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Germanene nanomeshes: Cooperative effects of degenerate
perturbation and uniaxial strain on tuning bandgap∗
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Based on the detailed first-principles calculations, we have carefully investigated the defect induced band splitting
and its combination with Dirac cone move in bandgap opening. The uniaxial strain can split the π-like bands into πa and
πz bands with energy interval Estrain to shift the Dirac cone. Also, the inversion symmetry preserved antidot can split πa
(πz) into πa1 and πa2 (πz1 and πz2) bands with energy interval Edefect to open bandgap in the nanomesh with Γ as four-fold
degenerate Dirac point according to the band-folding analysis. Though the Edefect would keep almost unaffected, the Estrain
would be increased by enhancing the uniaxial strain to continuously tune the gap width. Then the bandgap can be reversibly
switched on/off. Our studies of the inversion symmetry preserved nanomesh show distinct difference in bandgap opening
mechanism as compared to the one by breaking the sublattice equivalence in the (GaAs)6 nanoflake patterned nanomesh.
Here, the π-band gap remains almost unchanged against strain enhancing.
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1. Introduction

Since the successful synthesis of graphene, this mar-
velous material has attracted extraordinary research attention
in science and technology due to its novel physical and chemi-
cal properties, which has also driven a new research field in ex-
ploring two-dimensional (2D) materials.[1–35] Owing to sim-
ilar physical and chemical properties, the same column ele-
ments of carbon have also gained much attention in exploring
2D crystal structures.[12–35] Due to the fact that silicon and
germanium have the same number of valence electrons as that
of carbon and could have similar sp hybridization configura-
tions, lots of efforts have been devoted on the fabrications of
silicene and germanene and the investigations of their peculiar
properties. Unlike their cousin element carbon, the ideal one
atomic layer sheet of hexagonally arranged Si or Ge is unsta-
ble, which however would be slightly buckled.[16,17] One of
them is vertically displaced of about half angstrom with re-
spect to the other. The crucial role of buckling in germanene
has been studied in detail by Nijamudheen et al.[17] Interest-
ingly, it is that both silicene and germanene possess similar
electronic properties as those of graphene, such as the mass-
less fermions due to the linear dispersion relation around Dirac
point and the quantum Hall effect, etc. Besides of the tremen-
dous studies on silicene, the germanene has recently gained
intensive research interest,[17–34] which could also be incor-
porated into nanoelectronics based on the current silicon and
germanium based semiconductor industrial techniques. By de-

positing germanium on metal substrates, the germanene has
been successfully fabricated in experiment. The (111) oriented
metal surfaces are usually used as substrates, for example the
germanene growth on the noble metals. Very recently, the ger-
manene sheet was successfully fabricated on Pt (111) by Li
et al.[19] By using Au (111) as substrate, Dávila et al. have
also successfully grown atomically thin germanene layer.[20]

Surprisingly, a very interesting recent study shows the possi-
bilities in synthesizing germanene sheet on simple metal.[21]

The Al (111) was found to be a good material to support ger-
manene, which would surely benefit its usage in electronic de-
vices for the low application cost compared to the ones sup-
ported on Au or Pt. The progress of germanene fabrication has
paved the path for exploring its unique physical and chemical
properties.

Although the synthesis of free-standing germanene
monolayer has not yet been achieved, the corresponding stud-
ies on monolayer have in fact already attracted much atten-
tion on theory,[22–34] which would in turn benefit further ex-
perimental investigations. Though the massless high velocity
fermions show much peculiar properties for potential applica-
tions, the band closure in germanene would however harm its
usage in transistors of photoelectronics which in fact requires
a practical on/off ratio. Therefore, the bandgap opening has re-
cruited research attention as an important issue in germanene
studies. The electric field,[25,26] functionalization such as
hydrogenation, etc.,[27,28] and surface adsorption[29–31] have
been verified to be effective for the opening bandgap in ger-
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manene. As a contribution to the studies of germanene-
based nanostructures, we have carried out detailed studies
on the bandgap opening in germanene nanomeshes by em-
ploying density functional theory calculations. For a kind of
nanomeshes, the Dirac cone would be folded to Γ point ac-
cording to the band-folding analysis, resulting in the four-fold
degenerated band crossing point at Γ . Considering in the fact
of the spin degeneracy of the corresponding electrons, this
point could be regarded as eight-fold degenerate point. In this
paper, we actually just concentrate on studying the degener-
acy in band states which could hold both the spin-up and spin-
down electrons in each band. Therefore, we would like to refer
this band crossing point as four-fold degenerate point, which
would not affect our conclusion of the band gap opening in
germanene nanomesh. By introducing a D6h defect in the re-
peated unit cell, a sizable bandgap would be opened through
the four-fold degeneracy perturbation mechanism though the
inversion symmetry still remains. In this paper, the four-fold
degeneracy perturbation mechanism and the strain effects are
also first time combined together to tune electronic properties
of germanene nanomesh, suggesting an interesting methodol-
ogy for reversibly switching on/off bandgap. Furthermore, the
gap width could be tuned by controlling the defect density to
show attractive application potentials.

2. Computational details
We carried out detailed first-principles studies based on

the density functional theory (DFT) as implemented in the Vi-
enna ab initio simulation package (VASP).[36] The electron–
ion and electron–electron exchange correlation interactions
were calculated respectively by using the projector augmented
wave (PAW) method[37] and the generalized gradient approxi-
mation (GGA) in the formalism of Perdew, Burke, and Ernze-
hof (PBE).[38] The solution of Kohn–Sham (KS) equation
was solved by an efficient matrix diagonalization technique
based on a sequential band-by-band residual minimization
method.[36] The planewave basis set was adopted. The cor-
responding cutoff energies are 173, 208, and 250 eV for deal-
ing with the pristine germanene sheet, the antidot patterned
germanene nanomesh, and the nanomesh patterned by regu-
larly arranging (GaAs)6 nanopatches, respectively. Because
the lattice constant of 5.65 Å of GaAs bulk agrees well with
the 5.66 Å of germanium bulk, the (GaAs)6 flake was adopt
to reduce the structural distortion after substitution doping.
The germanene was placed in the XY plane of the super-
cell which was separated by about 15 Å vacumm in Z di-
rection to eliminate the interaction with its neighboring im-
ages. The structures were fully relaxed until the components
of the Hellmann–Feynman forces acting on each atom are
smaller than 0.01 eV/Å. The Monkhorst–Pack technique[38]

was adopted to sample k-points in the Brillouin zone for in-
tegrating the electronic properties. For the studying of ger-
manene with the primitive unit cell and the smallest rectan-
gle unit, the electronic structures were calculated by using
a 21×21×1 k-mesh. The structural parameters of the prim-
itive unit cell of pristine germanene were firstly optimized,
which were then used to construct nanomesh. In Fig. 1, we
show the schematic structure of germanene. The in plane lat-
tices of the hexagonal primitive unit cell were calculated to
be 4.06 Å and the displacement height between the sublattices
of the low-buckled structure was found to be 0.69 Å, which
are in good agreement with the previous data.[21] For study-
ing the germanene nanomeshes with the large size supercells
of 21.1 Å×12.2 Å×16 Å and 42.2 Å×24.4 Å×16 Å, the k-
meshes of 5×7×1 and 3×5×1 were adopted, respectively.
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Fig. 1. (color online) The top (a) and side views (b) of the geometri-
cal structure of germanene, and the bandstructure calculated by using
the primitive unit cell (c). An anitdot-patterned orthogonal nanomesh
defined by 𝐴×𝐵 unit is schematically illustrated in panel (d). The
antidot hole edge is passivated by hydrogen.

3. Results and discussion
3.1. Bandgap opening induced by antidot

As illustrated in Fig. 1(d), an orthogonal germanene
nanomesh with 𝐴×𝐵 unit could be patterned out by regu-
larly arranging antidots. In experiment, the nanotechniques of
block copolymer lithography, nanoparticles local catalytic hy-
drogenation, nanosphere lithography, and nanoimprint lithog-
raphy, etc. could be used to fabricate hexagonal and orthogo-
nal nanomeshes.[40] With the purpose to facilitate discussing
the effects of uniaixal strains respectively applied along arm-
chair and zigzag directions, we would like to concentrate on
studying the orthogonal nanomeshes in this paper, whose con-
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clusions could shed light on the hexagonal nanomeshes. For
the isolated free-standing germanene sheet, the bandstructure
calculated by using the primitive unit cell has been presented
in Fig. 1(c), which has Dirac cones at K-type points. The
smallest rectangle unit cell of germanene could be defined by
the 𝐴1 = 𝑎+𝑏 and 𝐵1 =−𝑎+𝑏 as shown in Fig. 2(a) (𝑎 and
𝑏 are the basis lattices of the primitive unit cell). In compar-
ison with the germanene studied with the primitive unit cell,
we would like to hereafter refer the pristine germanene studied
with the supercell 𝐴×𝐵 as pseudo germanene superlattice
(PGS). If a perturbation such as an antidot was introduced
in the periodic unit 𝐴×𝐵, the PGS would turn to be a real

superlattice. In order to facilitate discussion, we would like to

use the notation (P,Q) to account for the lattice 𝐴×𝐵 with

𝐴 = P𝐴1 and 𝐵 = Q𝐵1. Therefore, the (1,1) stands for the

smallest rectangle PGS 𝐴1×𝐵1. In Fig. 2(b), we present the

corresponding Brillouin zones for the primitive unit cell (the

hexagonal one, h-BZ) and the (1,1) PGS (the rectangle one,

r-BZ). According to the band-folding analysis, the K point in

the h-BZ of primitive unit cell is now folded to the T1 (
2
3𝛤1𝑌1)

point in the r-BZ of (1,1) PGS. The corresponding bandstruc-

ture shown in Fig. 2(c) confirms the band-folding of Dirac

cone to the T1 point. Also, the (1,3) PGS as schematically
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Fig. 2. (color online) The schematic structure, Brillouin zone r-BZ, and band structure for the (1,1) PGS are shown in panels (a),
(b), and (c), respectively. Those for the (1,3) PGS are presented in panels (d), (e), and (f), respectively. The Brillouin zone h-BZ
corresponding to the primitive unit cell is also shown in panels (b) and (e) for comparison. The panels (g), (h), and (i) are the band
structures of the antidot-patterned (5,6), (5,7), and (5,8) germanene nanomeshes.
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shown in Fig. 2(d) has been carefully studied, whose r-BZ
is shown in Fig. 2(e). Interestingly, according to the band-
folding analysis, the Dirac cone is now folded to the Γ point,
which could be also seen in the calculated bandstructure (see
Fig. 2(f)). Based on our band-folding analysis, we found that
the Dirac cone would be always folded onto the axis of the
corresponding r-BZ of (P,Q) PGS no matter what value of P.
However, the value of Q indeed could make difference to clar-
ify PGSes into two categories: (i) the lattices of Q = 3m (m
is integer) with Dirac point being folded to Γ to form four-
fold degeneracy; and (ii) the other ones with the T -type point
( 2

3𝛤𝑌 ) as the two-fold degenerate Dirac point. Introducing a
defect into the repeated unit of PGS would make real super-
lattice due to the modulation of Born–von Karman boundary
conditions.[41,42] To shed light on the experimentally synthe-
sized nanomesh with circular vacancy hole, we would like to
concentrate on studying the hexagonal antidot patterned ger-
manene nanomesh, in which the inversion symmetry remains.
Interestingly, the D6h antidot acts quite differently on bandgap
opening of germanene nanomeshes. In Figs. 2(g)–2(i), the Ge6

antidot patterned (5,6), (5,7), and (5,8) nanomeshes are stud-
ied for illustration (In order to facilitate discussion, we would
like to use the notation Gen to account for the antidot formed
by removing a n-atom D6h germanium nanoflake from the ger-
manene with the hole edge passivated by hydrogen). After
introducing antidots, we have estimated their structural stabil-
ities by using the first-principles molecular dynamics simula-
tions (MD), which last for 10 ps with the time step of 1 fs.
During the MD simulations, the (5,6), (5,7), and (5,8) super-
lattices could withstand against structural collapse, suggesting
good stabilities. The (5,6) superlattice, which should have
band closing Dirac point at Γ , has been opened a sizeable
bandgap. However, the antdot does not affect the semimetal
nature of the (5,7) and (5,8) nanomeshes. To conclude, the
perturbation attributed to the inversion symmetry preserved
defect can lift the four-fold degeneracy at Γ point to open a siz-
able bandgap in (P,Q) nanomesh with Q = 3m, while it cannot
for the other studied nanomeshes, suggesting a different mech-
anism as compared to the one by breaking the sublattice equiv-
alence. Here, we would like also to mention the effects of the
magnetic coupling. Providing to remove the hydrogen atoms
on the antidot hole edge, the resulted magnetism distribution
would affect the electronic properties. The antiferromagnetic
coupling configuration would break the sublattice equivalence
to open bandgap in all the types of germanene nanomeshes.
However, the ferromagnetic coupling configuration still holds
the inversion symmetry. The presence of antidot would then
only open bandgap in the superalttice (P,Q) with Q = 3m.

3.2. Dirac cone move and splitting of π-type bands

It is interesting that the bandgap of germanene nanomesh
(P,Q) can be opened by the hexagonal antidot only when
Q = 3m. So, an interesting question could be raised: would
the opened bandgap be immediately switched off providing
the Dirac cone to be slightly shifted away from Γ point? Con-
sidering in the fact that some perturbations such as the uniaxial
strain could indeed disturb the position of the Dirac cone, this
issue would be fundamentally important, which may challenge
the application of such germanene nanomesh as field-effect
transistors to maintain the opened bandgap. Here, we would
like firstly to illustrate the effects of uniaxial strain by studying
the (1,1) PGS. In the free-standing (1,1) PGS, the Dirac cone
is located at η𝛤1𝑌1 with η = 2/3. In Fig. 3, the effects of
the uniaxial strain are presented. By applying uniaxial strain
σa along the armchair direction 𝐴1, the Dirac cone could be
moved toward Y1 (η > 2/3). While, the uniaxial strain σz ap-
plied along the zigzag direction 𝐵1 would move it toward Γ

(η < 2/3). Besides the Dirac point move, the physical proper-
ties would also bear some effects of the uniaxial strain loading.

-1.0

-0.5

0

0.5

1.0

E
n
er
g
y
/
e
V

0 1 2 3 4 5 6
0.32

0.33

0.34

0.35

0.36

η

σa/%

-1.0

-0.5

0

0.5

1.0

E
n
er
g
y
/
e
V

Γ1 T1 Y1

σ=0

σa=6%

σ=0

σz=6%

(a)

(b)

η

0 1 2 3 4 5 6
σz/%

0.34

0.33

0.32

0.31

Fig. 3. (color online) The shifts of Dirac point along ΓY for the germanene
under 6% uniaxial strain applied along armchair (a) and zigzag (b) edges,
respectively. The insets show the deviation of Dirac point referred to its
position in the free-standing germanene as a function of the applied strain.
Only the bands those cross to form Dirac point are shown for clarity. The
notations of k-points Γ1, T1, and Y1 are illustrated in Fig. 2(b).
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As for the (1,1) PGS studied in Fig. 3, the 6% σa (σz) would
slightly increase (decrease) the group velocities of charge car-
riers. The change of the group velocities is only about 1%. As
for the Q = 3m type PGS (P,Q), we use the (3,3) as a proto-
type to discuss the Dirac point moving and the band splitting.
Figures 4(a) and 4(b) show the presence of Dirac cone at Γ

point of the free-standing (3,3) PGS. By applying the strain
σz of 4%, the studied bandstructure along the Y ′Γ Y path has
been shown in Fig. 4(c). Obviously, two Dirac cones formed
around Γ points. Two opposite Dirac cones, which have con-
trary chirality characters in the spirit of the pseudo-spin con-
cept, are now shifted away from Γ point along opposite direc-
tions. Similar effects have also been obtained in our studies by
applying σa strain. Therefore, we would like to concentrate on
discussing the effects of σz strain hereafter, whose conclusions
could shed light on the effects of the σa strain.

Compared with the bandstructure of the free-standing
(3,3) PGS shown in Fig. 4(a), two crossing points at Γ point
now appear above and below Fermi level respectively marked
as πa and πz in the corresponding bandstructure calculated for
the strained lattice in Fig. 4(c). With the purpose to understand
the physics of the Dirac cone move induced by the strain, we
have studied the band decomposed charge densities of bands
πa and πz in Figs. 4(e) and 4(f), which obviously correspond
to the bonds along armchair edge and zigzag edge, respec-
tively. Therefore, we would like to respectively refer them as
the πa and πz bonds to facilitate the discussion hereafter. In
the free-standing (3,3) PGS, all the Ge–Ge bonds are almost
the same with the length of about 2.44 Å. After applying the
σz = 4% strain, the πz bonds are elongated of about 2% while
the πa ones are only slightly contracted. In the spirit of the
tight-binding method[42] which is believed to be effective in
dealing with the π-type bands of sheet materials, the longer
the bonds are, the smaller the transfer integrals are. The differ-
ent changes of Ge–Ge bonds along armchair and zigzag edges
result in different transfer integrals, which in turn split the de-
generate π-like bands into πa and πz bands. The crossings of
the split π bands at Fermi level form the Dirac cones around
Γ . Therefore, the energy interval between πa and πz bands at
Γ point could be used to measure the strain strength to some
sense, which would be referred as Estrain hereafter. Due to
the decrease of the vertical displacement between the buckled
layers of germanene, the strain also makes an empty conduct-
ing band in Fig. 4(c) to lower down, which could be seen by
comparing the bandstructures shown in Figs. 4(a) and 4(c).
Actually, we have studied also the band decomposed charge
density of this band, which suggests the σ -like covalent bond
characters. In our studies, we found that the lowering of this
σ band can be realized by applying either uniaxial or equi-

biaxial strains, while the band splitting of π bands would not
happen under the conditions of applying equi-biaxial strain.
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Fig. 4. (color online) The band structure along Y ′–Γ –Y path (a) and the
three-dimensional plotting of the corresponding Dirac cone (b) for the free-
standing (3,3) PGS. Those for the (3,3) PGS under 4% σz strain are shown
in panels (c) and (d), respectively. The band-decomposed charge densities
at isovalue of ∼ 0.01 e/Å3 for the split πa and πz bands are presented in
panels (e) and (f), respectively. Both top and side views are shown.

3.3. Reversible bandgap opening/closing

Now, we start to discuss the question whether the bandgap
could still keep opened in the (P,Q) (Q = 3m) nanomesh pro-
viding the Dirac cone to be slightly shifted away from Γ point.
For the (3,3) PGS with Dirac cone at Γ point, we can in-
troduce an inversion symmetry preserved D6h defect into its
repeated unit cell to pattern the superlattice. As shown in
Fig. 5(a), the Ge–Ge bonds of the highlighted germanium
hexagon are contracted of about 3.5% to enhance their transfer
integrals to mimic a D6h defect. In our bandstructure studies,
a sizable bandgap is opened due to the new bandgap open-
ing mechanism. After introducing the D6h defect in the re-
peated unit of the 4% σz strain engineered (3,3) PGS, we have
fond that this defect in fact does not change its semimetal con-
ducting nature, though it however still splits the πa (πz) into
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πa1 and πa2 (πz1 and πz2) bands with energy interval Edefect.
The crossings of πa2 and πz2 bands at the Fermi level account
for the presence of two Dirac cones around Γ , realizing the
bandgap closing by applying unixial strain in comparison with
the free-standing D6h-defect patterned (3,3) nanomesh. In or-
der to understand the physical properties of the split bands, we
have studied their band decomposed charge densities, which
are shown in Fig. 5(c). It is clearly shown that the πa bands
are now divided into two groups, which we would like to dis-
cuss as πa1 and πa2 bonds. We have measured the correspond-
ing bond length changes. Under the σz strain of 4%, the πa

bonds in the defect-free PGS (the one studied in Fig. 4(c)) are
almost the same in length. After introducing the defect in the
unit cell, the πa1 bonds are contracted of∼ 0.6% while the πa2

bonds are elongated of∼ 0.4%, resulting in the different trans-
fer integrals accordingly to inducing the splitting of πa bands.
Similarly, the πz1 bonds are elongated of ∼0.5% while the πz2

bonds are contracted of ∼0.3%, accounting for the splitting of
πz bands.
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Based on our detailed studies, the bandgap open-
ing/closing could in fact be determined by the competition
between the energy split intervals Edefect induce by the defect
and the Estrain attributed to the uniaxial strain. In the defect
patterned (3,3) superlattice presented in Fig. 5(b), Edefect and
Estrain are respectively 0.04 eV and 0.12 eV, where the bandgap

is closed due to the fact of Edefect < Estrain. As for the free-
standing one, the Estrain equals to zero while the Edefect is still
of ∼ 0.04 eV, where a bandgap is opened (Edefect > Estrain).
With the purpose to shed light on the experimental studies
of vacancy hole patterned nanomesh, we have also studied
the phenomena of bandgap opening/closing in antidot pat-
terned germanium nanomesh. The results of the Ge6 antidot
patterned (6,6) nanomesh are presented in Fig. 6. For the de-
fect free (6,6) PGS, the Dirac cone is found at Γ point when
σz = 0%. Enhancing the strain, the Dirac cone formed by π

band crossing at Fermi level could be moved away from Γ .
The band of the empty σ covalent bond would be lowered
downward also by the strain, which even dip below the Fermi
level for the case under σz = 6% strain. After introducing
the Ge6 antidot in unit cell, the free-standing (6,6) nanomesh
opens a sizable bandgap of about 0.13 eV, which stands for the
Edefect. Applying uniaxial strain, the Estrain starts to increase,
while the Edefect only changes slightly. Under σz = 3%, due
to the fact of Edefect > Estrain, the bandgap keeps opened while
its width is reduced to ∼ 0.06 eV. After enhancing strain
to σz = 6%, the situation changes and the πa2 and πz2 start to
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Fig. 6. (color online) The calculated band structures for the germanene-based
nanostructures under the 3% and 6% σz strains and the ones for the free-
standing materials. The panels (a), (b), and (c) are for the (6,6) PGS, Ge6-
patterned nanomesh, and (GaAs)6-patterned superlattice, respectively.
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cross to form new Dirac cone. The high velocity massless
fermions as charge carriers would present again, suggesting a
reversible on/off switch of bandgap. Probably due to the pres-
ence of Ge6 antidot, the local strain is released to some sense,
which may account for the increase of the σ band as referred
to the case of its counterpart — the defect free (6,6) PGS. In
comparison, by substitution doping a (GaAs)6 nanoflake in the
unit cell, the local strain would probably preserved due to the
well match between the lattice constants of Ge and GaAs dia-
mond bulk structures. As shown in Fig. 6(c), it could keep the
σ band to dip below Fermi level for the case under σz = 6%
strain. Carefully analyzing the band structures of the antidot-
patterned (6,6) nanomesh and the (GaAs)6 patch-patterned su-
perlattice, one can see that the gap between the π-type bands
around Fermi level show quite different characters. In the for-
mer one, the uniaxial strain can engineer the gap width, even
to close it when the πa2 and πz2 start to cross. However, in the
latter case, the π-band gap width keeps almost unchanged in
the process of applying strain. This confirms again the dif-
ferent mechanisms in opening their bandgaps. The π-band
gap opened through breaking the sublattice equivalence in the
(GaAs)6 patch-patterned superlattice cannot be engineered by
manipulating strain. As shown in Fig. 6(c), the conducting
properties of (GaAs)6 patch-patterned superlattice could in
fact also be altered from semiconductor to conductor due to
the σ band dipped below the Fermi level.

4. Conclusions
To summarize, we have carried out detailed studies of the

combination effects of the uniaxial strain and the degenerate
perturbation on the electronic structure engineering of ger-
manene nanomesh. Both uniaxial strains applied along arm-
chair and zigzag edges could move Dirac point along 𝛤𝑌 path
in Brilliouin zone, making the degenerate π-like bands to split
into πa and πz bands with energy interval Estrain. For the free-
standing (P,Q) PGS with Q= 3m (m is integer), the Dirac cone
would be folded to Γ point according to band-folding analysis,
which could be then opened a bandgap by introducing in the
inversion symmetry preserved defect. The bandgap opening
can be attributed to the band splitting of πa (πz) into πa1 and
πa2 bands (πz1 and πz2 bands) with split interval Edefect, show-
ing different bandgap opening mechanism in comparison with
the one by breaking sublattice equivalence. For a nanomesh,
the Edefect of the π-band splitting only changes slightly while
the Estrain could be enlarged by enhancing the uniaxial strain.
Then, the bandgap could be controlled to open or close by the
competition between Edefect and Estrain. Before band closing,
its width could also be continuously tuned through control-
ling strain. The nanomesh patterned with (GaAs)6 nanoflake
patches has also been studied, whose bandgap has been opened
by the sublattice equivalence breaking. Here, the π-band split
gap remains almost unaffected by the applied strain.
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