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Abstract 
The study of energetics, structural, the electronic and optical properties of Ga 
and As atoms substituted for doped germanane monolayers were studied by 
first-principles calculations based on density functional theory. Both of the 
two doping are thermodynamically stable. According to the band structure 
and partial density of the states, gallium is p-type doping. Impurity bands be-
low the conduction band lead the absorption spectrum moves in the infrared 
direction. Arsenic doping has impurity level passing through the Fermi level 
and is n-type doping. The analysis of optical properties confirms the value of 
bandgap and doping properties. 
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1. Introduction 

Since the successful extraction of graphene by British scientists Andre Geim and 
Andre Geim using mechanical stripping in 2004, it has quickly led to the 
research and exploration of two-dimensional materials due to its excellent 
properties. In order to further enhance the application value of two-dimensional 
materials, it is important to improve the properties of materials by doing with 
graphene [1]-[14], transition-metal dichalcogenides [15] [16] [17] [18] [19] and 
other two-dimensional van der Waals material [20] [21] [22]. Germanane is a 
hydride similar to graphane with alternating hydrogen on either side of the 
germanium atom. Due to the direct band gap large electron mobility and the 
ability to control optoelectronic properties through covalent modification with 
surface ligands, it has received extensive attention in the field of two-dimen- 
sional materials [23] [24]. Experiments have shown that a system formed by 
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doping element gallium of group III and element of arsenic group V into a 
germanane can be stably present. Doping the gallium and arsenic atoms into the 
precursor CaGe2 phase, in the process of using HCl, remains intact in the lattice 
after the topotactic deintercalation to form germanane [25] [26] [27] [28] [29]. 
This work demonstrates that extrinsic doping with Ga and As is a viable 
pathway towards accessing stable electronic behavior in graphane analogues of 
germanium. But Ga and As doping in germanane have not been systematic 
research in theoretical calculation. In this work, we have studied thermodynamic 
stability, structural and electronic properties of gallium and arsenic defects in a 
germanane monolayer using a GGA (generalized gradient approximation) hybrid 
density functional theory approach. This study fine tunes the band gap of 
germanane through the foreign atom doping as well as via changing the charge 
state of the defect. 

2. Calculation Method 

The first principle calculation is implemented in CASTEP (Cambridge Serial 
Total Energy Package) code [30] [31] [32] by plane wave pseudopotential me-
thod based on density functional theory. In the calculation, pristine germanane 
monolayer and its doping system were seen in Figures 1(a)-(c). and the vacuum 
is 20 Å. In order to make the structure more stable, different replacement me-
thods were used for gallium and arsenic atoms. Because the outermost electrons 
of gallium have only three electrons. We replace the germanium atom with a 
gallium atom and remove the hydrogen atom corresponding to the replaced ger-
manium atom. However, there are five outermost electrons in the arsenic atom, so 
we only replaced the germanium atom with a arsenic atom, and did not remove 
the corresponding hydrogen atom. In the calculation process，the ions-electrons 
and exchange-correlation interaction are processed using norm-conserving pseu-
dopotential and Perdew, Burke and Ernzerhof (PBE) functionals in GGA, respec-
tively. In order to obtain an accurate optimized structure of germanane, a cutoff 
energy of 400 eV is used to ensure total energy and stress convergence. In the 
process of optimization, the specific parameters are set as follows. The total 
energy is 5.0 × 10−6 eV/atom. The maximum stress, pressure, displacement, re-
spectively 0.02 GPa, 5.0 × 10−4 Å, 0.01 eV/Å. In addition, the calculation of 
self-consistent field (SCF) is kept within the energy convergence criterion of 5 × 
10−6 eV/atom. The Brillouin zone was 3 × 3 × 1 k-point mesh [33]. 

 

 
Figure 1. Top view of the supercell used in calculation: (a) Pristine germanane monolayer, (b) and (c) are gallium and 
arsenic defected germanane monolayer (4 × 4 × 1). 
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To assess the stabilities of nanostructures, we calculate the formation energy 

FE  as follows: 

( )form germanium Ge H GaXE X E E µ µ µ= − + + −              (1) 

( )form germanium Ge AsXE X E E µ µ= − + −                (2) 

The first two terms XE  and germaniumE  are the total energies of Ga or As 
doped germanane and pristine germanium respectively. The Geµ  and Hµ  
terms are the chemical potentials of the host Ge atom (obtained as the total 
energy per Ge atom from the unit cell of germanane monolayer) and H atom 
(obtained as the total energy per H atom from the hydrogen molecule), whereas 
the Xµ  term is the chemical potential of the Ga defect (obtained as the total 
energy per Ga atom from face centered cubic Ga structure) or As defect (ob-
tained as the total energy per As atom from the corrugate hexagonal structure 
structure) respectively. The calculation results show that the formation energies 
of gallium and arsenic doping are −2.01 eV and −0.63 eV, respectively. This 
means that the two structures are thermodynamically stable. 

3. Results and Discussion 
3.1. Structure Properties 

The Ge-Ge bond length( Ge-Ged ), the lattice parameter (a), and the buckled height 
( z∆ , show in Figure 2) in the optimized structure of the pristine germanane 
monolayer are 2.455Å, 4.060Å and 0.730Å, respectively. These values are in good 
agreement with experimental results and theoretical calculations [34]. 

After the doping of gallium, the structure and symmetry distort much. The 
length of the bond between the gallium atom and the neighboring germanane 
atom is 2.455Å, 2.455Å, 2.458Å respectively. The nearby Ge-Ge bond length also 
have changed in the range of −0.3Å to +0.3Å. Gallium defect also causes large 
changes in corrugate, buckled height Ge-Ge 0.730z∆ = Å change to Ga-Ge 0.047z∆ =
Å. The hydrogen atom corresponding to the germanium atom interacting with 
gallium shifts away from the gallium atom. On the other hand, the doping of ar-
senic does not affect the structure and symmetry of the original germanane due 
to the remaining of the corresponding hydrogen atoms. The arsenic defected 
germanane monolayer is Ge-As 0.728z∆ = Å that is basically same as pristine 
germanane, and the original hexagonal structure is well maintained. 

3.2. Electronic Properties 

This section analyzes the mechanism of the change of the energy band width of 
pristine germanane and doping system. The band structure and distribution of 
the density are shown in Figure 3. Take the Fermi level as the zero point of 
energy. 

Figure 3(a) show that pristine germanane has a direct bandgap and 1.080 eVgE = , 
this is consistent with the theoretical calculation of the literature. The corresponding 
partial density of states of pristine germanane, as Figure 3(d), demonstrate that the  
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Figure 2. Side view of the supercell used in calculation: (a) pristine germanane monolayer (b) and (c) are gallium and arsenic de-
fected germanane monolayer. 
 

 
Figure 3. (a)-(c) Band structure of pristine germanane and its doping system; (d)-(f) Projected density of atates of pristine ger-
manane and its doping system. 
 

bottom of the conduction band is contributed by the Ge-4s and Ge-4p orbit, 
while the valence band of monolayer is derived from the contribution of H-s, 
Ge-4s and Ge-4p orbit, but the top of valence is mainly contribute by H-s and 
Ge-4p. Figure 3(b), Figure 3(e) give the electronic properties of gallium doped 
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germanane. Bandgap increase to 1.663 eVgE = .The projected density of states 
in Figure 3(e) show that Ga-4p contributes to the top of valence band, so it is a 
p-type doping. A unoccupied Ga-4p orbit impurity appears in the energy gap 
below conduction band. Due to the emergence of new energy levels, the the 
minimum energy of electrons from the valence band to the conduction band 
change to 0.949 eV. This energy value corresponds to the absorption edge posi-
tion of the absorption spectrum of the gallium doping system. Figure 3(c) is the 
band structure of arsenic doped germanane. The valence band is contribute by 
H-s, Ge-4p and As-4p orbit, which has a strong hybrid coupling with each other. 
For arsenic atom has one more outermost electron than germanium atom, a oc-
cupied As-4p orbit impurity appears in the energy gap below conduction band. 
The impurity bands come across the Fermi level, so As is a n-type doping. 

3.3. Optical Properties 

In order to further explore its electronic properties, we also made specific calcu-
lations and data analysis on the optical properties of germanane. The study of 
electronic structures helps to make materials practically used in optoelectronic 
devices. Optical properties can be analyzed from the peaks and the intersection 
of the coordinates of the dielectric function. The dynamical dielectric function of 
germanane at arbitrary wave vector q and frequency ω, ϵ(q, ω), is calculated in 
the self-consistent-field approximation. The corresponding optical constants of 
germanane and its doping structures can be analysis from the real and imaginary 
parts of the dielectric function. The absorption coefficient n, the complex refrac-
tive index and the reflectance R of pristine germanane can be obtained by the 
Equations (4)-(6), respectively [35]. The dielectric function can be a relatively 
complete representation of the optical properties of the germane and its doped 
structure. 

( ) ( )
2

1
0

2 c v c
k k k k

e u r E E Eνε ω ψ ψ δ
ε

= ⋅ − −
Ω ∑             (1) 

( ) ( )2
2 2 20

21
π

P
ω ε ω

ε ω
ω ω

∞ ′ ′
= +

′ −∫                    (2) 

( ) ( ) ( ) ( )
1 2

2 2 2
1 2 12α ω ε ω ε ω ε ω = + −  

              (3) 

( ) ( ) ( ) ( )
1 2

2 2 2
1 2 1

2
2

n ω ε ω ε ω ε ω = + +                 (4) 

( ) ( ) ( ) ( )
1 2

2 2 2
1 2 1

2
2

k ω ε ω ε ω ε ω = + −                
 (5) 

( )
( )
( )

2
1

1
R

ε ω
ω

ε ω

−
=

+
                      (6) 

Figure 4 depicts the dielectric function and the absorption coefficient of pris-
tine germanane and its doping system for photon frequency up to 20 eV. The  
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Figure 4. (a)-(c) Dielectric function of pristine germanane and its doping system; (d)-(f) Absorption coefficient of pristine and its 
doping system. 

 
lines of black and grey in Figure 4 represent the real part and imaginary part of 
the dielectric function, respectively. As shown in Figure 4(a) and Figure 4(b) 
tendency of the dielectric function of pristine germanane and gallium doped 
germanane are consistent. It is observed that the static constant ( )1ε ω  is close 
to 3.85 and 4.32 respectively. Curve Figure 4(a)/Figure 4(b) mainly drops ra-
pidly till 4.44 eV / 4.32 eVE E= =  and then increase slowly to 17 eV/22 eV. 
The imaginary part of dielectric function ( )2ε ω  vanishes with the frequency 

17 eV / 22 eVω ω= = . It is noteworthy that the value ( )1 0ε ω >  and ( )2 0ε ω =  
means the region is a transparent area. Refer to the absorption parameter as 
shown in Figure 4(a)/Figure 4(b), the optical absorption edge is about 1.080 
eV/0.949 eV that is corresponding to the band gap of pristine germanane and 
gallium doped germanane in our calculation. Figure 4(c) show the static con-
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stant ( )1ε ω  is close to 12.2, dielectric constant is a measure of the polarizability 
of a material. It shows that the arsenic doping has a stronger electrode forming 
ability. 

4. Conclusion 

Germanane monolayer was doped with gallium atom or arsenic atom. The Ga 
defect can be integrated within a germanane monolayer at a relative low forma-
tion energy, without major structural distortions and symmetry breaking. The 
As defect relaxes outward of the monolayer and breaks the symmetry. The den-
sity of states plots indicate that Ga doped germanane monolayer is p-type dop-
ing, whereas the As, which has a extra outermost electron, is n-type doping. The 
optical properties of Ga and As doping were also examined, the result demon-
strates that As doping has static dielectric constants ( )1ε ω  close to12 which 
means a stronger polarization ability. The results of this study will be of great 
guiding significance for the practical application. 
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