscopy/spectroscopy

(STM/STS), density functional theory
PACS: 73.20.At, 68.37.Ef, 71.15.Mb

1. Introduction

Interlayer coupling plays an important role in determining
the properties of layered semiconductors.!'-8! As one of the
representative III-VI layered semiconductors, indium selenide
(InSe) demonstrates attractive electronic transport properties
with high carrier mobility, quantum Hall effect, and broad-
band optical response ranging from ultraviolet to near-infrared
due to the high tunability of the band gap.~'*l As the num-
ber of InSe layers increases, the band gap reduces, which is
accompanied by a transition from an indirect to direct band
gap.l15-17
thickness were considered to be originating from the strong

I Large variations of the InSe band structure with

interlayer coupling due to the Se p. orbitals.[8-201 Therefore,
both theoretical and experimental studies pay great attention to
the interlayer coupling and related phenomena in InSe.[!8:21:22]
Sun et al. demonstrated that InSe is a strongly coupled lay-
ered material by employing ab initio density functional (DFT)
calculations. '8! The peak position and linewidth of the exci-
tonic emission from mechanically exfoliated InSe flakes with
various thicknesses were reported earlier to elaborate the in-
terlayer coupling.”?'! Afterwards, Mudd ez al. investigated
highly tunable optical response and spectral variation with ex-

ternal magneto-optical fields applying to the InSe samples. [>]

DOI: 10.1088/1674-1056/abff32

It was also reported that the band structure of InSe could be
tuned by uniaxial tensile strain or doping, and the induced
modification of interlayer coupling might be the origin.[1%23]
Such interlayer coupling was likewise involved in a study of
InSe-based hot-carrier optoelectronics.**! However, particu-
lar efforts should place emphasis on the influence of interlayer
coupling on localized electronic band gaps, which is critical
for related optoelectronics.>>2¢1 Scanning probe techniques
give access to the differential conductivities, which are directly
associated with the local electronic states and band gaps of
samples,?-?8] and therefore may be useful to understand the
physics of interlayer coupling in InSe at the atomic level.

In this paper, we study the y-phase of InSe (y-InSe) by us-
ing scanning tunneling microscope/spectroscopy (STM/STS).
7-InSe samples with different thicknesses ranging from a few
layers to hundreds of nanometers, as well as the bulk crys-
tal are used in the measurements. We observe a sharp drop
of the band gap when the sample thickness increases, which
suggests strong interlayer coupling in y-InSe. This is further
corroborated by a small effective mass and large exciton radius
along the out-of-plane direction extracted from the differential
conductivity measurements. We also observe the moiré pat-
terns indicating the presence of a superlattice with a ~ 7.3°
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twist angle between the surface layer and the underlying lay-
ers, where the slightly larger band gap than that of bulk y-InSe
is the signature of a considerable interlayer coupling. Our re-
sults demonstrate that the moiré-pattern-related band-gap fea-
tures do not exhibit stack-dependent variations, which reveals
the strong interlayer coupling induced smearing of the moiré
potential modulation along the layer. Our work highlights that
the strong interlayer coupling can efficiently affect the elec-
tronic properties of y-InSe, which provides further insights for
applications.

2. Materials and methods
2.1. Sample preparation and characterization

The y-InSe sample with different thickness was prepared
by gold-assisted mechanical exfoliation method.!?*! First, an
adhesion metal layer (Ti, 5 nm) is evaporated on Si substrate
(with 300 nm SiO, film), then Au film (15 nm) is deposited
on the substrate. The fresh surface of the y-InSe crystal is
cleaved by a tape and put onto the metal-deposited substrate.
The tape removes from the substrate after pressing vertically
for about 1 min to obtain large-area y-InSe sheets. Bulk InSe
(2D semiconductors USA) was repeatedly surface cleaved in
the ambient atmosphere and quickly loaded to ultrahigh vac-
uum followed by the 20 min degas at 450 K.

All experiments were performed with a commercial STM
(CreaTec Fischer & Co. GmbH) with ultrahigh vacuum (~
2 x 1071° Torr) and low temperature (~ 77 K). STM images
were processed using WSxM. 3% All d7/dV spectra were ac-
quired by utilizing the internal lock-in amplifier with the mod-
ulation voltage of 50 mV at the frequency of 739 Hz. STM
images were taken in the constant-current mode with the sam-
ple biased. Electrochemically etched Ptlr/W tips calibrated
on Au(111) surface beforehand were used in STM/STS ex-
periments. Raman measurements were performed in a Ren-
ishaw inVia Raman microscope equipped with a 532 nm laser.
Atomic force microscope (Park Systems Corp.) experiments
were performed under ambient conditions with the tapping
mode.

3. Theoretical calculations

The density functional theory calculations were car-
ried out using the projected augmented wave formalism!3!]
as implemented in the Vienna ab initio simulation package
(VASP).[3233] The exchange—correlation effects were taken
into account by using the local density approximation (LDA).
A 250 eV energy cutoff for the plane-waves and a conver-
gence threshold of 107® eV have been used. The Brillouin
zone was sampled by (16 x 16) and (2 x 2) k-point meshes
for non-twisted and twisted bilayers, respectively. In order

to avoid interactions between the supercell structures in the

nonperiodic direction, a 30 A thick vacuum slab was added in
the direction normal to the InSe plane. The atomic positions
in the twisted supercell were relaxed until the residual forces
were less than 1072 eV/A. The unit cell of InSe was optimized
at the LDA level, resulting in the lattice constant a = 3.95 A.
The supercell of twisted bilayer InSe was constructed using
the lattice vectors | = na; +ma; and t, = (n+m) a; —ma,
rotated by angles 6/2 and —60/2, respectively. Here, a; and a;
are the lattice vectors of the InSe unit cell, and 0 is the twist
angle determined by a common periodicity of the two layers,

satisfying 34!

(2n2 +2nm — m2)
2(n2 +nm+m?)

cos(0) = (1)

In this work, we consider n = 5 and m = 4, giving rise
to the twist angle 8 = 7.34°. The resulting periodicity is
Arwist = avm2+nm+n? ~ 30.9 A, whereas the supercell has
488 atoms. The Wannier functions were constructed using the

wannier90 package.[?!

4. Results and discussion

The ball-and-stick model of y-InSe with top and side
views is shown in Fig. 1(a). It has a hexagonal structure from
the top view with the lattice parameter a = 0.4 nm and the Cs,

36371 From the side view, quadruple-

point-group symmetry. !
layer (QL) y-InSe with a thickness of about 0.8 nm consists
of four atomic monolayers linked via covalent bonds in the
sequence of Se—In-In—Se, and 3QL forms the unit cell with
lattice parameter ¢ = 2.5 nm along the perpendicular direc-
tion together with an in-plane shift. The thickness of 1QL
YInSe is verified by large-scale STM images as the line profile
across the terrace edge gives a height of ~ 0.8 nm [Fig. 1(b)].
The surface structure of y-InSe is well identified by the atomi-
cally resolved STM image of the bulk sample [Fig. 1(c)]. The
characteristic honeycomb structure has a lattice parameter of
~ 0.4 nm, which is consistent with the y-InSe model. The
corresponding Raman spectroscopy [Fig. 1(d)] verified the y-
phase. Four dominant peaks centered at ~ 114 cm™! (A},
176 cm™! (E’-TO and E”), 199 cm~! (A%-LO), and 226 cm™!
(A)) are characteristic peaks for the y-phase, which are in good
agreement with the literature. 38!

A series of y-InSe sheets were mechanically exfoliated
from the y-phase bulk crystal onto the Au/Ti/SiO,/Si substrate
to examine the band gap dependence on the sample thick-
ness. Utilizing the in-situ long distance microscope to iden-
tify the tip positions, we measured the differential conductance
(dI/dV) spectra on specific y-InSe sheets, whose thickness
was accurately determined beforehand by means of the atomic
force microscopy (see supporting information for details). All
band gap values extracted from d//dV curves including those
for bulk y-InSe are plotted in Fig. 2(a) with black squares,
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whereas three typical d//dV curves acquired for regions 1,
5, and 11 (defined in supporting information) are shown in
Fig. 2(b) as references. A relatively sharp drop of the band gap
from ~ 2.5 to ~ 1.4 eV is clearly observed when the thickness
of y-InSe sheets increases from a single layer to ~ 20 nm. The
band gap remains nearly constant (~ 1.2 eV) for thicknesses
above ~ 20 nm, which corresponds to that of bulk y-InSe.
The calculated band gaps for 2QL, 3QL, and bulk y-InSe are
also labeled by stars in Fig. 2(a), exhibiting the same decreas-
ing trend as in the experiment. In contrast to transition metal
dichalcogenides, ! strong dependence of a band gap on the
number of layers is a manifestation of strong interlayer cou-
pling in y-InSe,!"8! where quantum confinement alone is not
sufficient to explain the sharp drop of the band gap. In order to
gain further insight into the band gap variation with thickness,
we adopt the effective mass model?!!
232
Ey=Eot il
where Eg = 1.2 eV is the band gap of bulk y-InSe mea-
sured in our experiment, m* is the out-of-plane effective mass
of bulk y-InSe along the k, direction, and % is the reduced
The fitting gives the effective mass of

2

Planck’s constant.

@) 5 &949¢ ()
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~ 0.06m, (m. is the free electron mass), which is quite small
among the layered semiconductors and consistent with previ-
ous results.>149) A small out-of-plane effective mass implies a
highly dispersive behavior along the k, direction at the K point,
which is in line with previous theoretical calculations. !l We
further find that the Wannier—Mott exciton radius (r) in y-InSe

reaches ~ 11 nm by!#?]

m*  €ap

e ro

; 3

where ag = 53 pm is the Bohr radius and € = 11.6 is the di-
electric constant of y-InSe.*3! The exciton radius is the char-
acteristic length scale of quantum effects presenting in the
system. One can see that r is smaller than the y-InSe thick-
ness threshold, at which the band gap displays a clear mod-
ification [see Fig. 2(a)]. In this situation, quantum confine-
ment is not significant when the thickness is decreased down
to ~ 20 nm, and strong interlayer coupling should be the ma-
jor factor resulting in the fast band gap enhancement with de-
creasing thickness. The large exciton radius also indicates a
bulk-like character of charge carriers, which is considered to
be a sign of strong interlayer coupling in y-InSe.

Al

Intensity

|
A5-LO

150 200 250
Raman shift (cm™1!)

100 300

Fig. 1. (a) The ball-and-stick model of y-InSe with top view (upper panel) and side view (lower panel). The dashed rhombus in (a) represents
the in-plane primitive cell. (b) Large-scale STM image (2 V, 2 pA) of the typical y-InSe surface. The inset shows the height profile along the
dashed line providing a height of ~ 0.8 nm for 1QL y-InSe. (c) Atomic-resolution STM image (1.5 V, 10 pA) of the exfoliated y-InSe crystal.

(d) Raman spectra of y-InSe.
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Fig. 2. (a) Thickness-dependent band-gap evolution in y-InSe. Black squares (blue stars) represent the experimental (theoretical) results. The
red curve is the fitting line of experimental results via the equation described in the main text. (b) Typical dI/dV spectra acquired in region 1
(black, 2.4 nm), 5 (red, 8.8 nm), and 11 (blue, 88 nm). The data have been offset for clarity.

After the exfoliation, a hexagonal moiré pattern induced
by the rotated stack of surface and subsurface layers can also
be observed in bulk y-InSe [Fig. 3(a)]. The moiré periodicity
of about 3.1 nm is derived from the height profile taken along

the blue dashed line shown in Fig. 3(a). For two rotated lat-
tices with the same lattice constant, the relationship between
the moiré wavelength A and the twist angle 0 is given by the

equation!#4!
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a
A= 2sin(6/2)’

where a is the lattice constant. In our experiment, when the

“)

wavelength of the moiré pattern is 3.1 nm and the lattice con-
stant is 0.4 nm for y-InSe, the calculated twist angle between
To illustrate the
atomic structure of surface and subsurface layers of y-InSe, we

the surface and subsurface is about 7.3°.

constructed a schematic lattice with a rotational angle ~ 7.3°
[Fig. 3(b)], which displays a moiré wavelength of 3.1 nm, and
is in agreement with the experimental image [Fig. 3(a)].
Further comparative studies of the normally-stacked and
moiré-pattern regions were performed by STS. The dI/dV
spectra measured with the same tip condition exhibit differ-
ences when the position changes between these two surfaces.
Specifically, in the normally-stacked region, an electronic
band gap of £, = 1.2 eV is observed [red line in Fig. 3(c)],
which is in line with previous experimental and theoretical

results.[2541:4

1 On the other hand, the band gap measured in
the moiré-pattern region is slightly larger (~ 1.3 eV) [blue line
in Fig. 3(c)]. A small variation (< 0.1 eV) of the band gap can
also be seen in the calculated density of states (DOS) of 2QL
Y-InSe with (blue curve) and without the twist angle (black
curve) [Fig. 3(d)]. This indicates that the band gap is barely
influenced by the induced moiré potential. The fact that the

energy gap in the moiré-pattern region is close to that in bulk

OIn ©Se

Distance (nm)

7-InSe suggests that the surface layer is not decoupled, which
evidences a considerable interlayer coupling between the sur-
face and subsurface layers in y-InSe.

~

(c
a | — Moiré pattern (d) —2QL
2| puk —2QL (twist 7.3°)
= — bulk
. n
< @)
= A
>
o
=
5 1, NI , . .
—1 0 1 —1 0 1 2

Bias (V) Energy (eV)

Fig. 3. (a) STM image (—2 V, 5 pA) acquired along the y-InSe moiré
pattern region. The black rhombus labels the moiré pattern primitive
cell. The inset shows the height profile along the dashed blue line. (b)
Schematic representation of a moiré pattern arising from a rotation an-
gle 6 =7.3°,(c) dI/dV spectra (average of 10 repetitions) obtained on
moiré pattern (blue curve) region and normal region (red curve) of y-
InSe. (d) Density of states calculated for 2QL 7y-InSe (black curve), 2QL
7-InSe with 7.3° twist angle (blue curve), and bulk y-InSe (red curve)
using DFT. The Fermi level corresponds to the valence band edge.

(c) — A A-stacked
— AB-stacked
1}
o
A
—1 0 1 2

Energy (eV)

Fig. 4. (a) Atomic structure of AA and AB stackings. (b) A series of dI/dV spectra measured along the direction showed by the black arrow
(22 nm) in Fig. 3(a). Two dashed lines indicate the range of band gap. (c) Density of states calculated for AB-stacked (red curve) and AA-stacked
(blue curve) 2QL y-InSe with 7.3° twist angle. The Fermi level corresponds to the valence band edge. The data have been offset for clarity.

In the moiré-pattern region, two typical kinds of stacking,
AA and AB, can be clearly identified with high and low ap-
parent heights in STM images, respectively. These two stack-
ing types are illustrated by ball-and-stick models with the side
view (upper panel) and top view (lower panel) in Fig. 4(a).
A strong interlayer coupling is additionally supported by the
robust feature in a series of STS spectra measured along a
22-nm-long line crossing the moiré pattern region containing
various types of stackings [Fig. 4(b)]. There are no obvious
changes among all curves showing nearly constant band gaps
similar to Fig. 3(c), and no new states can be observed. The
calculated DOS of AA and AB stacked positions shown in
Fig. 4(c) also demonstrates that there is negligible difference
in the electronic structure between them. The stability of the
electronic states across the moiré-pattern region is not typi-
cal for traditional TMD materials because the moiré-pattern

potential field often induces an extra modulation of the elec-
tronic states./*®! Hence, strong interlayer coupling in y-InSe is
supposed to induce a smearing of the moiré potential modula-
tion.

We further analyze the interlayer coupling in y-InSe by
a qualitative valence-bond theory. In y-InSe, both Se and In
atoms are coupled via the sp> hybridization. In this situation,
each Se atom connects three other In atoms with three bonds
located nearly in the same lattice plane (defined as x—y plane),
which are known as sp-hybrid orbitals. Besides, Se atom pro-
vides paired electrons to form a p,-like orbital (lone-pair) ori-
ented perpendicular to the x—y plane (z direction). In turn,
each In atom has four bonds, three of which are connected
to Se atoms, and the remaining one couples two neighboring
In atoms. Since the p,-like orbital of Se is perpendicular to
the lattice plane, the p.-like electron cloud expands along the
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z direction and extends out of the lattice plane. It is expected
that the p.-like orbitals overlap and strongly couple to each
other. [41]

To support our analysis, we construct a set of the corre-
sponding valence orbitals from our DFT calculations for 2QL
Y-InSe. To this end, we utilize the maximally localized Wan-
nier function procedure,”! which allows one to transform the
set of delocalized valence Bloch states into a set of localized
bonding orbitals. The obtained orbitals are fully consistent
with the qualitative analysis presented above. The most rel-
evant p;-like orbitals (lone-pairs) localized on Se atoms are
schematically depicted in Fig. 5. In order to quantify the
hybridization between the neighboring orbitals from differ-
ent y-InSe layers, we calculate the hopping integral 7, =
(@1 (r)|H| @2 (7)), where ¢ (r) and ¢, (r) are Wannier or-
bitals associated with the lone-pairs shown in Fig. 5, and H is
the electronic DFT Hamiltonian which describes the manifold
of valence states in 2QL y-InSe. The resulting hopping inte-
gral is t1p~ —0.3 eV, which is comparable in magnitude with
that in graphite!*®! and black phosphorus.*°! In contrast, ¢ is
negative indicating that the interlayer interaction in y-InSe is
energetically favorable from the electronic structure of view.
This suggests that the interlayer coupling in y-InSe is not of
pure van der Waals origin, but demonstrates some degree of

090
a»
-

"o
=

strong covalent bonding.

O

Q
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X

t12
12

1%
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x >» y
Se In

Fig. 5. A schematic representation of the valence orbitals localized on
Se atoms in 2QL y-InSe participating in hybridization between the lay-
ers. The green (purple) circle in the scheme represents Se (In).

5. Conclusion

In summary, we have studied the electronic properties of
Y-InSe samples of various thickness using local differential
conductivity measurements and DFT calculations. We have

found a number of signatures of strong interlayer coupling in
this layered material, which is revealed by the following ob-
servations. (1) Thickness-dependent band gap exhibits a sharp
drop from ~ 2.5 to ~ 1.4 eV when the y-InSe sample thickness
increases up to 20 nm, which can barely be explained by quan-
tum confinement effects. (2) The band gap is practically insen-
sitive to the moiré potential, and is only slightly larger than that
of normally-stacked bulk crystal. (3) Electronic states mea-
sured across the moiré-pattern regions do not show any signif-
icant difference among different stacking types. Our experi-
mental results are in agreement with the valence-bond analy-
sis supported by DFT calculations, which demonstrate a cer-
tain degree of hybridization between the layers, not typical to
conventional van der Waals layered materials. These findings
make a step forward in understanding the interlayer coupling
in y-InSe at the atomic level, and might be used in designing
and fabricating devices based on this material.
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