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Van der Waals (vdW) heterostructures have attracted significant attention because of their widespread applications in
nanoscale devices. In the present work, we investigate the electronic structures of germanane/antimonene vdW heterostruc-
ture in response to normal strain and an external electric field by using the first-principles calculations based on density
functional theory (DFT). The results demonstrate that the germanane/antimonene vdW heterostructure behaves as a metal
ina[—1, —0.6] V/A range, while it is a direct semiconductor in a [—0.5, 0.2] V/A range, and it is an indirect semiconduc-
tor in a [0.3, 1.0] V/A range. Interestingly, the band alignment of germanane/antimonene vdW heterostructure appears as
type-II feature both in a [—0.5, 0.1] range and in a [0.3, 1] V/A range, while it shows the type-I character at 0.2 V/A. In ad-
dition, we find that the germanane/antimonene vdW heterostructure is an indirect semiconductor both in an in-plane biaxial
strain range of [—5%, —3%] and in an in-plane biaxial strain range of [3%, 5%], while it exhibits a direct semiconductor
character in an in-plane biaxial strain range of [—2%, 2%]. Furthermore, the band alignment of the germanane/antimonene
vdW heterostructure changes from type-II to type-I at an in-plane biaxial strain of —3%. The adjustable electronic structure
of this germanane/antimonene vdW heterostructure will pave the way for developing the nanoscale devices.

Keywords: germanane/antimonene vdW heterostructure, electronic structures, external electric field, strain,

first-principles calculations
PACS: 61.72.uj, 71.15.Mb, 74.78.Fk

1. Introduction

In recent years, following the successful applica-
tions of graphene,!!! considerable efforts have been made
to develop the two-dimensional (2D) materials, includ-
ing antimonene, 2! germanane,m’gl transition metal halides
(TMHs), 11 transition metal chalcogenides (TMCs),[!%13]
and transition metal dichalcogenides (TMDs),[!4-16] because
they have new physical mechanisms and promise to be used to
design the next generation of nanoscale devices.!!*!>! How-
ever, the 2D materials that have been realized experimentally
cannot be used in all cases. For example, the zero-bandgap
characteristics of graphene limit its applications in switching
devices, in contrast, BN is a typical insulator with a very large
band gap.!'"”-!1 To solve this problem, in recent years, re-
searchers have found that two different 2D materials can be
stacked vertically to construct a van der Waals (vdW) het-
erostructure that not only retains the excellent characteristics
of the original 2D materials but also may present more peculiar
physical properties because of the coupling effect between the

5.120-231 This approach has opened up a new way of

two layer
studying nanoelectronic and optoelectronic devices and thus
becoming a research hotspot.

Antimonene, a novel group-V elemental monolayer,

DOI: 10.1088/1674-1056/ab8a39

has been fabricated by several experimental methods, in-
cluding plasma-assisted process,”*! van der Waals epitaxy
growth,?] mechanical exfoliation,”*! and molecular beam

[5,25-27

epitaxy. I Antimonene offers excellent physical proper-

ties, such as high stability,® high thermal conductivity,*?!

15291 and

high carrier mobility,!> and a suitably wide band gap
thus having received a great deal of attention.?33%-311 Wang er
al.”?®! found that antimonene with a buckled hexagonal phase
is more stable, and that it has an indirect bandgap that is sensi-
tive to strain. A few researches on antimonene-based vdW het-
erostructures have also been carried out. For example, Zhang
et al.3?! found that the Sb/InSe vdW heterostructure has a ro-
bust type-II staggered-gap band alignment; the band gap can
be tuned by using an external electric field and it is thus a po-
tential candidate material for nanoelectronics. Wang et al.!3]
found that the Sb/GaAs heterostructures have a type-II band
alignment and small band gaps in a range of 0.71 eV-1.39 eV,
which makes them potential candidate materials for being used
in optoelectronic devices. Wang et al.**! found that the C,N/B
-Sb vdW heterostructure also has a type-II band alignment
and thus has great potential applications in designing the next
generation of high-performance optoelectronic devices. These
findings suggest that antimonene-based vdW heterostructures

are strong potential candidate materials for optoelectronic de-
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vices.

Germanane, i.e., a monolayer of hydrogenated puck-
ered germanium atoms, has recently been chemically
synthesized!®! and has been widely investigated because of its
direct band gap and high electron mobility. >3] Ghosh ez al. %!
demonstrated that germanane gives a better performance in
switching device applications than other 2D materials because
it has a very low effective mass. Li and Chen[®*” found that
the band gap of the germanane is rather robust under the ac-
tion of an external electronic field, but it is sensitive to biax-
ial tensile strain. Zhang et al.’® reported that the band gap
of a germanene/germanane heterostructure can be opened up
under the action of an external electric field and strain. Nev-
ertheless, a theoretical study for electronic structures of ger-
manane/antimonene vdW heterostructures and applications in
optoelectronic devices is sorely lacking. Here in this work, we
investigate the electronic structures of germanane/antimonene
vdW heterostructures in response to normal strain and an ex-
ternal electric field by using the first-principles calculations
and found that a normal strain and an external electric field
can tune the electronic structure of the germanane/antimonene
vdW heterostructure.

2. Computational methods

All the research on germanane/antimonene vdW het-
erostructures was performed by using the first-principles cal-
culations based on density functional theory (DFT). The gen-
eralized gradient approximation (GGA)3%4% of the Perdew—
Burke-Ernzerhof (PBE) functional was used for the crys-
tal structure relaxation, which was implemented in the ATK

41,42

simulation package.!*!*?! The PseudoDojo method was used

to solve the Kohn—Sham equations. The energy cutoff of

(b)
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120 hartree (1 hartree=4.3597x10"!8 J) and the Brillouin
zone sampling of the K-mesh of 7 x 7 x 1 were adopted. For
accuracy, a K-mesh of 9 x 9 x 1 was used to perform the en-
ergy band structure calculations. In the relaxation, the energy
criterion was 10~* eV and the residual force was lower than
—0.05 eV/A. The vacuum layer thickness was more than 20 A
to prevent spurious interactions from occurring in the neigh-
boring images. Significantly, the long-range vdW interaction
was important in terms of holding the 2D vdW heterostruc-
ture together. Here, the vdW-DF2 functional was chosen to

describe long-range electron correlation effects.[**!

3. Results and discussion

First, we optimize the crystal structures of the pristine
germanane and antimonene monolayers. After relaxation,
the lattice constant of the pristine germanane monolayer is
4.076 A, which is consistent with the previous theoretical val-
ues of 4.06 A and 4.09 A reported by Zhang*® and Garcia
et al.,'** respectively. The lattice constant of a pristine an-
timonene monolayer is 4.074 A, which is consistent with the
theoretical values of 4.12 A and 4.08 A previously reported
by Lul*! and Chen er al.,!*% respectively. Therefore, we con-
struct the germanane/antimonene vdW heterostructures by us-
ing single unit cells of germanane and antimonene. The calcu-
lated lattice mismatch is 0.05%, which implies that the lattices
match very well. To obtain the ground state, six stacking con-
formations are taken into account in this work, named model
I, model II, .. ., and model VI as shown in Fig. 1. The interface
distance between two layers is defined as A, and the calculated
values are listed in Table 1. It is obvious that model II has the
shortest distance.

(e) ()

model IV

model V model VI

Fig. 1. Top and side views of the atomic model of germanane/antimonene vdW heterostructure (2 x 2 x 1 supercells) for (a) model I, (b) model II, (c) model
111, (d) model 1V, (e) model V, and (f) model VI, with A showing in model VI denoting interlayer distance, and Sb atoms of the antimonene and Ge and H
atoms being represented by purple, green, and white balls, respectively. Also 2 x 2 x 1 supercells are shown there.
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Next, we calculate the binding energy (E;) of the ger-
manane/antimonene vdW heterostructure, which is defined
251321

Ey = Ejotal — Ege - Esb, (D
where E; represents the binding energy of the ger-
manane/antimonene vdW heterostructure, and Eyoal, Ege, and
Eg, denote the total energy of the germanane/antimonene
vdW heterostructure, the germanane monolayer, and the an-
timonene monolayer, respectively. The calculated Ey, values
are listed in Table 1. Apparently, model II has the lowest
Ey, which means that model II is of the ground state. There-
fore, all the research on germanane/antimonene van der Waals
heterostructures in the following is only performed based on
model II.

Table 1. Values of binding energy (Ej;,) and interface distance between two
layers (A) for six stacking conformations.

Model I II i1 v \% VI
E,/eV  —0.528 —0.561 —0.529 —0.540 -0.541 —0.538
AJA 3.223 2.744 3.215 3.143 3.123 3.143

To understand the electronic structures of the ger-
manane/antimonene vdW heterostructure, we calculate the
electronic structures of pristine germanane, pristine anti-
monene and the germanane/antimonene vdW heterostructure
as shown in Figs. 2(a)-2(c). For the pristine germanane, from
Fig. 2(a), we find that both the conduction band minimum
(CBM) and the valence band maximum (VBM) are located at
the I point of the high symmetry point in the Brillouin zone
(BZ); this indicates that the germanane monolayer shows di-
rect semiconductor characteristics with a bandgap of 1.164 eV.
This calculated result is similar to the theoretical values of
1.05 eV and 0.95 eV, obtained by Zhang et al.!*®! and of Garcia
et al."** through using the PBE functional, respectively. We
observe that this value is smaller than the value of 1.56 eVl
obtained by using the HSE06 method because the PBE method
underestimates the band gap. For pristine antimonene, from
Fig. 2(b) we find that the VBM is located at the I" point, while
the CBM lies on the line from I" to M and is located close to
the M point; this means that the antimonene presents indirect
semiconductor characteristics with a gap value of 1.231 eV.
This calculated result is approximately equal to the theoret-
ical values of 1.227 eV and 1.245 eV reported by Zhang et
al.®?) and Chen et al.!*®! through using the PBE functional,
respectively. Their small errors are due to the software pack-
age we used to perform the calculations. In the meantime, we
also find that our value is smaller than the value (2.28 eV)P!
obtained by using the HSE06 method. In fact, the standard
PBE functional enables the predicting of the correct tenden-
cies of the band structures, thus appropriately demonstrating
the physical mechanisms. To reduce the computational cost,
we use the PBE method to calculate the electronic structures of
the germanane/antimonene vdW heterostructures under theac-
tion of electric field and strain. For the germanane/antimonene

vdW heterostructure, from Fig. 2(c), the CBM mainly origi-
nates from the germanane monolayer, while the VBM mainly
sources from the antimonene monolayer, and both are located
at the I" point; this indicates that the germanane/antimonene
vdW heterostructure shows a unique type-II band alignment
and that it is a direct band gap semiconductor with a band gap
value of 0.769 eV.

To faciliate understanding the electronic structures of
the germanane/antimonene vdW heterostructure, we depict
the band alignment of the germanane/antimonene vdW het-
erostructure as shown in Fig. 2(d). This figure shows that
the band edges of germanane and antimonene are (0.352,
—0.792) eV and (0.839, —0.417) eV, respectively. The
CBM and the VBM of the germanane monolayer are lower
than those of the antimonene monolayer, which provides fur-
ther the evidence of the type-II band alignment of the ger-
manane/antimonene vdW heterostructure. The heterostructure
can enable the electrons and holes to be separated from each
other in real space and can thus be used to design the optoelec-
tronic devices that inhibit carrier recombination.

Previous theoretical and experimental results have shown
that the applied electric field can effectively regulate the elec-
tronic structures of the vdW heterostructure.!*’#°! The elec-
tric field direction lies in the direction perpendicular to the
germanane/antimonene vdW heterostructure, and the positive
direction of the electric field points from germanane toward
antimonene. The electric field is applied over the range from
—1.0 V/A to 1 V/A in steps of 0.1 V/A. The band gap, the
energy band edges and the electronic structures of the ger-
manane/antimonene vdW heterostructure versus applied elec-
tric field are shown in Fig. 3 and Fig. Al in Appendix A, re-
spectively. The germanane/antimonene vdW heterostructure
is found to undergo a metal-semiconductor phase transition
at —0.6 V/A. The bandgap value increases linearly with elec-
tric field increasing in a [—0.5, 0.2] V/A range, and decreases
linearly with electric field increasing in a [0.2, 1.0] V/A
range. Additionally, the germanane/antimonene vdW het-
erostructure has direct semiconductor characteristics over the
[—0.5, 0.2] V/A range, and indirect semiconductor character-
istics over the [0.3, 1.0] V/A range. In addition, in a range
of [—0.5, 0.1] V/A, the CBM mainly comes from monolayer
germanane, while VBM principally derives from monolayer
antimonene, indicating a type-II band alignment. In a range of
[0.3, 1.0] V/A, the CBM primarily originates from monolayer
antimonene, while the VBM mainly derived from monolayer
germanane, indicating a type-II band alignment, too. Interest-
ingly, when the electric field intensity is equal to 0.2 V/A, both
the conduction band and the valence band near Fermi level
mainly come from monolayer germanane, manifesting a type-
I band alignment. These findings indicate that the electronic
structures of the germanane/antimonene vdW heterostructure
can be tuned by applying an electric field.
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Fig. 2. Band structure of (a) pristine germanane, (b) pristine antimonene, and (c) model II of germanane/antimonene vdW heterostructure. (d) Band
alignment of germanane/antimonene vdW heterostructure at PBE level. The Fermi level is set at 0 eV and is represented by black dashed line.
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Fig. 3. (a) Band alignment and (b) band gap of the germanane/antimonene vdW heterostructure under action of applied electric field.

It has been demonstrated both experimentally and the-
oretically that strain can also be used to regulate the elec-
tronic structure of the vdW heterostructure.[*2] Next, we
study the electronic structure of the germanane/antimonene
vdW heterostructure under the applied external strain. The
in-plane biaxial strain on the germanane/antimonene vdW
heterostructure is calculated by changing the crystal lattice
constants and is defined by the following physical formula:
0 = [(a—ap)/ap] x 100%, where ag and a represent the lat-
tice constants in unstrained and under strained conditions,
respectively. The external strain is applied over the range
from —5% to 5% in steps of 1%. The strain effects on the

band edges, the bandgap and the electronic structure of the
germanane/antimonene vdW heterostructure are depicted in
Figs. 4 and A2. From Fig. A2, we find that the VBM is lo-
cated at the I" point, while the CBM lies on the K point over
the range of [—5%, —3%]; both the VBM and the CBM are
located at the I" point over the range of [—2%, 2%]; and the
CBM is located at the I" point, while the VBM lies on the
line from I" to M and is located close to the I" point over
the range of [3%, 5%].
manane/antimonene vdW heterostructure is an indirect semi-
conductor over the ranges of [—5%, —3%] and [3%, 5%],
while it is a direct semiconductor over the [-2%, 2%] range.

These results mean that the ger-
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Fig. 4. (a) Band alignment and (b) band gap of germanane/antimonene vdW heterostructure under in-plane biaxial strain in steps of 1%.

In addition, the germanane/antimonene vdW heterostructure
has a type-I band alignment over the [—5%, —3%] range,
for both the CBM and the VBM are contributed by the anti-
monene monolayer, and it has a type-II band alignment over
the [—3%, 5%] range, for the CBM is contributed by the ger-
manane monolayer and the VBM is contributed by the anti-
monene monolayer. These findings indicate that the electronic
structures of the germanane/antimonene vdW heterostructure
can be tuned by strain.

4. Conclusions

In this work, we determine the electronic structures of the
germanane/antimonene vdW heterostructure under an applied
electric field and applied strain using first-principles calcula-
tions. It is demonstrated that the germanane/antimonene vdW
heterostructure is a metal over the range from [—1, —0.6] VIA,
while it is a semiconductor over the range from [—O0.5,

ﬁ@

—2.0
r MK I'r MK I'I' MK I'l' MK I'I' MK

Energy/eV

—-1.0

2.0

1.0

@m

1.0] V/A. Interestingly, the germanane/antimonene vdW het-
erostructure band alignment presents type-II feature in the
ranges of [—0.5,0.1] V/A and [0.3,1.0] V/A, and type-I char-
acteristic at 0.2 V/A. In addition, the germanane/antimonene
vdW heterostructure is an indirect semiconductor over the
ranges of [—5%, —3%] and [3%, 5%], while it is a direct
semiconductor over the [—3%, 3%] range. Furthermore, the
germanane/antimonene vdW heterostructure band alignment
The tunable band
gap of the germanane/antimonene vdW heterostructure is thus

changes from type-II to type-I at —3%.

suitable for applications in band engineering and electronic de-
vice design.

Appendix A: Supplemental materials

The bad gap, the energy band edges, and the electronic
structures of the germanane/antimonene vdW heterostructure
are shown in Figs. Al and A2.

dd
MM

rmr MKk Irr MK I M K II' MK II' MK T

Energy/eV

|
-
o

M

it

.0
I MK I'l' MK I'I' MK I'l' MK I'l' MK IT' MK TI'l' MK II' MK II' MK

rr MK o

Fig. Al. Band structures of germanane/antimonene vdW heterostructure under applied electric fields in steps of 0.1 V/A. The top half of the diagram
represent —1 V/A to —0.1 V/A from left to right, and the bottom half of the diagram represent 0.1 V/A to 1 V/A from left to right. Red lines represent

germanane, while blue lines denote antimonene.
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Fig. A2. Band structures of germanane/antimonene vdW heterostructure under in-plane biaxial strains in steps of 1%; from left to right, strains range from

—5% to 5%. Red lines represent germanane, and blue lines denote antimonene.
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