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Inspired by the novel properties of a newly predicted two-dimensional (2D) tetragonal allotrope of Ge called
2D tetragonal Ge, first-principles calculations have been performed to explore the stability, and structural
and electronic properties of 2D tetragonal Ge via hydrogenation, and the effect of external strain on
structural and electronic properties of hydrogenated 2D tetragonal Ge is considered. Our calculations
reveal that the hydrogenated 2D tetragonal Ge, a-GeH and B-GeH, are proved to be dynamically and
thermally stable. Both a-GeH and B-GeH are semiconductors with a direct band gap of 0.953 eV and
indirect band gap of 2.616 eV, respectively. When applying external strain from —7% to 7%, a-GeH is
more energetically stable than B-GeH around the equilibrium geometry, B-GeH is more stable than a-
GeH when external strains exceed a certain critical value, respectively. The direct band gap of a-GeH
reduces rapidly from 2.008 eV to 0.036 eV as external strain increases from —7% to 7%, while the
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DO 10.1035/c9ra04655k indirect band gap of B-GeH is changed slightly. Our results reveal that a-GeH and B-GeH can offer an

rsc.li/rsc-advances intriguing platform for nanoscale device applications and spintronics.

1. Introduction

Following the successful preparation of graphene,’ two-
dimensional (2D) materials, including silicene,”> germanene,’
hexagonal boron nitride,* transition metal dichalcogenides
(TMDs),® and phosphorene,® have attracted extensive attention
due to their outstanding electronic, optical, thermal and
mechanical properties. In analogy to graphene, it is theoretically
predicted that other group IV elements can form stable 2D
honeycomb structures, namely silicene and germanene, and they
have been successfully synthesized on different substrates.>*
More recently, a 2D tetragonal allotrope of C consisting of
repeated square and octagonal rings was predicted to be stable.”
First-principles calculations have proposed that the 2D tetragonal
allotrope of Si is a nodal line semimetal, and hydrogenation
could induce a semimetal-semiconductor transition in this sili-
cene allotrope.® Also, 2D tetragonal Ge and tetragonal Sn are
theoretically predicted to be nodal line semimetals which are
identified by nontrivial Z, invariant and topological edge states at
the sample boundaries.’ Additionally, some tetragonal graphene-
like analogues, such group V elements, XBi (X = Si, Ge, Sn) and
TMDs, have also been proposed and predicted to be stable.***¢
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It is crucial to open the band gap of 2D group IV materials for
broadening the application in semiconductor devices, such as
in power components and optoelectronic fields. Hydrogenation
has been demonstrated to be one of the most accessible ways to
modulate the properties of 2D materials. In this respect, it has
been theoretically reported that hydrogenation significantly
modifies the band properties and band gap of graphene, sili-
cene and germanene,'” deriving them from semimetal state to
a semiconductor state with a large band gap, and which have
been synthesized in experiments."®?® The band gap of 8-Pmmn
borophene has been opened by hydrogenation.”* The hydroge-
nation causes monolayer GaN to undergo an indirect to direct
band gap transition.”” Generally speaking, external strain
engineering is the other effective approach in modifying the
electronic band structure of low dimensional materials. It is
found that 2D materials, such as graphene, phosphorene and
MoS,, can withstand a tensile strain of more than 20%.%*>* PbTe
films passivated with H atoms are semiconductors with a direct
band gap of 0.015 eV, and the direct band gap can be tuned
from 0.015 eV to 0.065 eV under external strain.”® The tensile
strain can tune the band gap of GaN monolayer in the broad
range of 4.44-2.27 eV.?* The 2D tetragonal XBi (X = Si, Ge, Sn)
undergo a transition from a direct to indirect band gap or an
indirect band gap semiconductor to metal by applying biaxial
strain.'® It has been reported that the electronic property of
monolayer Crl; can be modified by applying strain, which
undergoes a transition from magnetic-metal to half-metal to
half-semiconductor to spin-relevant semiconductor as strain
increases from —15% to 10%.>” The band gap of phosphorene
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experiences a direct-indirect-direct transition when axial strain
is applied.” It is indicated that compressive strain induces 1T-
HfS, monolayer to undergo a semiconductor-metal transition.”®

In the paper, we systematically investigate the stability,
geometry structure and electronic property of 2D tetragonal Ge
via hydrogenation, where two different atomic configurations
are considered. We also explore the effect of external strain on
the structural and electronic properties in the hydrogenated 2D
tetragonal Ge.

2. Computational details

Our calculations were carried out based on the density func-
tional theory in the Vienna ab initio Simulation Package
(VASP)*3'  within the projector-augmented wave (PAW)
method.*” The Perdew-Burke-Ernzerhof (PBE) of the general-
ized gradient approximation (GGA)** was used as exchange-
correlation functional. The kinetic energy cutoff of the plane
wave basis was set at 500 eV. The vacuum space more than 20 A
was placed to avoid the interaction between the neighboring
slabs. All structures were fully relaxed until the energy toler-
ances were smaller than 1 x 10° eV and the force on each atom
was less than 0.01 eV A~ The Brillouin zone was performed of
a 13 x 13 x 1 k-points. The HSE06 calculation was also used to
check the validity of electronic band structure given by the PBE
calculation. The spin-orbital-coupling (SOC) effect was consid-
ered in the calculation of the band structure. To examine the
dynamic stability of the hydrogenated 2D tetragonal Ge, the
phonon dispersions were performed by the finite displacement
method in the PHONOPY code.** The ab initio molecular
dynamics (AIMD) simulations were implemented to check the
thermally stability at 300 K in the canonical (NVT), where the
simulation time is limited to 10 ps with a time step of 1 fs. The
binding energy was calculated to check the energetic stability,
and the binding energy was defined by E, = (Egen — nEge —
nEy)/2n,'® where Eg.y is the total energy of the hydrogenated 2D
tetragonal Ge, Eg. and Ey; are the energies of the isolated Ge and
H atoms, respectively, and #n is the number of Ge or H atom in
the unit.

The applied external strain was defined as n = (a — ay)/aq,
where a, is the lattice constant of the optimized strain-free
structure, a is the lattice constant of the strained systems, and
just atomic position was allowed to relax for strained system.
Negative and positive values of n referred to compressive strain
and tensile strain, respectively. The external strains in the range
of —7% to 7% with spacing of 1% were chosen in our calcula-
tions. In this work, two types of external strains, biaxial strain
and uniaxial strain along the x direction, were applied on a-GeH
and B-GeH.

3. Results and discussion

Fig. 1 depicts the optimized atomic structures of two hydroge-
nated 2D tetragonal Ge, denoted by a-GeH with the hydrogen
atoms alternate on both sides of the sheet and B-GeH with the
hydrogen atoms alternate in pairs of the sheet. The optimized
structural parameters of a-GeH and B-GeH, including lattice
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Fig. 1 Optimized geometries of (a) and (b) a-GeH and (c) and (d) B-
GeH. The blue and red balls indicate Ge and H atoms, respectively.

constants a,, Ge-Ge bond lengths /; and [,, and the vertical
distance between top and bottom Ge(H) layers d; (d,), are
summarized in Table 1. Except for the lattice constant of f-GeH,
all the corresponding parameters of a-GeH and B-GeH are
enlarged in comparison to pristine 2D tetragonal Ge. As listed in
Table 1. The calculated binding energies are —2.832 eV per atom
and B-GeH —2.832 eV per atom of a-GeH and B-GeH, respec-
tively, indicating strong interactions between H atom and Ge
atom. According to previous calculations, the binding energy of
hydrogenated germanene is —2.882 eV per atom,'” and hydro-
genated germanene has been synthesized in experiment,™ it
indicates that a-GeH and B-GeH are stable and possible to
experimentally obtained. Additionally, AIMD simulations are
carried out at 300 K for 10 ps, and the total energies with respect
to the simulation time and the final structure after simulations
are displayed in Fig. 2(a). The total energies are fluctuated
within a narrow range during simulations for both a-GeH and B-
GeH, and the original structures can be nearly kept after the
simulations, confirming the thermally stable of a-GeH and B-
GeH. Furthermore, the phonon dispersions of a-GeH and -
GeH are calculated and displayed in Fig. 2(b) and (c), there is no
any imaginary frequency in the Brillouin zone, conforming the
dynamic stability of a-GeH and B-GeH.

The electronic band structures of a-GeH and B-GeH are
calculated and plotted in Fig. 3. An energy gap opens in 2D
tetragonal Ge by hydrogenation, «-GeH and B-GeH are both
semiconductors, the type of gap for hydrogenated 2D tetragonal
Ge depends on its atomic configuration. It can be clearly seen

Table1l The lattice constantag, Ge—Ge bond lengths (; and [, (l3), Ge—
H bond length (4, and the vertical distance between top and bottom
Ge(H) layers d; (d>) shown in Fig. 1, band gap Eg, and binding energy £y,
of a-GeH and B-GeH

. L) . ) ) Ey (eV
System a, (A) [; (A) (A) I,(A) di(A) dy(A) Eg(eV) peratom)
Ge’ 8.007 2.481 2.412 — 0.717 — 0.000 —3.082
o-GeH 8.073 2.493 2.455 1.564 0.737 3.865 0.953 —2.832
B-GeH 7.184 2.492 2.455 1.564 1.870 4.535 2.343 —2.830
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Phonon dispersions for (b) a-GeH and (c) B-GeH.

from Fig. 3, a-GeH is direct band gap of 0.953 eV with the
valence band maximum (VBM) and conduction band minimum
(CBM) at the I' point, while B-GeH is indirect band gap of
2.616 eV with its VBM lying at I" point and CBM locating along
the S-Y direction. As shown in Fig. 3, the VBM and CBM of a-
GeH and B-GeH are originated from the p,, and s orbitals of Ge
atom, respectively. In order to examine the effect of SOC, the
electronic band structures of o-GeH and p-GeH with
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Fig. 3 Orbital-resolved band structures of unstrained (a) a-GeH and
(b) B-GeH, red and green dots represent the contribution from Ge-p,,
and Ge-s, respectively. The Fermi levels are set to zero.
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Fig.4 Band structures of (a) a-GeH and (b) B-GeH without SOC (black
lines) and with SOC (red lines). The Fermi level is set at zero.
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(a) The total energy fluctuation of a-GeH (black line) and B-GeH (red line), the insets are the final structures at the end of AIMD simulations.

considering the SOC effect are calculated and displayed in
Fig. 4. It can be seen from Fig. 4 that taking into account SOC,
the band gaps of the unstrained a-GeH and B-GeH is reduced
slightly, which are changed to 0.904 eV and 2.275 eV. Compared
to band structures without SOC, there is no remarkable change
in band gap and the shapes of the electronic structure near the
Fermi level are essentially unchanged. Therefore, the effect of
SOC on the electronic structure for o-GeH and B-GeH are
negligible. Then, the HSE calculation is used to check the
electronic band structure of ¢-GeH and B-GeH, and the results
are displayed in Fig. 5. It is clear that overall electronic band
profiles calculated by PBE and HSE calculations are similar, the
only difference is the calculated band gap, the HSE calculation
enhance the band gap to 1.414 eV and 3.036 eV for a-GeH and -
GeH, respectively. Our work is mainly focused on the external
strain effect on the band structure of a-GeH and B-GeH, and the
HSE calculation could give results of the strain effects on the
band structures consistent with that of the PBE calculation. The
PBE calculation can able to correctly predict the trends of
external strain effect on the electronic band structure and band
gap for a-GeH and B-GeH.

Recently, both experimental and theoretical studies have
investigated that the electronic structure can be modulated by
applying external strain. Here, we discuss the effect of external
strain on the geometry structure and electronic band structures
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Fig.5 Band structures of (a) a-GeH and (b) B-GeH by using PBE (black
lines) and HSE (blue lines) calculations. The Fermi level is set at zero.
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Fig.6 The variations of (a) energies, (b) bond lengths, (c) vertical distances, and (d) band gaps of «-GeH and B-GeH as a function of biaxial strains.
The direct and indirect band gap regions are highlighted with blue and orange, respectively.

of a-GeH and B-GeH, and the applied external strains ranged
from —7% to 7%. First, we study the case of applying biaxial
strain, the total energies with respect to biaxial strain for a-GeH
and B-GeH are calculated and the results can be seen from
Fig. 6(a) a-GeH is more energetically stable than B-GeH under
strains in the range +2%, while B-GeH is more stable than o-
GeH when strains larger than +2%. Furthermore, the detailed
analysis of the geometric structure for strained o-GeH and f-
GeH are also carried out. In Fig. 6(b), it can be clearly seen that
the bond lengths /; and [/, enhance linearly for a-GeH under
biaxial strains from —7% to 7%, while those of B-GeH display
a very slightly increase, the bond length /; is hardly affected by

Energy (eV)

Energy (eV)

Fig. 7 Electronic band structures of (a) and (b) «-GeH, and (c) and (d)

This journal is © The Royal Society of Chemistry 2019

biaxial strain and maintains a constant about 1.564 A for both o
GeH and B-GeH. When applying biaxial strains from —7% to
7%, the interlayer distance d; of a- and B-GeH and d, of a-GeH
decrease monotonously, the interlayer distance d, of B-GeH
changes little as biaxial strain increases in Fig. 6(c).

Hence, the electronic band structure of o-GeH and B-GeH
under biaxial strains between —7% and 7% are investigated, the
results are displayed in Fig. 7. As can be seen from Fig. 7(a) and
(b), a-GeH is always remaining direct band gap character, the
CBM at the I' point of a-GeH shifts downward in a linear way
and the VBM at the I' point shifts upward very slowly under
biaxial strains of —7% to 7%. As displayed in Fig. 7(c) and (d), B-

0%
1%
2%
3%
4%
5%
6%
7%

B-GeH under different biaxial strains. The Fermi levels are set to zero.
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Fig. 8 The variations of (a) energies, (b) bond lengths, (c) vertical distances, and (d) band gaps of a-GeH and B-GeH as a function of uniaxial
strains. The direct and indirect band gap regions are highlighted with blue and orange, respectively.

GeH keeps indirect band gap property, the location of the VBM
and CBM is almost unaffected within the biaxial strains range of
—7% to 7%. It can been seen in Fig. 6(d), the direct band gap of
a-GeH decreases sharply as the strain increases in the range
from —7% to 7%, which change from 2.008 eV to 0.036 eV, while
the band gap of B-GeH changes slightly. The variation of band
gap for a-GeH and B-GeH also reflects the changes in their
structure. In Fig. 6(b), the distance between the upper Ge atom
and the lower Ge atom (bond lengths /; and ,) increases linearly
as strain increases, causing the bond between them to become
weaker and weaker, therefore, the band gap of a-GeH is grad-
ually reduced. For B-GeH, the bond lengths /; and I, varies

0%

Energy (eV)

-7%
-6%
-5%
-4%
-3%
-2%
-1%

slowly under biaxial strain, leading to little change in the band
gap of B-GeH. Then, the uniaxial strain effects on geometric and
electronic properties of a-GeH and B-GeH are also studied, and
the calculation results are shown in Fig. 8 and 9. As mentioned
above, the tendency in energies, bond lengths, vertical
distances and band gaps of a-GeH and B-GeH is similar to that
of applying biaxial strain. It can be seen from Fig. 8(a), a-GeH is
more energetically stable than B-GeH under strains in the range
+3%, while B-GeH is more stable than a-GeH with strains larger
than +3%. When applying uniaxial strains from —7% to 7%, the
band gap of a-GeH can be tuned from 1.181 eV to 0.349 eV, as
plotted in Fig. 8(d). Our calculations show that a-GeH and B-
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Fig. 9 Electronic band structures of (a) and (b) a-GeH, and (c) and (d) B-GeH under different uniaxial strains. The Fermi levels are set to zero.
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GeH remain their direct or indirect behavior under the biaxial
and uniaxial strains and the band gap of a-GeH can be tuned in
a wide range.

4. Conclusions

In summary, based on first-principles calculations, we system-
ically study the stability, structural and electronic properties of
2D tetragonal Ge by hydrogenation, and the influence of
external strain on the structural and electronic properties of the
hydrogenated 2D tetragonal Ge is also investigated. Our calcu-
lated results indicate that a-GeH is a direct semiconductor with
a band gap of 0.953 eV, while B-GeH is an indirect semi-
conductor with a band gap of 2.616 eV. Applying external strains
from —7% to 7%, a-GeH is more energetically stable than f-GeH
around the equilibrium geometry, B-GeH is more stable than o-
GeH when external strains exceed a certain critical value,
respectively. The band gap of a-GeH can be effectively tuned by
applying external strain, which changes from 2.008 eV to
0.036 eV when the applied external strain varies from —7% to
7%, while the band gap of B-GeH is insensitive to external
strain. a-GeH and B-GeH possess excellent electronic property,
showing great potential in nano-electric devices and
spintronics.
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