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ABSTRACT: We present a first-principles investigation on the stability,
electronic structure, and mechanical response of ultrathin heterostructures
composed of single layers of InSe and SiGe. First, by performing total energy
optimization and phonon calculations, we show that single layers of InSe and
SiGe can form dynamically stable heterostructures in 12 different stacking types.
Valence and conduction band edges of the heterobilayers form a type-I
heterojunction having a tiny band gap ranging between 0.09 and 0.48 eV.
Calculations on elastic-stiffness tensor reveal that two mechanically soft single
layers form a heterostructure which is stiffer than the constituent layers because
of relatively strong interlayer interaction. Moreover, phonon analysis shows that
the bilayer heterostructure has highly Raman active modes at 205.3 and 43.7
cm−1, stemming from the out-of-plane interlayer mode and layer breathing mode,
respectively. Our results show that, as a stable type-I heterojunction, ultrathin
heterobilayer of InSe/SiGe holds promise for nanoscale device applications.

1. INTRODUCTION
Over the last decade, successful isolation of single layer of
graphene,1,2 has attracted great interest toward ultrathin 2D
crystals3−8 and their heterostructures.9−14 In heterostructures,
different types of materials with various characteristic proper-
ties are combined in a single structure and therefore, result in
novel or enhanced functionalities such as increased quantum
efficiency,15 highly tunable band gap,16 and high carrier
mobilities.17 Studies performed in a short time have revealed
that heterostructures have a great potential for various
applications such as photodetectors,18 valleytronics,19 and
nanoelectronics.13,20,21 However, search for novel possible
heterostructures is still continuing.
Recently synthesized single layer InSe, with its stable

ultrathin crystal structure, high electron mobility at room
temperature, and semiconducting electronic behavior, is a
promising candidate for heterostructure applications.22,23 It
was shown that single layer InSe displays good phototransistor
characteristics between the ultraviolet and infrared region.24,25

It was also reported that single layer InSe can be used as a gas
sensor thanks to its surfaces allowing chemical interaction with
various gases.26 Moreover, its strain-tunable electronic band
structure27 and structural stability against large strain
application28 makes single layer InSe a suitable material for
electromechanical applications.
Another promising building block for heterostructures is

single layer SiGe. In its bulk form, SiGe was reported to be a
good candidate for biosensor applications.29 The experimen-
tally realized SiGe alloy was reported as an appropriate
material for solar cell applications.30 Recent studies have
shown that Ge atoms can be incorporated into Si-based

nanostructures with negligibly small induced strains.31,32 The
exchange of Si and Ge atoms in Si-based or Ge-based
nanostructures may allow the possible experimental realization
of the 2D form of SiGe. In addition, the single layer form of
SiGe was theoretically predicted to exhibit a dynamically
stable33 buckled structure as a free-standing layer which can be
formed upon the incorporation of Si atoms into the germanene
layer.34 It was also shown that halogen-doped SiGe single
layers may have a quantum spin hall insulator phase by strain
application.35 Recently, a possible vertical heterostructure of
single layers SiGe and h-BN was proposed such that the unique
electronic properties of the SiGe layer is preserved in the
constructed heterostructure and even a small band gap is
created.36

In contrast to the metallic substrates, single layer InSe can be
a suitable platform for the experimental realization of single
layer SiGe. Moreover, the induced biaxial strains on the layer
(less than 1.5%) allow the construction of InSe/SiGe
heterostructures without any structural changes in the SiGe
layer. In this study, the structural, electronic, vibrational, and
elastic properties of vertical heterostructures of InSe and SiGe
single layers are investigated. It is found that the InSe/SiGe
heterostructure forms a dynamically stable type-I hetero-
junction by conserving the Dirac-cone like electronic nature of
the SiGe layer. In addition, the analysis of the Raman spectrum
for the heterostructure revealed that the vibrational modes are
useful for the investigation of the SiGe structure when
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synthesized on the InSe layer. Moreover, the in-plane stiffness
of the heterostructure indicated quite strong interaction
between InSe/SiGe layers.
The paper is organized as follows: details of the computa-

tional methodology are given in Section 2. Structural,
electronic, vibrational, and elastic properties of single layers
of InSe and SiGe are discussed in Section 3. Properties of
various stacking types of the InSe/SiGe heterostructure are
investigated in Section 4. Finally, we conclude our results in
Section 5.

2. COMPUTATIONAL METHODOLOGY
The first-principles calculations within the density functional
theory (DFT) were performed for structural optimizations and
determination of electronic configurations of InSe and SiGe
single layers. In order to model the effect of the core electrons,
plane-wave projector-augmented wave potentials37 were used
as implemented in the Vienna Ab initio Simulation Pack-
age.38,39 Using the Perdew−Burke−Ernzerhof form of the
generalized gradient approximation (GGA), exchange−corre-
lation energy was described.40 The electronic band dispersions
were calculated within GGA and Heyd−Scuseria−Ernzerhof
(HSE06)41 screened-nonlocal-exchange functional on top of
spin−orbit coupling (SOC). Analysis of the charge transfers in
the structures was determined by the Bader technique.42

The wave functions were expanded up to 500 eV kinetic
energy cutoff in the plane-wave basis set.43 The total energy
difference criterion for convergence iterations was 10−5 eV, and
the force convergence criterion was 10−4 eV/Å for the
Hellmann−Feynman forces. During the structural calculations,
15 Å vacuum spacing was used to prevent interactions between
adjoining cells, and the Becke−Johnson damping of the DFT-
D3 method was used to implement the van der Waals (vdW)
corrections.43 In addition, a Γ-centered 36 × 36 × 1 k-point
mesh was used for the accurate density of states calculations
and the density of states patterns are obtained by using 0.05σ
values for Gaussian broadening. Phonon band dispersions were
calculated by using the small displacement method as
implemented in the PHON code.44

The layer−layer interaction energy was calculated by using
the formula: Eint = EInSe + ESiGe − Ehet, where EInSe, ESiGe, and
Ehet stands for the ground state energies of single layer InSe,
SiGe, and InSe/SiGe heterostructure, respectively.

3. 2D SINGLE LAYERS OF INSE AND SIGE
The optimized lattice parameters, a = b, of the two single layers
are calculated to be 4.04 and 3.93 Å for InSe and SiGe single
layers, respectively. The corresponding atomic bond lengths
are listed in Table 1. The Bader charge analysis reveals that the
In−Se crystal structure is formed by donation of 0.6 e from the
In atom to the Se atom indicating the mostly ionic character of
the bonds. On the other hand, in single layer SiGe crystal

covalent bonds formed with depletion of 0.2 e from the Si to
Ge atom. In addition, the thermionic work function (Φ) of
each single layer are calculated to be 5.70 eV for InSe and
4.58/4.50 eV for SiGe calculated from Si−Ge surfaces,
respectively. Calculated phonon spectra shown in Figure 1b,
confirms that both of the single layer crystals are dynamically
stable structures. Monolayer InSe exhibits five Raman active
phonon modes (three doubly-degenerate in-plane and two
nondegenerate out-of-plane). The in-plane vibrational phonon

Table 1. For the Single Layer Crystals of InSe and SiGe Structures; the Optimized Lattice Constants (a and b), Atomic Bond
Lengths in the Crystals (dIn−In, dIn−Se, and dSi−Ge), the Amount Charge Depletion of In to In and Se, and Si to Ge (Δρ), SOC
Energy Band Gaps Calculated within GGA (Egap

GGA) and HSE06 (Egap
HSE), Location of VBM and CBM Edges in the BZ, the Work

Functions (Φ), Elements of Relaxed-Ion Elastic Stiffness Tensor (Cij), the Corresponding In-Plane Stiffness (C), and Poisson
Ratio (ν)

structural
phase a (Å) b (Å)

dIn−In/dIn−Se
(Å)

dSi−Ge
(Å)

ΔρIn−In−Se/Si−Ge
(e)

Egap
GGA

(eV)
Egap
HSE

(eV)
VBM/CBM

() Φ (eV)
C11

(N/m)
C12

(N/m) C (N/m) ν ()

InSe 4.04 4.04 2.79/2.67 0.6 1.61 2.43 Γ−M/Γ 5.70 52 15 48 0.29

SiGe 3.93 3.93 2.35 0.2 0.02 0.08 K/K 4.58/4.50 61 19 55 0.31

Figure 1. For the single layers of InSe (left panel) and SiGe (right
panel); (a) top and side views of the crystal structures, (b)
corresponding phonon band dispersions, and (c) SOC-included
electronic band structures calculated within GGA and HSE06,
respectively. The Fermi level is set to zero.
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modes (E1g
2 , E1g

1 , and E2g
1 ) have frequencies 35.6, 169.2, and

173.2 cm−1 at the Γ point, respectively. Moreover, the out-of-
plane Raman active modes (A1g

2 and A1g
1 ) are found to have

frequencies 103.3 and 229.4 cm−1 at the Γ point, respectively.
The SiGe single layer have 2 Raman active phonon modes, one
out-of-plane, A-peak (199.7 cm−1), and a doubly-degenerate
in-plane mode, E-peak (417.0 cm−1).
Electronic band dispersions of single layers of InSe and SiGe

are presented in Figure 1c. It has been demonstrated
experimentally that single layer InSe exhibits an indirect
band gap of ∼2.9 eV.45 Our results reveal that the valence band
edge between the M and the Γ points has slightly larger energy
than that of at the Γ point. Thus, single layer InSe is found to
be an indirect band gap semiconductor with the valence band
maximum (VBM) and the conduction band minimum (CBM)
residing at the M−Γ and Γ points of the Brilouin Zone (BZ),
respectively. The calculated band gap is 2.43 eV which is
slightly underestimated by our methodology. On the other
hand, single layer SiGe possesses a direct band gap
semiconducting nature with a band gap of 0.08 eV with
VBM and CBM residing at the K point. The p-orbitals of In
and Se atoms significantly contribute to the VBM while the In-
s and the Se-p orbitals are dominant at CBM for single layer
InSe. In single layer SiGe, the Si-p and Ge-p orbitals are
significantly effective at the Fermi level.
The elastic properties of single layers of InSe and SiGe are

analyzed in terms of the two independent constants: in-plane
stiffness, C, and Poisson ratio, ν. In order to determine the

linear-elastic constants, the C and ν values are calculated by

using the elastic strain tensor elements as = −C C C
C

11
2

12
2

11
and ν

= C12/C11. Note that, because of the in-plane isotropic nature
of the single layers, both of the elastic constants are the same
and independent of the orientation of the lattice. As listed in
Table 1, single layer SiGe is found to be slightly stiffer than
single layer InSe (55 and 48 N/m, respectively). Apparently,
compared to its parents, single layer InSe is softer than single
layers GaS and GaSe (91 and 77 N/m, respectively).46 On the
other hand, the in-plane stiffness of single layer SiGe is
calculated to be larger than that of germanene (48 N/m) and
smaller than that of silicene (62 N/m) as expected.33 However,
as compared to other well-known 2D single layers such as
graphene (330 N/m) and MoS2 (122 N/m),46 both single
layers of InSe and SiGe are softer materials. Moreover, the
Poisson ratio which is the ratio of the transverse contraction
strain to the longitudinal extension, is calculated to be 0.29 for
single layer InSe which is quite close to that of single layers
GaS (0.29) and GaSe (0.30).46 However, the Poisson ratio of
single layer SiGe is calculated to be 0.31 which is larger than
that of single layer MoS2 (0.26)46 and in between that of
silicene (0.30) and germanene (0.33).33

4. POSSIBLE VERTICAL HETEROSTRUCTURES OF
INSE AND SIGE

As shown in Figure 2, InSe and SiGe single layers can be
vertically combined to construct a bilayer heterostructure in 12

Figure 2. Top and side views of various stacking configurations for InSe/SiGe heterostructures. The total energy differences with respect to the
ground state stacking and the layer−layer distances are also given.

Figure 3. Electronic band structures of 12 stacking orders calculated using HSE06. The band-decomposed charge densities at three different high-
symmetry points for two different stackings are shown on the right panel. The Fermi level is set to zero.
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different stacking types. The 12 stacking types are classified
such that for the 6 stackings (AA, AB, AC, AA′, AB′, and AC′)
the Ge atoms reside closer to the InSe layer while for the
remaining 6 stacking orders (ATA, ATB, ATC, ATA′, ATB′, and
ATC′) Si atoms form the intimate contact layer. The total
energy calculations reveal that the ATB is the ground state
stacking order with the shortest layer−layer distance (2.85 Å).
The total energy differences are found to vary from 14 to 105
meV per unit cell and heterostructure. In addition, the
calculated layer−layer interaction energies (ranging from 34
to 52 meV/atom) indicate slightly strong interaction between
InSe and SiGe layers [relatively higher than MoS2/WS2 (33
meV/atom)]47 that can be related to the reactive nature of the
buckled SiGe layer. As reported previously, the strong
interaction between germanene and InSe layers results in
orbital hybridization between upper Se atoms of InSe and
lower Ge atoms of germanene layers.48 Regardless of the
stacking type in the heterostructure, the optimized lattice
parameters are calculated to be a = b = 3.98 Å which indicates
that the varying interlayer distance is not sufficiently large in
order to change the induced biaxial strains on the layers. Thus,
an amount of 1.5% compressive strain occurs on the InSe layer
while the SiGe layer is under a tensile strain of 1.3%.
The electronic properties of each stacking type are obtained

in terms of their electronic band dispersions (see Figure 3). It
is clear that all stacking types are found to form type-I
heterojunction whose VBM and CBM are primarily composed
of the Si and Ge states. This type of band alignment allows for
the confinement of electrons and holes which is useful in
optoelectronic applications such as solar cells. Therefore, type-
I band alignment of InSe/SiGe is a possible candidate for such
applications. The electronic nature of the SiGe layer is
preserved in the heterostructure; however, its tiny direct
band gap is found to vary from 0.02 eV (in ATB′ stacking) to
0.48 eV (in ATA′ stacking). The variation of the electronic
band gap is related to the induced biaxial strains on the layers
and to the layer−layer interaction. Because the effect of the
induced strain remains the same in all stacking types, evidently
the variation of the band gap is dominated by the interlayer
interaction. As seen from the band-decomposed charge
densities (shown on the right panel of Figure 3) plotted for
two different stacking types, the variation of the interlayer
distance affects the orbital hybridization between upper Se and
lower Si or Ge atoms. Moreover, it is evident that the valence
band edges at the 3 high symmetry points (M, Γ, and K) are
composed of Si- and Ge-orbitals while In- and Se-orbitals only
contribute to the conduction band edges at the M and the Γ
points.

In order to discuss the general phononic behavior and
dynamical stability of the InSe/SiGe heterostructure, we
present a detailed investigation on the lowest energy stacking
ATB. As shown in Figure 4a, the phonon dispersion is free from
any imaginary frequencies through the whole BZ indicating the
dynamical stability of the structure. At the Γ point there are
three phonon modes having frequencies 21.5, 34.5, and 43.7
cm−1 in the low-frequency regime. The modes at 21.5 and 43.7
cm−1 are assigned as the in-plane shear mode (SM) and the
out-of-plane layer breathing (LBM), respectively. On the other
hand, the phonon mode having frequency 34.5 cm−1 arises
completely from the InSe layer that the upper and lower In−Se
pairs vibrate against each other (see Figure 4b). Among the
low-frequency modes, especially the LBM, with its high Raman
activity, directly shows the formation of the heterostructure
and it can be observed experimentally. In addition, the low-
frequency phonon modes give direct information about the
layer−layer interaction in the heterostructure.
In the high frequency regime (between ∼100 and 450 cm−1)

there are three doubly degenerate in-plane and four non-
degenerate out-of-plane vibrational modes. The phonon modes
at 104.6, 170.3, and 174.7 cm−1 simply arise from the InSe
layer. The mode at 104.6 cm−1 is attributed to the out-of-plane
vibration of sub-InSe pairs. In addition, the most prominent
phonon peaks appear at 198.0 and 205.3 cm−1. In these modes,
although both of them have the same optical out-of-plane
character in individual layers, difference in the eigenfrequency
simply arise from whether the intimate contact atoms are in-
phase or out-of-phase. In addition, the out-of-plane vibrational
mode at 232.7 cm−1, having almost no dispersion through the
whole Brillouin zone, is composed of the out-of-phase
vibrations of sub-InSe layers. The highest frequency mode at
405.6 cm−1 simply stem from the LO−TO phonons which are
degenerate at the Γ point.
For the ground state stacking configuration, the elastic

coefficients and the corresponding elastic parameters are also
calculated. The in-plane stiffness of a heterostructure is smaller
than the sum of those of the individual layers because of the
loss driven by the weak vdW interaction between the layers.49

Here, the in-plane stiffness of the heterostructure is calculated
using the equation; Chetero = CInSe + αCSiGe where Chetero, CInSe,
and CSiGe are the in-plane stiffness of the heterostructure, InSe,
and SiGe layer, respectively, while α is the interaction
coefficient ranging from 0 to 1. Therefore, the in-plane
stiffness of heterobilayer Chetero is calculated to be 98 N/m
which is slightly smaller than the sum of in-plane stiffness of
the individual layers (103 N/m). It appears that the interaction
coefficient, α, is found to be 0.91 which is larger than that

Figure 4. For the ground state stacking of InSe/SiGe heterostructure; (a) phonon-band dispersion (left panel), and corresponding Raman activities
(right panel) in arbitrary units. (b) Vibrational characteristics of Raman active phonon modes. The frequency of each mode is given below.
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measured for the MoS2/WS2 heterostructure (0.80), for bilayer
MoS2 (0.75), and for the MoS2/graphene heterostructure
(0.69).49 It can be also inferred from the α value that the
contribution of the SiGe layer to the in-plane stiffness is
sufficiently large. In addition, the Poisson ratio of the
heterostructure is calculated to be 0.31 which is in between
those for the individual layers. This can be related the weak in-
plane component of the interlayer forces between the layers.

5. CONCLUSIONS
In this study, we investigated the formation, stability, electronic
properties, phononic characteristics, and mechanical response
of bilayer heterostructure InSe/SiGe by means of state-of-the-
art first-principles calculations. It was found that (i) two single
layers form a dynamically stable type-I vertical heterojunction
with an electronic band gap (ranges between 0.09 and 0.48 eV)
sensitive to the stacking configuration, (ii) highly Raman active
phonon mode at 43.7 cm−1, indicating the formation of the
heterostructure directly and can be observed by experimental
tools, and (iii) the in-plane stiffness of the heterostructure is
slightly smaller than the sum of the individual stiffnesses
indicating relatively strong interaction of the layers. The
heterobilayer of InSe/SiGe, with its dynamically stable atomic
structure and electronic behavior forming a type-I hetero-
junction, is a potential candidate for nanoscale optoelectronic
device applications.
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algorithm for Bader decomposition of charge density. Comput. Mater.
Sci. 2006, 36, 354−360.
(43) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping
function in dispersion corrected density functional theory. J. Comput.
Chem. 2011, 32, 1456−1465.
(44) Alfe,̀ D. PHON: A program to calculate phonons using the
small displacement method. Comput. Phys. Commun. 2009, 180,
2622−2633.
(45) Hamer, M. J.; Zultak, J.; Tyurnina, A. V.; Zoĺyomi, V.; Terry,
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