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Abstract The structural, electronic and optical properties have been studied at
different occupancies of hydrogen atoms upon germanene using first-principles
density functional theory calculations. The electronic and optical parameters: energy
bandgap (Eg), dielectric constant ε(0), refractive index n(0), absorption coefficient
(Eα) and plasmon energy (èωp) have been calculated for different occupancy of
hydrogen for the first time. The calculated values for 100% occupation of hydrogen
are in good agreement with the available experimental and reported values. The
above-calculated parameters are essential in the fabrication of several optoelectronic
devices and applications.
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1 Introduction

In recent years, much attention has been given on graphene-like two-dimensional
materials such as silicene and germanene due to their exceptional properties: linear
dispersing energy bands, mass-less Dirac fermions behaviour of electrons, high elec-
tron mobility, unusual quantum hall effect, spin–orbit coupling, etc. [1–6]. These
materials show semi-metallic nature, i.e., zero bandgaps at Dirac point K, which
restricts their applications in the field-effect transistors, logic circuits and switching
devices [7, 8]. To open bandgap, one of the main techniques used is chemical func-
tionalization. This leads to adsorption of foreign atoms (H, F, Cl, O, B andN), several
gas molecules (NH3, NO, NO2 and O2) and alkali earth metals on pristine silicene
and germanene and converts into insulators, semiconductors, semi-metals andmetals
[9–12]. Some theoretical predictions show that hydrogenated silicene shows indirect
bandgap, which is not suitable for optoelectronic devices and applications [13–15].
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The direct optical band gap of 1.59 eV is observed in the case of hydrogenated
germanene (germanane), which is demonstrated from topo-chemical de-intercalation
of CaGe2 in aqueous HCl [16]. Yao et al. [17] synthesized germanane on Ge2Pt
crystal and observed the bandgap of 0.2 eV for half-hydrogenated germanene and
0.5 eV for fully hydrogenated germanene on scanning and tunnelling spectroscopy
(STS). The structural, stability, electronic, magnetic and ferromagnetic properties
of hydrogenated germanene nanoribbons studied by first-principle calculations [18–
20]. However, 100% hydrogenation is not possible as some defects may occur while
adsorption of hydrogen on germanene. Therefore, authors have taken much interest
to calculate several properties of hydrogenated germanene for different occupancies
of hydrogen upon germanene. Recently, the authors have studied several properties
of hydrogenated, fluorinated and hydrofluorinated graphene using density functional
theory (DFT) calculations [21–23].

In this paper, the structural, electronic and optical properties have been studied
at different occupancies of hydrogen atoms upon germanene using first-principles
density functional theory calculations. The electronic and optical parameters: energy
bandgap (Eg), dielectric constant ε(0), refractive index n(0), absorption coefficient
(Eα) and plasmon energy (èωp) have been calculated for different occupancy of
hydrogen for the first time. The calculated values for 100% occupation of hydrogen
are in good agreement with the available experimental and reported values.

2 Methodology

The calculations have performed using first-principle calculations on Cambridge
sequential total energy package CASTEP code [24]. The calculations are based
on generalized gradient approximation (GGA) parametrized by Perdew-Berke-
Ernzerhof scheme [25]. The TS method has been used for DFT-D correction in
calculation of structural, electronic and optical properties. The geometry optimiza-
tion was performed for 100 iterations to obtainminimum total energy using Broyden,
Fletcher, Goldfarb and Shanno (BFGS) scheme [26]. An ultra-soft pseudopotential
representation has been used with the basis set kinetic energy cut-off of 353.70 eV
[27]. The maximum tolerance of geometry minimization parameters: total energy
convergence is 2 × 10−5 eV/atom, Hellmann–Feynman ionic force is 0.05 eV/Å,
max ionic displacement is 2 × 10−3 Å and maximum stress component is 0.1 GPa,
respectively.
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3 Results and Discussion

3.1 Structural and Electronic Properties

The adsorption of hydrogen on pristine germanene changes the hybridization of
germanium from sp2 to sp3, which changes the structural, electronic and optical prop-
erties of germanene. The change of hybridization converts structure of germanene
from hexagonal (space group= P63/MMC, 196) to trigonal (space group= P-3M1,
164) which has shown in Fig. 1a, b. The corresponding symmetrical constraints are
α = 90°, β = 90° and γ = 120°, respectively. The optimized lattice parameter (a),
bond lengths (dGe–Ge and dGe–H) and bond angles (θGe--Ge--Ge and θGe--Ge--H) are listed
in Table 1, alongwith the reported values. The calculated bond length of Ge–H shows
that the bonding between germanium and hydrogen is covalent or semi-ionic, while
the bonding between carbon and hydrogen in hydrogenated graphene is covalent
[21]. Table 1 shows that the bond length between germanium atoms of hydrogenated
germanene is high compared to germanene. This is due to the electronegativity differ-
ence between hydrogen and germanene causes the depopulation of bonding orbitals

Fig. 1 a The top view of pristine germanene. The green circles indicate germanium atoms of sp2

hybridization with neighbouring atoms. b The perspective view of hydrogenated germanene in
which white circles indicate hydrogen and green circles are germanium
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Table 1 Lattice constant (a), Ge–Ge bond length (dGe–Ge), Ge-H bond length (dGe–H), Ge–Ge–Ge
bond angle (θGe–Ge–Ge), Ge–Ge–H bond angle (θGe–Ge–H), bandgap energy (Eg) and binding energy
(Eb) of germanane and germanene

Parameters Germanane Germanene

This work Reported This work Reported

a (Å) 4.059 3.880a, 3.93e, 3.908f, 3.95d, 4.082c 3.694 4.0j

dGe–Ge (Å) 2.454 2.390f, 2.401e, 2.469c 2.522 2.382j

dGe–H (Å) 1.557 1.529d, 1.56f, 1.563c –

θGe--Ge--Ge (º) 111.487 108.95f 94.204

θGe--Ge--H (º) 107.372 109.99f –

Eg (eV) 1.010 1.59a, 0.5b, 1.38e, 3.6i, 3.5 g, 1.812f, 1.38d,
2.81h

0.00 0.00i

Eb (eV) 3.95 4.069f, 2.575d –

Experimental values aRef. [16] and bRef. [17], reported LDA cRef. [18], dRef. [23], eRef. [13] and
jRef. [13], reported GGA fRef. [31], reported GW gRef. [13] and hRef. [23], reported HSE iRef.
[13]

between germanium atoms. The calculated bond angles of hydrogenated germanene
are near to diamond bond angle due to sp3 hybridization.

The band structure of hydrogenated germanene has been calculated along with
high symmetry points (G–M–K–G) with the q-point separation of 0.0151/Å in the
Monkhorst pack grid and shown in Fig. 2. Houssa et al. [7] predicts the zero bandgap
of germanene at Dirac point ‘K’ and express the linear Dirac-distribution of energy
bands. The direct bandgap has been created for hydrogenated germanene at G-point
with bandgap value of 1.0 eV without changing of linear distribution in the band
structure. The density of states shows the orbital character in the formation of valence
and conduction bands of the band structure. The partial density of states (PDOS) and

Fig. 2 The calculated band
structure of hydrogenated
germanene which shows the
energy band gap of 1.010 eV
at g point
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Fig. 3 The calculated partial density of states (PDOS) of individual atoms and the total density of
states (TDOS) of hydrogenated germanene

total density of states (TDOS) of hydrogenated germanene have been plotted in
Fig. 3. The energy bands in the lower part of valence band are mainly contributed by
H-1s and Ge-4s, and the upper valence band is dominated by Ge-3p and H-1s. The
conduction band is primarily due to the influence of H-1s, Ge-3p and Ge-4s state,
respectively. The Ge-3p and H-1s orbitals play a significant role in the formation of
an energy bandgap between the valence and conduction bands.

3.2 Optical Properties

The optical properties are calculated in perpendicular polarization of electric field
on the plane of hydrogenated germanene. The momentum matrix elements and the
imaginary part of dielectric function ε2(ω) have been calculated using the relations
given by Momida et al. [28]. The calculated ε2(ω) for different occupancies of
hydrogen is shown in Fig. 4a. The conduction in fully hydrogenated germanene
started at 2.5 eV and rises rapidly due to the increase of transitions from the upper
valence band to lower conduction band. It reaches to a maximum value at 6.8 eV
due to the maximum number of transitions from H-1s to Ge-4p states and decreases
with the further increase of photon energy. However, as the occupancy of hydrogen
decreases, the starting point of conduction also decreases and comes toward the low-
energy region (redshift). This may be due to the decrease in optical band gap of the
germanane. The low maximum values of ε2(ω) for defective occupancy of hydrogen
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Fig. 4 a The imaginary part of dielectric function ε2(ω) for different occupancies of hydrogen upon
germanene. b The real part of dielectric function ε1(ω) for different occupancies of hydrogen upon
germanene. c The refractive index n(ω) for different occupancies of hydrogen upon germanene.
d The electron energy loss function L(ω) for different occupancies of hydrogen upon germanene

such as 25, 50 and 75% are due to the lack of symmetry. The pristine germanene
has low buckling compared to hydrogenated germanene [14]. Thus, the defect func-
tionalized germanene is the combination of low- and high-buckling structure which
is unsymmetrical. While in pristine germanene, the conduction starts nearly from
zero point due to semi-metallic nature and reached to a maximum value at 3.5 eV
then decreases with the further increase of energy. The real part of dielectric function
ε1(ω) is calculated using the Kramer-Kronig relation [29] and shown in Fig. 4b. The
calculated dielectric constant ε(0) for different occupancies of hydrogen is listed in
Table 2. The ε(0) may be decreased after the hydrogenation of germanene due to
increase in energy bandgap. The refractive index and electron energy loss function
have been calculated using the relation given by Sahin et al. [30] and shown in Fig. 4c,
d. The calculated Refractive Index and plasmon energy for different occupancies of
hydrogen upon germanene are listed in Table 2.
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Table 2 The calculated static dielectric constant ε(0), refractive index n(0) and plasmon energy
(èωp) for different occupancies of hydrogen upon germanene

% occupancy of hydrogen 0% 25% 50% 75% 100%

ε(0) 6.52 3.50 3.56 2.97 3.86

n(0) 2.34 1.87 1.94 1.72 1.97

èωp 13.89 13.87 13.83 13.51 16.43

4 Conclusions

The calculated lattice constants, bond lengths and bond angles for germanene and
hydrogenated germanene are in good agreement with the earlier reported values.
After hydrogenation, H-1s orbital hybridized with Ge-3p state which forms strong σ

bond and plays a major role in the formation of energy bandgap between the valence
and conduction bands. The dielectric constant ε(0) may be decreased after the hydro-
genation of germanene due to creation of energy bandgap. This may increase the
mobility of electrons in the material. The defects in hydrogenation form an unsym-
metrical structure which affects the electronic and optical properties of hydrogenated
germanene. The optical parameters: dielectric constant ε(0), refractive index n(0) and
plasmon energy (èωp) for different occupancies of hydrogen upon germanene have
been calculated for the first time. The above-calculated values are much crucial in
the fabrication of linear and non-linear optoelectronic devices and circuits.
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