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Abstract: Ion implantation is a superior post-synthesis doping technique to tailor the structural
properties of materials. Via density functional theory (DFT) calculation and ab-initio molecular
dynamics simulations (AIMD) based on stochastic boundary conditions, we systematically inves-
tigate the implantation of low energy elements Ga/Ge/As into graphene as well as the electronic,
optoelectronic and transport properties. It is found that a single incident Ga, Ge or As atom can
substitute a carbon atom of graphene lattice due to the head-on collision as their initial kinetic
energies lie in the ranges of 25–26 eV/atom, 22–33 eV/atom and 19–42 eV/atom, respectively. Owing
to the different chemical interactions between incident atom and graphene lattice, Ge and As atoms
have a wide kinetic energy window for implantation, while Ga is not. Moreover, implantation
of Ga/Ge/As into graphene opens up a concentration-dependent bandgap from ~0.1 to ~0.6 eV,
enhancing the green and blue light adsorption through optical analysis. Furthermore, the carrier
mobility of ion-implanted graphene is lower than pristine graphene; however, it is still almost one
order of magnitude higher than silicon semiconductors. These results provide useful guidance for the
fabrication of electronic and optoelectronic devices of single-atom-thick two-dimensional materials
through the ion implantation technique.

Keywords: density functional theory calculation; AIMD simulations; graphene system; ion implanta-
tion; structural eVolution; optoelectronic properties

1. Introduction

Ion implantation is a widely used technique to modify the structural and electronic
properties of various materials in the semiconductor industry. For bulk materials, such
as silicon-based semiconductor, the alien species can be introduced into the near-surface
region of target material under irradiation of accelerated ion beams, and the concentration
and depth distribution of doping atoms can be controlled by adjusting the flux and kinetic
energy of incident ions. Similarly, the ion implantation technique could be applied in
the modification and fabrication of two-dimensional materials [1–3]. In particular, it is
necessary to tailor the structural and electronic properties of graphene that are limited
for device application due to the zero-energy bandgap [4]. However, two-dimensional
materials usually have a narrow kinetic energy window since the kinetic energy of incident
ions should be high enough to displace the target atoms yet low enough to be trapped in
the lattice [5–7]. Therefore, it is indispensable to unveil the microscopic dynamic process of
ion implantation, then investigate the structural, electrical, optical and transport properties
of ion-implanted graphene further for potentially practical application.

In spite of a variety of incident ion species, only the implantations of boron (B) [1,8–10],
nitrogen (N) [1,8,9,11–14], oxygen (O) [14] phosphorus (P) [15,16], and germanium (Ge) [6]
into graphene have been experimentally verified. These ion implantation experiments were
carried out using low energy ions source, and atomic resolution scanning transmission
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electron microscopy (STEM) was used to image and acquire electron energy loss (EEL)
spectroscopy, which provides detailed structure information and bonding state of doping
graphene [17]. However, there is a complex problem of sample contamination in all
ion implantation experiments, which may arise from the residual gas in the vacuum
chamber [3]. Moreover, the head-on collision between an incident atom with several
tens electron volts (eV) kinetic energy and a carbon (C) atom in graphene lattice occurs
in picoseconds, making it challenging to experimentally study the implantation process
and accurately estimate the energy range of various ions implantation. Although many
classic atomistic simulations of the implantation of low-energy B [5,18,19], N [5,18,19],
O [20], silicon (Si) [21], platinum (Pt) [7] and Ge [7] atoms into graphene, the kinetic energy
range of incident ions, implantation process and doping structure and electronic properties
cannot be determined accurately due to the limitation of empirical force fields.

In this work, spin-polarized density functional theory (DFT) calculation, ab-initio
molecular dynamics simulations (AIMD) combined with stochastic boundary conditions
(SBC) model are used to investigate the structural and electronic properties of implanted
Ga/Ge/As-graphene systems at the atom-scale level. The kinetic energy ranges of incident
Ga/Ge/As atoms are calculated to be successfully implanted into graphene through head-
on collisions without inducing any vacancies, in agreement with available experimental
results [6]. The wide kinetic energy window of Ge atom (22–33 eV/atom) and As atom
(19–42 eV/atom) for implantation suggests them as good incident ion sources. In contrast,
the kinetic energy of the incident Ga atom for implantation occurs only between 25 and
26 eV/atom, indicating its difficulty to be implanted into a graphene lattice. The dynamical
process of implantation and eVolution of structural properties are analyzed and discussed
through systematical DFT calculations. Moreover, the electronic band structures of im-
planted Ga/Ge/As-graphene show a concentration-dependent bandgap up to 0.1–0.6 eV,
enhancing the green and blue light adsorption through optical analysis in comparison
to pristine graphene. The carrier mobility of implanted Ga/Ge/As-graphene is lower
than pristine graphene due to the scattering effect; however, it is still almost one order of
magnitude higher than silicon semiconductors, showing promising application for ultrafast
and low power electronic and optoelectronic device application.

2. Methodology

To simulate the energy exchange between a non-equilibrium system and the sur-
rounding environment, it is essential to apply a reasonable heat bath. As proposed by
Kantorovich and Rompotis [22], the collision process of an incident projectile and surface
can be studied through AIMD using SBC derived from the generalized Langevin equation
(GLE), which performs as an NVT thermostat. According to references [22,23], we divide
the graphene sheet into three regions, including the blue fixed atoms, the orange Langevin
atoms and the central Newtonian region, as illustrated in Figure 1. The fixed atoms pro-
duce the correct potential well for the motion of Langevin atoms that are subjected to the
thermostat by assigning friction and random forces; thus, their equations of motion are
modified to dissipate heat. The Newtonian region contains incident atom and graphene
lattice, following the Laws of Newtonian dynamics.

Molecular dynamics simulations based on spin-polarized DFT are carried out by
Vienna Ab initio Simulation Package (VASP, 6.1) with the projector augmented wave (PAW)
potential method [24]. The electronic exchange and correlation effects are treated using
generalized gradient approximation [25] in the form of the Perdew Burke Ernzerhof [26,27].
The basis set of plane-wave cutoff is set to 400 eV. The atomic coordinates are relaxed until
the Hellmann–Feynman forces are less than 0.02 eV/Å. A time step of 0.5 fs is used in AIMD
simulations, and the total simulation time is 500 fs. The interval of the initial kinetic energy
sampling is 1 eV. To account for van der Waals interactions, the Grimme [28] semi-empirical
potential is used in all AIMD simulations and DFT calculations. As shown in Figure 1, the
orthorhombic 5 × 8 supercell consisting of 160 C atoms is used for the AIMD simulations
of the implantation process, the Monkhorst and Pack scheme [29] 3 × 3 × 1 k-point grid is



Materials 2021, 14, 5080 3 of 13

used to sample the Brillouin zone. The vacuum layer of 50 Å is added along the normal
direction to the graphene lattice plane in order to avoid the interactions between incident
atoms, impacted C atoms and adjacent graphene layers.
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experimental value 21.14 eV [32]. 

Figure 1. Schematic model of AIMD simulations based on SBC. The two-dimensional periodic
graphene sheet includes 160 C atoms. The orange C atoms are Langevin atoms that experience
friction and random forces, and the blue atoms are fixed; the atoms of these two parts oscillate around
their equilibrium positions. All other atoms (grey and red atoms) correspond to Newtonian atoms,
which are free to move according to Newton’s law of motion. The positions of Newtonian atoms
constitute the atom implantation region; presumably, the perpendicular collision can occur between
the incident Ga/Ge/As atoms and the red C atom in graphene lattice.

3. Results and Discussion

Firstly, we optimize the structures of orthorhombic 5 × 8, hexagonal 4 × 4 and 8 × 8
supercells, as well as the structures of Ga/Ga/As-doped graphene by DFT calculations. The
calculated lattice constant of graphene is 2.465 Å, which agrees well with the experimental
value of 2.47 Å [30]. The final configuration of Ga/Ga/As-doped graphene is shown in
Figure 2a, where the bonding lengths of Ga-C, Ge-C and As-C are 1.88 Å, 1.89 Å and 1.91 Å,
respectively, in agreement with the previous results [31]. Due to the larger atomic radius
of Ga/Ge/As compared to C, the bonding length of Ga/Ge/As-C is larger than C-C, and
Ga/Ge/As is located outside of the graphene plane. The structure of Ge-doped graphene
from DFT calculation has been observed by STEM, which shows that Ge can bond with three
neighboring C in a buckled out-of-plane structure or occupy an in-plane site with double
vacancies [6]. In addition, as shown in Figure 2b, we obtain the displacement threshold
energy of 21.4 eV for pristine graphene by AIMD simulations in the NVE ensemble, in
accordance with the previously calculated values (21.25 eV, 21.375 eV) and the experimental
value 21.14 eV [32].

To avoid the effect of thermal disorder on the results, the optimized orthorhombic
5 × 8 supercell by DFT calculation is used to quantify the kinetic energy ranges of the
incident Ga/Ge/As atoms implanting into graphene lattice. During the process of implan-
tation, Langevin thermostat is used to mimic energy dissipation at 300 K. The incident
atom is initially placed at 10 Å above graphene layer, and the given incident energies range
from 1 eV to 50 eV with 1 eV interval, corresponding to the initial velocity of ~0.1 Å/fs that
is able to approach the graphene surface after about 100 fs. Only head-on collisions are
considered since the energy transfer from an incident atom to a lattice C atom is maximal.
In order to quantify the kinetic energy range of incident atom implanting into graphene,
we performed dozens of independent AIMD simulations.
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Figure 2. (a) Schematic diagram of the final atomic configuration of Ga, Ge or As atom-doped
graphene, the bonding lengths of Ga-C, Ge-C and As-C are 1.88 Å, 1.89 Å and 1.91 Å, respectively.
(b) The impacted C atom with 21.4 eV kinetic energy can escape from the graphene layer, while the
impacted C atom with 21.3 eV kinetic energy could return into a graphene lattice; therefore, the
displacement threshold energy of pristine graphene is 21.4 eV.

3.1. Evolution of Dynamical Process of Ga/Ge/As Atom Implanted into Graphene

An incident Ga/Ge/As atom collides head-on with a C atom in the graphene lattice,
so only incident Ga/Ge/As atom with the appropriate kinetic energy can be introduced
into the graphene lattice without producing defects. Our AIMD simulations show that a
single Ge atom with 22 to 33 eV initial kinetic energy can directly implant into graphene by
head-on colliding with a C atom of graphene, and the impacted C atom is sputtered, while
the incident Ge atom with lower than 21 eV cannot be inserted into graphene, with higher
than 34 eV can penetrate through the graphene layer with leaving a C vacancy defect.
The minimal kinetic energy of implanting Ge atom into graphene is 22 eV, consistent with
previous experimental results [6]. Similarly, we systematically investigate the implantation
of Ga and As atoms into graphene, and the kinetic energies lie in the ranges of 25–26 eV
and 19–42 eV, respectively.

As shown in Figure 3, we calculate the time-dependent kinetic energy transfer between
C atom of graphene and the incident Ga/Ge/As atom with the minimal kinetic energy
for implantation. According to Figure 3, the collision between an incident atom and the
C atom of graphene lasts for only about 100 fs, and the impacted C atom can obtain
6.9–8.9 eV/atom to be displaced from their original position. For the implantation of 25 eV
Ga atom, it is worth noting that incident Ga atom can be inserted into graphene lattice,
with the impacted C of graphene bonded to graphene lattice to form Stone-Wales defect, as
shown in the inset of Figure 3a. For the implantations of 22 eV Ge and 19 eV As atoms, Ge
and As atoms can be inserted into the graphene lattice, and the impacted C atoms fly away
from the graphene layer, as shown in the inset of Figure 3b,c.

Table 1 shows the maximum and minimum values of the kinetic energy of the impacted
C atom during and after the collision process. The maximum kinetic energies of the C
atom for the implantation of 25 eV Ga, 22 eV Ge and 19 eV As are 8.9 eV at 100 fs, 8.1 eV
at 120 fs, 6.9 eV at 130 fs, respectively, then decrease to 0 eV after 30 fs, 76 fs, and 108 fs,
respectively. Therefore, the maximum kinetic energies of C atom are much smaller than the
displacement threshold energy 21.4 eV of pristine graphene, arising from the significant
chemical effects during the collision process between an incident Ga/Ge/As atom and C
atom of graphene. Furthermore, although Ga, Ge and As atoms have a similar atomic mass;
however, the range of their kinetic energy for implantation is significantly different due
to the different interactions between Ga/Ge/As and C atoms. Next, we will compare the
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differences of implantation of different incident atoms, and verify the interactions between
incident atom and C atoms of graphene.
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Figure 3. The kinetic energy transfer from the incident (a) 25 eV Ga, (b) 22 eV Ge and (c) 19 eV As atom (red line) to the
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all 161 atoms (black line) as a function of time. The structure of Ga/Ge/As implanted graphene after 500 fs simulations is
shown in the inset of (a–c), respectively.

Table 1. The maximum values (Emax) and minimum values (Emin) of kinetic energy of the impacted
C atom during and after collision, as well as the differences Td between Emax and Emin.

Atomic Type Emax (eV) Emin (eV) Td (eV)

Ga of 25 eV 8.9 (110 fs) 0 (140 fs) 8.9
Ga of 26 eV 9.3 (109 fs) 0 (145 fs) 9.3
Ge of 22 eV 8.1 (120 fs) 0 (196 fs) 8.1
Ge of 26 eV 9.7 (111 fs) 3.4 (211 fs) 6.4
As of 19 eV 6.9 (130 fs) 0 (238 fs) 6.9
As of 26 eV 9.9 (114 fs) 5.3 (174 fs) 4.6

Our results show that Ge and As atoms have a wide range of kinetic energy for
implantation, while Ga is relatively difficult to be inserted into graphene lattice, and the
minimum kinetic energies Ga, Ge and As for implantation decrease with increasing atomic
number. To verify the differences of implantation between Ga, Ge and As atoms, we
analyze the kinetic energy transfer between the incident atom and the sputtered C atom as
well as the corresponding atomic-scale snapshots of 26 eV Ga/Ge/As atoms implanted
into graphene. As shown in Figure 4a,b, at 0 fs, the kinetic energy of the incident Ga atom is
26 eV, and the kinetic energy of the incident Ga atom reaches a maximum value of 27.0 eV
after 90 fs, then decreases rapidly due to collision where the kinetic energy of the impacted
C atom starts to rise. The kinetic energy of the impacted C atom reaches its maximum value
of 9.3 eV at 109 fs, then decreases to 0 eV at 148 fs. At 176 fs, the impacted C atom obtains
the kinetic energy again ascribed to the repulsive interaction of Ga-C with a distance of
1.87 Å, afterward the impacted C atom escapes from the distorted graphene lattice. Owing
to the interaction of Ga and the distorted graphene layer, the kinetic energy of the Ga atom
changes accordingly during relaxation and finally decreases to almost 0 eV.

Similarly, the kinetic energy transfers and the corresponding atomic-scale snapshots
of 26 eV Ge and As atoms implanting into graphene are shown in Figure 4. Due to the
different interaction potential of Ga/Ge/As and graphene, the kinetic energy of incident
Ge and As atoms reach their maximum values of 26.6 eV at 91 fs and 26.2 eV at 82 fs,
which are smaller than that of Ga atom. It can be seen from Figure 5a, the interaction
energies of Ga, Ge and As and distorted graphene are all positive, indicating the attractive
interaction nature. The increments of interaction energies of Ga-graphene, Ge-graphene,
and As-graphene from 0 fs to incident atoms reach their maximum values of the kinetic
energy are 1.0 eV, 0.6 eV and 0.2 eV, corresponding to the increments of the kinetic energy
of Ga, Ge and As atoms, respectively. Moreover, the fluctuation of the kinetic energy of Ge
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and As atoms after the collision is more obvious than Ga, which indicates that Ge and As
have a more strong interaction with distorted graphene. Indeed, Figure 5a demonstrates
that the interaction energies of Ge-graphene and As-graphene are roughly two times larger
than Ga-graphene. After the simulations of implantation, the final configurations of Ga, Ge
and As atom-doped distorted graphene are different, with Ge atom and Ga/As atom lying
above and below the buckled graphene lattice, respectively. Relaxing those configurations
by DFT calculations, Ga/Ge/As-doped distorted graphene would be flat; meanwhile, Ge
and Ga/As atoms are sited on the above and below graphene surface, respectively, as
depicted in Figure 2a.
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color), sputtered C atom (blue), and all remaining 159 C atoms in the graphene layer (green) as a function of time. (b,d,f) are
snapshots of atomic configurations that correspond to time steps marked in (a,c,e) by vertical dashed lines. Ga, Ge and As
atoms are shown in orange, purple and green, respectively, C atoms are shown in gray.

As shown in Table 1 and Figure 4a,c,e for the implantations of the incident Ga, Ge
and As atoms with 26 eV kinetic energy, the energy cost of impacted C atoms to get rid
of graphene lattice are 9.3 eV, 6.4 eV and 4.6 eV, respectively. According to the classi-
cal theory of elastic collision, the maximum energy transfer from a projectile with mass
m1 and initial kinetic energy Ek1 to an atom with mass m2 at rest can be calculated by
Ek2 = 4m1m2

(m1+m2)
2 Ek1 [3]. The calculated maximum kinetic energy transfers from 26 eV Ga,

Ge and As atoms to the impacted C atom are 13.0 eV, 12.7 eV and 12.4 eV, respectively,
which are larger than their actual values. Therefore, the chemical interactions and elec-
tronic hybridization between the incident atoms and distorted graphene lattice may play
dominant roles in the structure eVolution.

Figure 5b,c shows that the charge density and density of states for the configuration
that incident atom past through the plane of graphene with a maximum distance. The
distances of Ga/Ge/As and distorted graphene plane are 4.4 Å, 4.2 Å and 3.6 Å, as well
as the bonding lengths of Ga-C3, Ge-C3 and As-C3 are 2.9–3.2 Å, 2.8–2.9 Å and 2.4–2.5Å,
respectively. Obviously, the charge transfer from Ge/As atom to C atoms in distorted
graphene lattice is greater, and there is a more significant charge accumulation among
Ge-C3 and As-C3 than Ga-C3, which indicates that the interactions of Ge-graphene and
As-graphene are stronger than that of Ga-graphene. Furthermore, there are hybridization
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peaks between Ge/As-4p and C-2p orbitals at about 1.5 eV above Fermi level, while
the hybridization peaks between Ga-4p and C-2p orbitals appear at 1.0 eV. In brief, the
differences in interactions of Ga/Ge/As and distorted graphene are mainly attributed
to their different number of 4p electrons. As a result, as shown in Figure 5a, Ge and As
atoms have larger interaction energies with distorted graphene to trap the impacted C
atoms, suggesting they are promising candidates to be implanted into graphene with a
wide kinetic energy range. In contrast, owing to the relatively weak interaction between Ga
and graphene, the distorted graphene is difficult to bound to the Ga atom and possesses a
narrow kinetic energy range for implantation.
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Figure 5. (a) The interaction energies between incident Ga/Ge/As atom and graphene. Note that
the irradiation-induced distorted graphene lattice is produced after about 100 fs, as depicted in
Figure 4b. The charge density difference (b) and density of states (c) for the configuration that
incident atom past through the plane of graphene with a maximum distance. The charge density of
isolated Ga/Ge/As plus that of isolated distorted graphene is subtracted to the charge density of
the full Ga/Ge/As-graphene system. The isosurfaces of charge density difference are taken to be at
0.01 electrons/Å3 (yellow represents charge accumulation) and 0.01 electrons/Å3 (blue represents
charge depletion), respectively.

3.2. Electronic, Optical and Transport Properties of Implanted Ga/Ge/As-Graphene

As known, the zero-energy bandgap of pristine graphene has limited its applications
for further electronic and optoelectronic applications. According to our AIMD simulations
and DFT calculations as shown in Figure 6, implanting Ga atoms into graphene can induce
a direct bandgap of ~0.1 eV at about 0.4 eV above Fermi level, the external electric field
is needed to tune the Fermi level in practical application. For implanted As-graphene,
it is found that implanted As can induce magnetism in graphene with spin-polarized
bands near Fermi level, analogous to P-doped graphene [33]. Interestingly, implanting Ge
atoms into graphene produces a direct bandgap of ~0.3 eV near the Fermi level, indicating
its intrinsic semiconductor nature. Moreover, the size of the energy bandgap could be
increased by decreasing the doping concentration (from 3.13% to 0.78% in the present
work), as large as ~0.6 eV for Ge-graphene, demonstrating the tunability of bandgap for
practical application.
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Figure 6. The band structures of pristine and heavy elements doped graphene. (a,b) are the band
structures of hexagonal 4 × 4 and 8 × 8 supercells. The band gaps of a single Ga/Ge/As atom-doped
4 × 4 supercell are about 0.1 eV, 0.5 eV and 0.4 eV, respectively.

To investigate the optical properties of Ga/Ge/As-graphene, DFT calculation within
the random phase approximation approach is applied [34]. The optical properties are eVal-
uated by the dielectric function ε(ω) = ε1(ω)+iε2(ω). The imaginary (ε2) and real parts
(ε1) of dielectric function can be obtained by the momentum matrix elements between
the occupied and unoccupied virtual wave functions and Kramers–Kronig dispersion
relation, respectively [35–37]. Based on the calculated ε1 and ε2, the absorption coefficient,
electron energy-loss (EELS) spectrum function, refractive index, extinction coefficient and

optical reflectivity could be obtained by the equations: α(ω) =
√

2ω
c

√
(ε2

1 + ε2
2)

1/2 − ε1,

L(ω) = ε2
ε2

1+ε2
2
, n(ω) =

√
(ε2

1+ε2
2)

1/2
+ε1

2 , k(ω) =

√
(ε2

1+ε2
2)

1/2−ε1
2 and R(ω) = (n−1)2+k2

(n+1)2+k2 ,

respectively [38–40].
Next, we demonstrate the optical properties of pristine and ion-implanted graphene.

As shown in Figure 7, the calculated absorption coefficient and EELS spectrum of pristine
graphene are consistent with Nair’s [41] and Eberlein’s [42] experimental data, respectively.
The dielectronic constant (ε1) of ion-implanted Ga/Ge/As-graphene is similar to pristine
graphene, while the peaks of ε2 shift to lower energy. As shown in Figure 7c, the calculated
absorption coefficient of pristine graphene agrees well with experimental results. Interest-
ingly, Ga/Ge/As-graphene enhances the optical absorption for blue (Ge-graphene) and
green (As-graphene) light (inset of Figure 7c), suggesting their potential applications for
optoelectronic devices. One may notice that the calculated EELS peak of ion-implanted
Ga/Ge/As-graphene at about 5 eV in pristine graphene is significantly suppressed, while
no significant effect of ion-implantation on the higher energy EELS peak of graphene is
observed.



Materials 2021, 14, 5080 9 of 13

Materials 2021, 14, x FOR PEER REVIEW 9 of 13 
 

 

2
2 2
1 2

( )L εω
ε ε

=
+

,
2 2 1 2
1 2 1( ) +( )

2
n ε ε εω += ,

2 2 1 2
1 2 1( )( )

2
k ε ε εω + −= and

2 2

2 2
( 1)( )
( 1)
n kR
n k

ω − +=
+ +

, respectively [38–40]. 

Next, we demonstrate the optical properties of pristine and ion-implanted graphene. 
As shown in Figure 7, the calculated absorption coefficient and EELS spectrum of pristine 
graphene are consistent with Nair’s [41] and Eberlein’s [42] experimental data, respec-
tively. The dielectronic constant (ε1) of ion-implanted Ga/Ge/As-graphene is similar to 
pristine graphene, while the peaks of ε2 shift to lower energy. As shown in Figure 7c, the 
calculated absorption coefficient of pristine graphene agrees well with experimental re-
sults. Interestingly, Ga/Ge/As-graphene enhances the optical absorption for blue (Ge-gra-
phene) and green (As-graphene) light (inset of Figure 7c), suggesting their potential ap-
plications for optoelectronic devices. One may notice that the calculated EELS peak of ion-
implanted Ga/Ge/As-graphene at about 5 eV in pristine graphene is significantly sup-
pressed, while no significant effect of ion-implantation on the higher energy EELS peak 
of graphene is observed. 

 
Figure 7. The optical properties of pristine and ion-implanted graphene. (a) The imaginary part and 
(b) the real part of the dielectric function. (c) The optical absorption coefficient. (d) The electron 
energy-loss spectrum. The experimental data of pristine graphene are taken from Nair [41] and 
Eberlein [42], respectively. 

Similarly, ion-implantation can modify the refractive index, optical reflectivity and 
optical conductivity, as shown in Figure 8. In particular, the low concentration Ga and Ge 
doping can significantly increase the optical conductivity of violet and ultraviolet light, 
and As can increase the optical conductivity of green and blue light. Interestingly, Rani’s 
calculated results show that individual B and N doping does not significantly affect the 
imaginary dielectric function and hence the absorption spectra [43], while we find that the 
individual heavy elements doping can significantly improve the absorption coefficient 
and optical conductivity, although the doped atoms belong to same main group, which 
may be attributed to the distorted structures of Ga-, Ge- and As-doped graphene. The 
optical properties of the material are closely in relation with the responsivity of devices 
[39], such the increase in the optical absorption coefficient can improve the responsivity 
of devices; therefore, the optimization of optical properties by heavy elements doping are 
key for the applications of graphene in optoelectronic devices and solar cells.  

Figure 7. The optical properties of pristine and ion-implanted graphene. (a) The imaginary part and
(b) the real part of the dielectric function. (c) The optical absorption coefficient. (d) The electron
energy-loss spectrum. The experimental data of pristine graphene are taken from Nair [41] and
Eberlein [42], respectively.

Similarly, ion-implantation can modify the refractive index, optical reflectivity and
optical conductivity, as shown in Figure 8. In particular, the low concentration Ga and Ge
doping can significantly increase the optical conductivity of violet and ultraviolet light,
and As can increase the optical conductivity of green and blue light. Interestingly, Rani’s
calculated results show that individual B and N doping does not significantly affect the
imaginary dielectric function and hence the absorption spectra [43], while we find that the
individual heavy elements doping can significantly improve the absorption coefficient and
optical conductivity, although the doped atoms belong to same main group, which may
be attributed to the distorted structures of Ga-, Ge- and As-doped graphene. The optical
properties of the material are closely in relation with the responsivity of devices [39], such
the increase in the optical absorption coefficient can improve the responsivity of devices;
therefore, the optimization of optical properties by heavy elements doping are key for the
applications of graphene in optoelectronic devices and solar cells.
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Figure 8. (a) The refractive index, (b) extinction coefficient, (c) optical reflectivity and (d) optical
conductivity of pristine and ion-implanted graphene.

To eValuate the carrier mobility, the effective mass method is used to calculate the
transport properties of pristine and ion-implanted graphene. The carrier mobility can be



Materials 2021, 14, 5080 10 of 13

obtained by µ2D = 2e}3C
3kBT|m∗|2E1

2 [44,45], where m∗ = }2[∂2ε(k)/∂k2)
]−1 is the effective mass,

E1 = ∆Eedge/∆δ is the deformation potential constant, ∆Eedge is the energy displacement
caused by the lattice change under different stresses on the valence band and conduction
band edge, δ = ∆l/l0, ∆l is the change value of the lattice constant caused by uniaxial
strain, and l0 is the lattice constant after structure optimization. The stretching modulus
is as follows C =

(
∂E2 /∂δ2)/S0, where E and S0 are the total free energy under different

tensions and area of the unit cell, respectively. The stretching degree is from −1% to +1%,
which is by a step of 0.990l0, 0.995l0, 1.005l0 and 1.010l0, and T is the temperature.

Due to the nature of the zero-energy bandgap and linear dispersion relation near
Fermi level, and the electron and hole mobility of pristine graphene at room temperature
is very high up to 105 cm2 V−1·s−1 as described in Table 2 [46]. Due to the scattering on
implanted ions, the carrier mobility of Ga/Ge/As-graphene is smaller (~ 104 cm2 V−1·s−1)
as compared to that of pristine graphene. Interestingly, we find that the hole mobility of
Ge-graphene is roughly three times larger than that of the electron, while the hole mobility
of Ga/As-graphene is about two times smaller than that of the electron. The reason mainly
comes from the different hybridization between implanted ions and graphene, which
produces different dispersion shapes of valence and a conduction band near the Fermi
level (as shown in Figure 6), as well as the deformation potential and stretching modulus
(as shown in Table 2) that determinate the transport properties. It is worth noting that
our results show that the carrier mobility of low concentration ion-implanted graphene
is still one order of magnitude as compared with that of Silicon, whose typical electron
and hole mobilities are ~1.4 × 103 cm2 V−1 s−1 and ~4.5 × 102 cm2 V−1 s−1 at 300 K,
respectively [47]. These unique features allow its potential application in ultrafast and low
power electric and optoelectronic devices.

Table 2. The in-plane stretching modulus C, carrier mobility µ at 300 K, effective mass m*, based on
effective mass method for pristine and ion-implanted graphene.

Type Carrier E1 (eV) C (J m−2) m* (me) µ (cm2 V−1·s−1)

Graphene h −6.600 385.804 −0.021 4.50 × 105

e 6.574 385.804 0.021 4.40 × 105

Ga-graphene h −6.167 274.608 −0.038 2.72 × 104

e −4.339 274.608 0.037 5.73 × 104

Ge-graphene h 2.710 296.811 −0.073 4.04 × 104

e −2.892 296.811 0.115 1.50 × 104

As-graphene h −2.130 306.125 −0.244 6.06 × 103

e −2.940 306.125 0.113 1.48 × 104

The control of structural and electronic properties of graphene and other atom-thick
two-dimensional materials is a core issue in practical applications [48]. On the one hand,
the feasibility of chemical synthesis methods is limited since structural doping and modifi-
cation are usually required to be performed in the process of devices fabrication. Presently,
only the Ge nanoparticles/graphene nanocomposites are obtained by the chemical syn-
thesized method [49,50] since the heavy elements are very difficult to be introduced into
graphene lattice by the chemical synthesis method [51]. The implantation of Ga/Ge/As can
demonstrate the possibility to tune the structural, electrical, optical and magnetic properties
of graphene for applications in electronic, optoelectronic and sensing devices [31,52–55],
which would be proved to be a more effective way than other synthesis techniques. On the
other hand, ions with a low charge play a minor role in defect production and eVolution for
the irradiation of C nanostructures [5,56]; thus, the present work provides useful insights
for experimental ion implantation with charge.

4. Conclusions

In summary, systematic DFT calculations and AIMD simulations based on the SBC
model are performed to study structural and electronic properties of implanted Ga/Ge/As-
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graphene systems at the atom-scale level. The dynamical process of ion implantation, as
well as energy transfer and chemical interaction between incident ions and graphene, are
investigated. The electronic, optical and transport properties of ion-implanted graphene
are analyzed and discussed for possible applications in optoelectronic devices through
the coupling with other Van de Waals 2D materials and substrates. The present work
will accelerate and broaden the applications of graphene through ion implantation in
ultrafast and low power electric and optoelectronic devices, gas sensing devices, single-
atom catalysis, as well as a single-photon emitting system, etc.
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33. Langer, R.; Błoński, P.; Hofer, C.; Lazar, P.; Mustonen, K.; Meyer, J.C.; Susi, T.; Otyepka, M. Tailoring electronic and magnetic

properties of graphene by phosphorus doping. ACS Appl. Mater. Interfaces 2020, 12, 34074–34085. [CrossRef] [PubMed]
34. Gajdoš, M.; Hummer, K.; Kresse, G.; Furthmüller, J.; Bechstedt, F. Linear optical properties in the projector-augmented wave

methodology. Phys. Rev. B 2006, 73, 045112–045121. [CrossRef]
35. Wooten, F. Optical Properties of Solids; Academic Press: New York, NY, USA, 1972.
36. Yu, P.; Cardona, M. Fundamentals of Semiconductors; Springer: Berlin, Germany, 1996.
37. Ostovari, F.; Hasanpoori, M.; Abbasnejad, M.; Salehi, M.A. DFT calculations of graphene monolayer in presence of Fe dopant and

vacancy. Physica B 2018, 541, 6–13. [CrossRef]
38. Shahrokhi, M.; Leonard, C. Tuning the band gap and optical spectra of silicon-doped graphene: Many-body effects and excitonic

states. J. Alloys Compd. 2017, 693, 1185–1196. [CrossRef]
39. Fox, M. Optical Properties of Solids; Oxford Master Series in Condensed Matter Physics; Oxford University Press: Oxford, MS,

USA, 2001.
40. Antonov, V.N.; Yavorsky, B.Y.; Shpak, A.P.; Antonov, V.N.; Jepsen, O.; Guizzetti, G.; Marabelli, F.; Saha, S.; Sinha, T.P. Electronic

structure and physical properties of NbSi2. Phys. Rev. B 1996, 53, 15631–15637. [CrossRef] [PubMed]
41. Nair, R.R.; Ren, W.; Jalil, R.; Riaz, I.; Kravets, V.G.; Britnell, L.; Blake, P.; Schedin, F.; Mayorov, A.S.; Yuan, S.; et al. Fluorographene:

A two-dimensional counterpart of Teflon. Small 2010, 6, 2877–2884. [CrossRef] [PubMed]
42. Eberlein, T.; Bangert, U.; Nair, R.R.; Jones, R.; Gass, M.; Bleloch, A.L.; Novoselov, K.S.; Geim, A.; Briddon, P.R. Plasmon

spectroscopy of free-standing graphene films. Phys. Rev. B 2008, 77, 233406–233410. [CrossRef]

http://doi.org/10.1021/acsnano.6b00252
http://www.ncbi.nlm.nih.gov/pubmed/26910346
http://doi.org/10.1038/s41467-019-12537-3
http://www.ncbi.nlm.nih.gov/pubmed/31594951
http://doi.org/10.1088/2053-1583/aa5e78
http://doi.org/10.1021/acsami.9b18479
http://doi.org/10.1021/acs.nanolett.5b02831
http://www.ncbi.nlm.nih.gov/pubmed/26488153
http://doi.org/10.1103/PhysRevB.86.165428
http://doi.org/10.1039/C6NR00983B
http://doi.org/10.1021/acs.jpcc.5b09620
http://doi.org/10.1039/C5RA17250K
http://doi.org/10.1103/PhysRevB.78.094305
http://doi.org/10.1088/0953-8984/22/7/074205
http://www.ncbi.nlm.nih.gov/pubmed/21386383
http://doi.org/10.1103/PhysRevB.50.17953
http://www.ncbi.nlm.nih.gov/pubmed/9976227
http://doi.org/10.1103/PhysRevB.46.6671
http://doi.org/10.1103/PhysRevLett.77.3865
http://doi.org/10.1103/PhysRevLett.80.890
http://doi.org/10.1002/jcc.20495
http://doi.org/10.1103/PhysRevB.13.5188
http://doi.org/10.1103/PhysRevLett.99.176602
http://doi.org/10.1002/cphc.201402608
http://doi.org/10.1038/ncomms13040
http://doi.org/10.1021/acsami.0c07564
http://www.ncbi.nlm.nih.gov/pubmed/32618184
http://doi.org/10.1103/PhysRevB.73.045112
http://doi.org/10.1016/j.physb.2018.04.023
http://doi.org/10.1016/j.jallcom.2016.10.101
http://doi.org/10.1103/PhysRevB.53.15631
http://www.ncbi.nlm.nih.gov/pubmed/9983396
http://doi.org/10.1002/smll.201001555
http://www.ncbi.nlm.nih.gov/pubmed/21053339
http://doi.org/10.1103/PhysRevB.77.233406


Materials 2021, 14, 5080 13 of 13

43. Rani, P.; Dubey, G.S.; Jindal, V.K. DFT study of optical properties of pure and doped Graphene. Phys. E 2014, 62, 28–35. [CrossRef]
44. Long, M.; Tang, L.; Wang, D.; Li, Y.; Shuai, Z. Electronic structure and carrier mobility in graphdiyne sheet and nanoribbons:

Theoretical predictions. ACS Nano 2011, 5, 2593–2600. [CrossRef]
45. Zhao, Y.; Ma, Q.; Liu, B.; Yu, Z.; Yang, J.; Cai, M. Layer-dependent transport and optoelectronic property in two-dimensional

perovskite: (PEA)2PbI4. Nanoscale 2018, 10, 8677–8688. [CrossRef] [PubMed]
46. Hwang, E.H.; Sarma, S.D. Acoustic phonon scattering limited carrier mobility in 2D extrinsic graphene. Phys. Rev. B 2007, 77,

115449–115455. [CrossRef]
47. Available online: http://www.matprop.ru/Si (accessed on 31 August 2021).
48. Akinwande, D.; Huyghebaert, C.; Wang, C.; Serna, M.I.; Goossens, S.; Li, L.; Wong, H.-S.P.; Koppens, F.H.L. Graphene and

two-dimensional materials for silicon technology. Nature 2019, 573, 507–518. [CrossRef]
49. Cheng, J.; Du, J. Facile synthesis of germanium–graphene nanocomposites and their application as anode materials for lithium

ion batteries. Cryst. Eng. Comm. 2012, 14, 397–400. [CrossRef]
50. Zhong, C.; Wang, J.; Gao, X.; Wexler, D.; Liu, H. In situ one-step synthesis of a 3D nanostructured germanium–graphene composite

and its application in lithium-ion batteries. J. Mater. Chem. A 2013, 1, 10798–10804. [CrossRef]
51. Ullah, S.; Shi, Q.; Zhou, J.; Yang, X.; Ta, H.; Hasan, M.; Ahmad, N.M.; Fu, L.; Bachmatiuk, A.; Rümmeli, M.H. Advances and

trends in chemically doped graphene. Adv. Mater. Interfaces 2020, 7, 2000999–2001022. [CrossRef]
52. Chen, H.; Zhang, X.; Zhang, Y.; Wang, D.; Bao, D.; Que, Y.; Xiao, W.; Du, S.; Yang, M.; Pantelides, S.T.; et al. Atomically precise,

custom-design origami graphene nanostructures. Science 2019, 365, 1036–1040. [CrossRef]
53. Ne, M.L.O.; Abbassi, A.; El Hachimi, A.G.; Benyoussef, A.; Ez-Zahraouy, H.; El Kenz, A. Electronic optical, properties and

widening band gap of graphene with Ge doping. Opt. Quant. Electron. 2017, 49, 218–231.
54. Gecim, G.; Ozekmekci, M.; Fellah, M.F. Ga and Ge-doped graphene structures: A DFT study of sensor applications for methanol.

Comput. Theor. Chem. 2020, 1180, 112828–112839. [CrossRef]
55. Losurdo, M.; Yi, C.; Suvorova, A.; Rubanov, S.; Kim, T.H.; Giangregorio, M.M.; Jiao, W.Y.; Bergmair, I.; Bruno, G.; Brown,

A.S. Demonstrating the capability of the high-performance plasmonic gallium–graphene couple. ACS Nano 2014, 8, 3031–3041.
[CrossRef] [PubMed]

56. Krasheninnikov, A.V.; Nordlund, K. Ion and electron irradiation-induced effects in nanostructured materials. J. Appl. Phys. 2010,
107, 071301–071371. [CrossRef]

http://doi.org/10.1016/j.physe.2014.04.010
http://doi.org/10.1021/nn102472s
http://doi.org/10.1039/C8NR00997J
http://www.ncbi.nlm.nih.gov/pubmed/29701224
http://doi.org/10.1103/PhysRevB.77.115449
http://www.matprop.ru/Si
http://doi.org/10.1038/s41586-019-1573-9
http://doi.org/10.1039/C1CE06251D
http://doi.org/10.1039/c3ta11796k
http://doi.org/10.1002/admi.202000999
http://doi.org/10.1126/science.aax7864
http://doi.org/10.1016/j.comptc.2020.112828
http://doi.org/10.1021/nn500472r
http://www.ncbi.nlm.nih.gov/pubmed/24575951
http://doi.org/10.1063/1.3318261

	Introduction 
	Methodology 
	Results and Discussion 
	Evolution of Dynamical Process of Ga/Ge/As Atom Implanted into Graphene 
	Electronic, Optical and Transport Properties of Implanted Ga/Ge/As-Graphene 

	Conclusions 
	References

