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To expand the applications of graphene in optoelectronic devices, B, AL, Si, Ge, As, and Sb doped graphenes
(marked as B-G, Al-G, Si-G, Ge-G, As-G, and Sb-G, respectively) were synthesised. The geometric
structures, population analyses, and also electronic and optical properties of these doped graphene
materials were investigated employing the density functional theory (DFT) method. It was shown that the
band gaps of doped graphenes were opened and their absorption spectra were red-shifted by the
addition of doping atoms, and their dielectric functions and refractive indexes of low frequency were
decreased compared with those of pure graphene. Moreover, the electronic and optical properties of
doped graphenes under an external electrical field ranging from —0.4 to 1.2 eV A~! have been explored.
It was found that the band gaps of As-G and Sb-G were increased to 0.864 and 1.841 eV under a 1.2 eV
A1 external electrical field, respectively. On the contrary, the band gaps of B-G, Al-G, Si-G, and Ge-G

were decreased with the increase of the external electrical field intensity. Additionally, the absorption
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Accepted 10th April 2019 peaks of B-G, Al-G, Si-G, and Ge-G were red-shifted upon applying the external electrical field.
Correspondingly, their dielectric functions and refractive indexes of low frequency were increased.

DOI: 10.1039/c9ra00326f Surprisingly, the absorption spectra, dielectric functions, and refractive indexes of As-G and Sb-G have
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1. Introduction

Graphene is a carbon material with a two-dimensional network
structure of atomic thickness. Many scholars have been inter-
ested in studying graphene since its successful preparation.™*
Graphene demonstrates incredible electronic performance,®™
outstanding optical properties,® interesting thermal perfor-
mance,’ larger specific surface area,*” excellent elastic modules
etc.’® Especially, the incredible electronic performance makes
graphene a potential candidate in electronic devices.'*™*?
However, the zero band gap of graphene needs to be opened to
expand its range of applications in photonics, integrated
circuits, solar cells etc. So far, many chemical and physical
methods have been used to open the band gap of graphene.
Most chemical methods were achieved mainly through
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hybridization, for example mono and double doped graphenes
were experimentally fabricated and theoretically predicted to
show a change in electronic properties. The single dopant gra-
phenes mainly comprise a main group element or subgroup
element. The main group elements include B,** N,* AL,**'” p,"7%
S,1771 §i,>>2* Se*>?¢ etc. The subgroup elements include Mg, Co,
Ni,*” Fe,*®*3° U, Th®" etc. Double doped graphenes include P-
N,32’33 S—N,34‘35 Si—N,35’36 Be—B,” Be—N,” Be—S,” N—Al,m N-B*142
etc. Some physical methods were also applied to open the band
gap of graphene. For example, two-dimensional graphenes were
clipped into one-dimensional nanoribbons;**** a tensile or
shear strain was applied on the graphene sheet;***¢ graphene
nano-mesh was obtained by adding topological nano-holes into
graphene sheet,"” an electric field was applied for the graphene-
base system*® etc. On the other hand, the optical properties of
doped graphenes were reported scarcely although the electronic
properties were studied.***

Some studies have shown that the electrical and optical
properties of graphene are affected not only by the impurity
atoms but also by the content of the impurity atoms. Shuai et al.
reported that the band gap of Si doped graphene was increased
with increasing Si concentration in graphene sheet. The
refractive index and absorption spectra of the graphene were
also changed after Si doping.* Jindal et al. introduced that the
electronic properties and absorption spectra of graphene were
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not affected after single B and N doping except that the
absorption spectra of graphene occurred red-shift after B/N
codoping at high contents.”® Nourbakhsh et al. reported
higher refractive index of Fe doped graphene and Co doped
graphene sheets.*® However, these studies are only limited to
the studies on the electronic and optical properties of metal or
non-metal doped graphenes. A very little amount of studies are
done to explore the influences of metallic and metalloid-based
dopants on the structural, electronic and optical properties of
graphene under external electrical field.

In this study, the metallic and metalloid-based dopants (i.e.
boron (B), silicon (Si), aluminum (Al), germanium (Ge), arsenic
(As), stibonium (Sb)) doped graphenes (marked as B-G, Si-G, Al-
G, Ge-G, As-G, and Sb-G, respectively) model are built to inves-
tigate the effect of various dopants on the electronic and optical
properties of graphene sheet by employing DFT method.
Meanwhile, the electronic and optical properties of doped gra-
phenes under external electrical field ranging from —0.4 to
1.2 eV A" have also been explored. Considering the fact that the
content of dopant atoms is proportional to the properties of
doped graphenes,* four dopant atoms are introduced into
graphene sheets, and the structures of doped graphenes are
detailedly analyzed.

2. Models and methods

In this study, the structures, electronic and optical properties of
the doped graphenes mentioned above are investigated
employing the CASTEP module.”*** According to the literature,
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the generalized gradient approximation (GGA) with Perdew-
Burke-Ernzerhof (PBE) has been used for exchange-correlation
functional to simulate the properties of the doped graphenes.
Moreover, the Grimme method for DFT-D correction and the
spin unrestriction are selected to calculate the van der Waals
(vdw) interactions and the different orbital spins, respec-
tively.>*** Ultrasoft pseudo-potential is selected to perform the
core treatment.

4 x 4 x 1 supercell was built to model the original graphene
(OG) sheet. For doped graphenes, four dopant atoms are
introduced into graphene sheet. The vacuum space of 20 A is set
in the direction perpendicular to the sheet to avoid the inter-
actions between periodic structures. The energy cutoff is set to
400 eV. A 17 x 17 x 1 and 36 x 36 x 1 mesh of k-point is used
for geometry optimization and electronic structure calculations
of OG and doped graphenes, respectively. All atoms are allowed
to relax and convergence in energy, force, and displacement are
2 x 107° eV, 0.004 Ha A™*, and 0.005 A, respectively. Moreover,
the set of 36 x 36 x 1 k-mesh and 50 empty bands were used for
the calculation of optical properties.

3. Results and discussion

3.1 Structure analysis

In order to verify the reliability of the established model and
data, the electronic and geometric structures of graphene are
calculated and shown in Fig. 1. As shown in Fig. 1(a), the length
of C-C bond of OG is 1.420 A, which is consistent with the
literature data.*”>* Fig. 1(b) shows the band gap and total
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Fig. 1 The geometric structure (a), band structure (b: left), and electron density of state (b: right) of graphene.
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density of states (DOS) of OG. Obviously, the band gap of OG is
zero at Dirac point, which is consistent with the result of the
experimental study and theoretical simulation.** So, the reli-
ability of the established model and simulation methods
should be confirmed. Under the same simulation condition, the
optimized doped graphenes are shown in Fig. 2. Because the
covalent radii of B (85 pm), Al (126 pm), Si (116 pm), Ge (124
pm), As (121 pm), and Sb (140 pm) atoms are different from that
of C (75 pm) atom, the different degrees of structural defor-
mation for doped graphenes will occur. In view of the position
of B, Al, and Si atoms in the periodic table and the purpose of
obtaining the maximum band gap of graphene, B, Al, and Si
atoms replace carbon atom of OG in situ. However, due to the
large radii of As and Sb atoms, their positions in the doped
graphenes are set outwards from the surface of graphene. For
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Ge atom, preliminary analysis indicates that the band gap of in
situ replaced graphene was larger than that of protruded from
the surface of graphene. As presented in Table 1, the calculated
bond lengths of B-C (1.503 A), AI-C (1.764 A), Si-C (1.684 A),
and Ge-C (1.740 A) are consistent with previous studies.>**37:4
As for the As-C and Sb-C bonds, they are 1.875 and 2.109 A,
respectively. Moreover, the C-C bonds around the dopant atoms
are also changed by the introduction of these dopant atoms
with large covalent radii. The ortho, meta, and para C atoms
around the dopant atoms are marked as C;, C,, and C;j,
respectively. Analyses of the neighboring (C,-C,) and next-
adjacent (C,-C;) C-C bonds around the dopant atoms for all
the structures suggest that the bond lengths of C;-C, (from
1.420 to 1.435 A) are close to that of C-C (1.420 A) of OG. While
the bond lengths of C,-C; (from 1.478 to 1.546 A) are longer

Fig. 2 The geometric structures and Mulliken charges of doped graphenes: B-G (a), Al-G (b), Si-G (c), Ge-G (d), As-G (e), and Sb-G (f).
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Table 1 The charge of X (X = B, Al, Si, Ge, As, and Sb) and C atoms,
length of C-X and C-C bond in the original graphene and doped
graphenes

Charge (eV) Band length (nm)

Systems X Cy C, Cs X-C; GCi-C, GC,C3
oG 0 0 0 1.420 1.420
B-G 0.610 —0.220 0.010 0.020 1.503 1.420 1.478
Al-G 2.120 —0.620 —0.050 —0.090 1.764 1.424 1.642
Si-G 1.800 —0.560 —0.010 —0.090 1.684 1.435 1.546
Ge-G 1.510 —0.430 —0.030 —0.120 1.740 1.434 1.576
As-G 0.920 —0.240 -—0.040 -—0.070 1.875 1.421 1.497
Sb-G 0.990 —0.250 —0.050 —0.090 2.109 1.423 1.494

than that of C-C of OG. These phenomena may be attributed to
the stronger interaction between the dopant atom and ortho C
atom compared with that of the meta and para C atoms, which
is consistent with the conclusions of Shuai** and Zhao et al.*’
Expectedly, the structural changes of doped graphenes and the
properties of dopant atoms will also influence the electronic
structures and optical properties of system.

3.2 Population analysis

To explore the effects of geometric structures on the electronic
and optical properties, the Mulliken charge analysis is per-
formed first on the basis of the optimized structures. As shown
in Fig. 2(a), B atom carries 0.610e charge and the charge of the
ortho, meta, and para C atoms around B atom is —0.220e, 0.010e,
and 0.020e, respectively, suggesting that the meta and para C
atoms lose a few electrons and the ortho C atom gains a lot of
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electrons. It should be due to the fact that both the electro-
negativity and covalent radius of B (2.04 and 85 pm) atom is
close to that of C (2.55 and 75 pm) atom, resulting in more
charge transfers between B and ortho C atom compared to the
meta and para C atoms. For Al-G, the charge of Al atom is 2.120e
and Al transfers —0.620, —0.050, and —0.090e charges to its
ortho, meta, and para C atoms (Fig. 2(b)), suggesting that Al and
C atoms are electron donors and acceptors, respectively.
Moreover, the meta and para C atoms get less electrons than
ortho C atom. Similarly, this phenomenon also occurs in the Si,
Ge, As, and Sb doped graphenes, illustrating that Si, Ge, As, and
Sb atoms are also electron donors. As a result, the orders of the
lost charges for the dopant atoms are as follows: Al (2.120) > Si
(1.800) > Ge (1.020) > Sb (0.990) > As (0.920) > B (0.610), sug-
gesting that Al and Si atoms lose more electrons than B, As, Ge,
and Sb atoms. This difference can be attributed to the smaller
electronegativity of Al (1.61) and Si (1.90) atoms than that of C
atom, and the other atoms have similar electronegativity with C
atom. Furthermore, the position of the dopant atoms in the
graphene may also play an important role, which will be
explored in future studies.

The electron density difference can visually exhibit the
ability of atomic charge transfer.*>** As shown in Fig. 3, red and
blue regions indicate the electron enrichment and electron
scarcity, respectively. For OG, the electrons are uniformly
distributed around the bonds of graphene's six-membered ring.
After B, Al, Si, As, Ge, and Sb doping, the area of electron
coverage is larger than that of pure graphene, indicating that
electron transfer occurs between dopant atoms and C atoms.
For B-G, the electron density around B atoms is slightly

The electron density difference maps for OG (a), B-G (b), Al-G (c), Si-G (d), Ge-G (e), As-G (f), and Sb-G (g), respectively.

This journal is © The Royal Society of Chemistry 2019
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decreased compared with OG. Similarly, the same is also true
for the electron density around meta and para C atoms. On the
contrary, the electron density around ortho C atom near B atom
is significantly increased, suggesting that most of electrons
transfer to the ortho C atom from B atom compared with that of
the meta and para C atoms. For the other doped graphenes, the
electron density around dopant atoms is drastically reduced.
Moreover, the electron densities around ortho C are much more
than those around meta and para C atoms, indicating that the
dopant atoms transfer more electrons to ortho C atoms.

3.3 Electronic properties

The band structure analyses of B-G (a), Al-G (b), Si-G (c), Ge-G (d),
As-G (e), and Sb-G (f) are shown in Fig. S1 (left).} It is found that
the introduction of dopant atoms open the band gap of gra-
phene. Compared with OG, B, Al, and Sb doping makes the
energy level curves move to the high energy, resulting in the
Fermi level (E = 0) to pass through the valence band (Fig. S1(a, b,
and f)}). On the contrary, for Si-G, As-G, and Ge-G, the highest
energy level curves of the valence band nearly approach the Fermi
level. Meanwhile, the energy level curves of the conduction band
move up to higher Fermi energy (Eg) (Fig. S1(c, d, and e)7). This
phenomenon can also be proved by the analyses of the density of
states (DOS) as shown in Fig. S1 (right).t For B-G (Fig. S1(a)t), the
band gap is 0.663 eV, which is consistent with the result obtained
by Nath et al.** Fig. S1(b)} shows that the band gap of Al doped
graphene is 1.480 eV, which is larger than that of the Al-doped
graphene with 3.13% atomic concentration (0.40 eV).** In our
study, the atomic concentration of Al is 12.5%, indicating that the
band gaps of doped graphenes are affected by the dopant
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concentration. Fig. S1(c)t shows that the band gap of Si-G is
0.783 eV, which is close to the previous studies.*** As shown in
Fig. S1(d),t the band gap of Ge-G is 0.698 eV, where the band gap
of Ge-doped graphene with 3.13% atomic concentration is
0.20 eV.* As for As-G and Sb-G (Fig. S1(e and f)}), the band gaps
of them are 0.682 and 1.583 eV, respectively, suggesting that the
addition of sufficient numbers of dopant atoms can effectively
open the band gap of graphene. Note that Sb-G has the largest
band gap among all the doped graphenes although Sb atom do
not lose more electrons than Al, Si, and Ge atoms. As a result, the
orders of the band gaps for the doped graphenes are as follows:
Sb-G (1.583) > Al-G (1.480 eV) > Si-G (0.783 eV) > Ge-G (0.698 eV) >
As-G (0.682 V) > B-G (0.663 eV).

Subsequently, the influences of the external electric field (E¢)
on the electronic properties of doped graphenes have been
discussed, where the electric field is perpendicular to the doped
graphenes surface. As shown in Fig. 4, the band gaps of B-G, Si-
G, and Ge-G decrease with the changes of E¢ from —0.4 to 1.2 eV
A~'. As for the band gap of Al-G, it increases first and then
decreases. On the contrary, the band gaps of As-G and Sb-G
increase with the changes of Ef from —0.4 to 1.2 eV Al In
details, the band gaps of the doped graphenes under the
external electric fields from —0.4 to 1.2 eV A~ have been
summarized in Table 2.

To further explore the effect of E¢ on the electronic properties
of the doped graphenes, the representative DOS of Al-G and Sb-
G has been explored. As shown in Fig. 5, the DOS of the doped
graphenes has been influenced irrespective of the positive or
negative electric fields. For Al-G, the Fermi energy measured
from the top of the valence bands and bottom of the conduction
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Fig.4 The sketch map of doped graphenes under the external electric field () (a), and the band gap (E;) of doped graphene as a function of the
electric fields (b), where E; is introduced along z direction and the upward E; is defined as positive labeled with symbol “+".
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Table 2 The band gap (Eg) of doped graphenes under applied elec-
trical field (in eV A™Y)

Eg (eV)

System —-0.4 —-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2

B-G 0.681 0.681 0.676 0.670 0.662 0.649 0.629 0.600 0.556
Al-G 1.428 1.465 1.481 1.451 1.405 1.337 1.232 1.074 0.866
Si-G 0.795 0.793 0.783 0.761 0.727 0.677 0.604 0.499 0.354
Ge-G 0.715 0.711 0.698 0.676 0.643 0.595 0.473 0.433 0.314
As-G 0.354 0.582 0.682 0.741 0.786 0.821 0.835 0.850 0.864
Sb-G 1.20 1.450 1.583 1.680 1.768 1.80 1.815 1.828 1.841

bands slightly moves downward to the Fermi level under the E¢
from 0 to —0.4 eV A~'. Moreover, the migration of the
conduction bands is faster than that of the valence bands,
resulting in the decrease of the band gap of Al-G with the
increase of E¢. On the contrary, under the E¢ from 0 to 0.4 eV A1,
the energy of the valence bands and conduction bands moves
upward to higher energy level and shift away from the Fermi
level. Moreover, the migration of the valence bands is faster
than that of the conduction bands, leading to the decrease of
the band gap with the increase of Er. Therefore, the external
electric field will reduce the band gap of Al-G. As shown in
Fig. 5(b), for Sb-G under the E¢ from 0 to —0.4 eV A, the energy
of the valence bands has no obvious changes and the energy of
the conduction bands moves downward to the Fermi level,
resulting in the decrease of the band gap with the increase of E.
However, the band gap of Sb-G is increased with the increase of
E; from 0 to 0.4 eV A%, which may be due to the fact that the
energy of the conduction bands moves upward to higher energy
level. Therefore, the band gap of Sb-G increases and decreases
with the increase of the intensity of positive and negative elec-
tric fields, respectively. Probably, these phenomena may be
related to the charge distributions on the doped graphenes. To
clarify this point, the electron density difference maps for Al-G
and Sb-G have been constructed. As shown in Fig. 6, the
charge distribution is obviously affected by the electric field. For
Al-G (Fig. 6(a)), despite the fact that the whole system has more
uniformly distributed electrons under the electric field, the
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difference of charge between Al and C atoms is not obvious,
indicating that the electric fields induce a weak dipole moment.
So the band gap of Al-G is decreased under the external electric
field. For Sb-G (Fig. 6(b)), under negative electric fields, the
amounts of charge transfer between Sb and C atoms are less
than that of zero field case. But under positive electric fields,
more electron charges are transferred to C atoms around Sb
atoms. These phenomena show that the positive electric fields
have certain contributions to open the band gap of Sb-G.

3.4 Optical properties

To explore the influences of the geometric structure on the
optical properties, the absorption spectra, complex dielectric
function, complex refractive index, and loss function (smearing
= 0.2 eV) of OG and doped graphenes have been analyzed, where
parallel electromagnetic wave polarization to sheet are taken into
account. According to the optical selection rules, only w — m*
(long wavelength or low frequency region) and ¢ — o* (short
wavelength or high frequency region) transitions are allowed. As
a result, the curves of optical properties of OG and doped gra-
phenes are similar with the results of previous studies. Here, the
minor differences should be attributed to the different sizes of
supercell, concentration of doped atom, k-point mesh, and
smearing values employed in the calculations.

3.4.1 Absorption spectra. On the basis of the standard DFT
Kohn-Sham orbitals, the absorption spectra of OG and doped
graphenes have been calculated. As shown in Fig. 7, two
absorption peaks of OG are located at 230(2.9 x 10*) and 340(6.8
x 10" em ™) nm, respectively, where the data in parentheses refer
to the corresponding intensity if not noted otherwise. Here, the
positions of these two peaks are in agreement with previous
studies,*** where two peaks are marked as S and L below for
simplicity, respectively. Note that the S and L peaks are ascribed
to o — o* and w — 7* transitions, respectively.

For B-G, the intensity of S peak is stronger compared with
that of OG and its maximum value appears at 255 nm, sug-
gesting that S peak shifts toward the long wavelength.
However, L peak of B-G lies at 347(2.87 x 10" cm™') nm,
implying that there was no significant changes except for the

DOS (eV')

{b ——-0.4eVIA

DOS (eV”)

Energy (eV)

Energy (eV)

Fig. 5 DOS of Al-G (a) and Sb-G (b) under different external electric fields.
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Fig. 6 The electron density difference maps for Al-G (a) and Sb-G (b), where the map from left to right is plotted for £r = —0.4, 0, 0.4 eV A™%.

decrease in peak strength, which is line with the result of Nath
et al.** For Al-G, S and L peaks appear at 257(2.42 x 10%) and
404(3.04 x 10* cm™") nm, respectively, implying that the Al
dopant can result in red shift for absorption peaks of gra-
phene. These values are close to the values reported by Zhao
et al.** Moreover, the intensity of L peak is stronger than that
of S peak, implying that * — 7* transitions is stronger than ¢
— o* transitions during the orbital transition of Al-G system.
Especially, the same is also true for the peaks of Si-G and Ge-G,
where S/L peaks of them are located at 267(2.83 x 10%)/
412(4.01 x 10%) and 227(5.65 x 10%)/531(3.96 x
10* em™') nm, respectively, which are close to Rafique and
Kheyri's results.>**® For As-G, S and L peaks are located at
227(5.65 x 10%) and 541(3.96 x 10*) nm, respectively, sug-
gesting that S and L peaks occur red shift and the intensity of S
peak is stronger than that of graphene. Interestingly, S peak
becomes a sharp peak compared with L peak, suggesting that
¢ — o* transitions is stronger than @ — w* transitions

—o06G
——Si-G
L —AlG

Absorption (x10°cm™)

. sl'm ' ct')o ' 71|>o
Wavelength (nm)

T Lz |
300 400

during the orbital transition of As-G. Similarly, this
phenomenon can also be observed for Sb-G. Here, S and L
peaks are located at 246(5.01 x 10%) and 454(2.87 x
10* em ™) nm, respectively. As a result, the absorption peaks
of doped graphenes shift toward the long wavelength and
their intensities are weaker than that of pure graphene.
Comparatively speaking, the S peak intensities of Al-G, Si-G,
and Ge-G are weaker than those of L peak. However, the
opposite is true for the B-G, As-G, and Sb-G.

Fig. 8 presents the absorption spectra of doped graphenes
under E¢ ranging from —0.4 to 1.2 eV A~'. Obviously, the
external electric fields have significant influences on the optical
properties of B-G, Al-G, Si-G, and Ge-G. The higher the E¢, the
more obvious the red shift of L peaks of B-G, Al-G, Si-G, and Ge-
G. Moreover, the S peaks gradually disappear. Therefore, the
external electric field may contribute to ©* — =* transitions
especially under the higher E; For example, as shown in
Fig. 8(a), the intensity of L peak for B-G has no significant

—0G
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——As-G

Absorption (x10°cm™)

2 T T x T
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Wavelength (nm)
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Fig. 7 The absorption spectra of OG, B-G, Al-G, Si-G, Ge-G, As-G, and Sb-G.
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Fig. 8 The absorption spectra of B-G (a), Al-G (b), Si-G (c), Ge-G (d), As-G (e), and Sb-G (f) under different E; ranging from —0.4 to 1.2 eV A~%.

changes after applying Ef, but L peak appears at 345, 338, 332,
338, 350, 367, 395, 440, and 492 nm under —0.4, —0.2, 0.0, 0.2,
0.4, 0.6, 0.8, 1.0, and 1.2 eV A™%, respectively. It implies that L
peaks are red-shifted obviously with the increase of Ef inde-
pendent of the direction of the electric field. Similarly, this
phenomenon can also be observed for Al-G. As shown in
Fig. 8(b), the L peaks of Al-G are shifted from 420(0.0), then
435(—0.4), 430(—0.2), 424(0.2), 435(0.4), 457(0.6), 482(0.8), and
500(1.0) to 482 nm (1.2 eV A™'), implying that the absorption

11946 | RSC Adv., 2019, 9, 11939-11950

spectra of Al-G are transferred from the purple region to blue
region by the applied external electric field. Furthermore, the
intensity of L peaks has been strengthened under the negative
electric field direction. For Si-G system, as shown in Fig. 8(c),
its L peaks are located at 429(4.19 x 10%), 419(4.25 x 10%),
417(4.24 x 10%), 424(4.16 x 10%), and 443(4.04 x 10* cm™ ") nm
under —0.4, —0.2, 0.2, 0.4, and 0.6 eV A~ respectively. There-
fore, the intensities of L peak are stronger than that of the zero
electric field irrespective of the direction of the electric field,

This journal is © The Royal Society of Chemistry 2019
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suggesting that the lower electric field may enhance the ability
of T — 7* transitions. On the other hand, L peaks are shifted
from 470(3.82 x 10%) to 600(2.50 x 10* cm™ ') nm when E¢
ranges from 0.8 to 1.2 eV A", suggesting that the higher electric
field makes the spectra of Si-G into the yellow region. For Ge-G,
as shown in Fig. 8(d), the external electric field makes the L peak
intensity decrease independent of the direction of the electric
field. Meanwhile, L peaks are red-shifted from 417(0.0), then
431(—0.4), 422(—0.2), 420(0.2), 431(0.4), 457(0.6), 49(0.8), and
551(1.0) to 620 nm (1.2 eV A™'), implying that the absorption
spectra of Ge-G have been transferred from the purple region to
the orange region by applying the external electric field.
Surprisingly, the absorption spectra of As-G and Sb-G exhibit
the opposite phenomena. As shown in Fig. 8(e), the position of S
peak of As-G has no obvious changes except the intensity of
peak. L peaks fluctuate around 541 nm with the same intensity
independent of the variation of the positive E;. Under the
negative Ey, the intensity of L peak decreases significantly.
Similarly, as shown in Fig. §(f), external electric field has only
a slight effect on the intensity of the absorption peak of Sb-G.
Probably, this point can be due to the fact that the degree of
the migration for the valence band and conduction band under
the external electric field is relatively small as shown in Fig. 5(b).

3.4.2 Dielectric function and refractive index. The dielec-
tric functions and refractive indexes of OG and doped graphe-
nes have been shown in Fig. 9. As shown in Fig. 9(a), the real
part of dielectric function (¢4(0)) of OG at zero frequency is
7.20 eV. The imaginary part of the dielectric function (¢&,(w)) of
OG shows two peaks at 3.02 and 5.08 eV, respectively. As shown
in Fig. 9(b), the refractive index n, (at zero frequency) is 2.68 eV
for OG. Two peaks of the refractive index k(w) of OG are located
at 3.50 and 5.50 eV, respectively, which corresponds to the
peaks of &,(w). These results for OG are in good agreement with
the experimental and other theoretical studies.*****" For the
doped graphenes, the ¢(0) of B-G, Al-G, Si-G, Ge-G, As-G, and
Sb-G is 1.65, 1.90, 3.65, 3.80, 3.32, and 3.41 eV, respectively.
Therefore, the doped graphenes have low &(0) due to wider
band gaps compared with OG. Compared with the other theo-
retical studies, ¢(0) of B-G and Al-G are smaller than Nath*! and

o Real oG
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o T . T L T
44 2 4 6 B-G
___-_\?§>
c . T L T L ¥
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Zhao's* results due to the different k-point meshes used. &,(0)
of Si-G and Ge-G is smaller than Kheyri and Rafique's results®**°
due to the different concentrations of doped atom. As for As-G
and Sb-G, no experimental and theoretical results are avail-
able at present. Moreover, the real part of dielectric function of
OG does not show remarkable peaks in the range of 0-4 eV,
while some peaks can be observed for B-G (1.87 eV), Al-G (2.14
eV), Si-G (0.86 and 2.22 eV), Ge-G (0.79 and 2.21 eV), As-G (2.29
eV), and Sb-G (0.53 eV). Similarly, the same is also true for the
imaginary part of dielectric function. In the rang of 0-4 eV, there
are very obvious peaks for Al-G (2.67 eV), Si-G (1.25 and 2.60 eV),
Ge-G (1.20 and 2.57 eV), and As-G (1.83 €V) in the imaginary
part. At the same time, there are weak peaks for B-G (2.67 eV)
and Sb-G (1.84 eV) in this range. Therefore, the imaginary
dielectric functions for doped graphenes move toward the low
frequency compared with that of OG due to T — 7* transitions,
which is consistent with the changes of absorption spectra
mentioned above. Moreover, this trend can be further
confirmed by the analyses below.

As shown in Fig. 9(b), the features of the refractive index of the
doped graphenes are similar with that of dielectric function. The
ny values of B-G, Al-G, Si-G, Ge-G, As-G, and Sb-G are 1.28, 1.40,
1.91, 1.95, 1.84, and 1.85 eV, respectively, indicating that the r,
values of doped graphenes are smaller than that of OG. Mean-
while, doped graphenes also show obvious peaks of k(w), corre-
sponding to the peaks of ¢,(w). In the 0-4 eV, the gentle peaks of
B-G and Sb-G are located at 2.25 and 2.36 eV, respectively. The
strong peaks occur at 2.68 eV for Al-G, 1.38 and 2.80 eV for Si-G,
1.33 and 2.78 eV for Ge-G, and 2.0 eV for As-G, respectively.

Fig. S21 shows the dielectric functions of doped graphenes
under E; ranging from —0.4 to 1.2 eV A~'. The real part of
dielectric function (¢;(0)) of doped graphenes at zero frequency
are given in Table 3. Obviously, the &(0) values of B-G, Al-G, Si-
G, and Ge-G increase with the increase of E; independent of the
direction of the electric field. Moreover, as shown in Fig. S2,}
the peak positions of the imaginary part of dielectric function
for B-G, Al-G, Si-G, and Ge-G move toward low frequency under
the same E;. For As-G and Sb-G, the ¢,(0) values slowly increase
and then decrease from —0.4 to 1.2 eV A™', where a maximum

5] n 0G
—k
T T T
2 2 4 6 B-G
v T v T T
2 ___,,4\_"4 6 Al-G
2 . : ) H . Si-G

Refractive Index

Frequency (eV)
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Dielectric functions (a) and refractive indexes (b) of OG, B-G, Al-G, Si-G, Ge-G, As-G, and Sb-G.
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Table 3 The real part of dielectric function (¢1(0)) and refractive index
(n(0)) of doped graphenes at zero frequency under different external
electric fields

External electric field (eV A™")

System -04 —02 0 02 04 06 08 1.0 1.2
B-G &(0) 1.68 1.66 1.65 1.67 1.70 1.76 1.85 2.02 2.34
n(0) 1.29 1.29 1.29 1.29 1.30 1.33 1.36 1.42 1.53
A-G  &(0) 3.33 249 1.90 1.99 2.02 2.07 222 2.70 5.06
n(0) 1.83 1.58 1.41 1.41 1.42 1.44 148 1.64 2.25
Si-G  &(0) 3.69 3.65 3.65 3.73 3.86 4.12 4.54 5.44 5.78
n(0) 1.92 1.91 1.91 1.93 1.97 2.03 2.13 233 241
Ge-G (0) 3.84 3.79 3.81 3.88 4.03 4.32 4.82 6.53 4.42
n(0) 1.96 1.95 1.95 1.97 2.01 2.08 2.20 2.55 2.10
As-G &(0) 3.11 3.35 3.40 3.47 3.51 3.53 3.35 3.29 3.28
n(0) 1.76 1.83 1.84 1.86 1.87 1.88 1.83 1.81 1.81
Sb-G &(0) 3.40 3.41 3.42 3.48 3.50 3.50 3.51 3.52 3.28
n(0) 1.20 1.85 1.85 1.87 1.768 1.87 1.87 1.88 1.88

value appears at 1.0 eV A~'. As for the imaginary part of
dielectric function, it is similar to that of the real part. Overall,
these results indicate that the applied electric field may
contribute to the increase of the dielectric constant of B-G, Al-G,
Si-G, and Ge-G except for As-G and Sb-G, which can be attrib-
uted to the fact that the applied electric field facilitates T — w*
transitions of B-G, Al-G, Si-G, and Ge-G compared with As-G and
Sb-G. Moreover, this phenomenon has also been reflected from
the analyses of refractive index and loss function of doped
graphenes under the external electric field.

Fig. S31 shows the refractive indexes of doped graphenes
under the applied electric field. Compared with the results
without electric field, some changes of their peak positions and
peak intensities occur. Namely, the curves of them tend to lower
frequency with stronger intensity.

3.4.3 Loss function. The loss functions of OG and doped
graphenes are shown in Fig. S4. It is clear that two main peaks of
the loss function for OG appear at 4.27 and 5.76 eV because of the
7 and ¢ plasmon electrons excitation, respectively, which is
consistent with the reported results.*>**** Moreover, the first peak
of the loss function of doped graphenes shifts toward low
frequency with a weak intensity. For Al-G, Si-G, Ge-G, and As-G, the
shift degrees of peak position are larger than those of B-G and Sb-G
in the range of 04 eV. These phenomena are well consistent with
the above results of 3.4.1 and 3.4.2 Sections. In conclusion, the
values of the absorption spectra, dielectric function, refractive
index, and loss function of the doped graphenes are shifted toward
low frequency, resulting from interband transitions.

As show in Fig. S5,1 the peaks of B-G and Al-G shift toward low
frequency with decreasing intensity from —0.4 to 1.2 eV A=, For Si-
G and Ge-G, their peaks move toward low frequency with decreasing
intensity from —0.4 to 0.8 eV A~" and there is only a gentle peak in
the range of 1.0-1.2 eV A", For As-G and Sb-G, there are no
noticeable changes for their peak positions and intensities.

4. Conclusions

In this study, the electronic and optical properties of B, Al, Si,
Ge, As, and Sb doped graphenes have been detailedly
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investigated by using DFT method in the absence and presence
of the external electric field. The results illustrate that the band
gap of B-G, Al-G, Si-G, Ge-G, As-G, and Sb-G is 0.676, 1.481,
0.783, 0.698, 0.682, and 1.583 eV, respectively. After applying the
external electric field, the band gaps of B-G, Al-G, Si-G, and Ge-G
are decreased with the increase of the external electric field
intensity. On the contrary, for As-G and Sb-G, the band gaps of
them have been increased and reached 0.864 and 1.841 eV
under 1.2 eV A", respectively.

As for the absorption spectra, red shifts occur for B-G (347
nm), Al-G (404 nm), Si-G (412 nm), Ge-G (513 nm), As-G (531
nm), and Sb-G (454 nm) compared with that of graphene
without the external electric field. Moreover, the peak positions
of dielectric function, refractive index, and loss function of
doped graphenes are moved toward low frequency region. The
real part of dielectric function (&,(0)) and refractive index (1) of
doped graphenes at zero frequency are smaller than that of pure
graphene. After applying the external electric field, the absorp-
tion spectra of B-G, Al-G, Si-G, and Ge-G are shifted to longer
wavelengths of visible light with the increase of the electric field
intensity. Meanwhile, the peak positions of dielectric function,
refractive index, and loss function of doped graphenes are
moved toward lower frequency region. For As-G and Sb-G, the
external electric field can not almost change the peak positions
of the absorption spectra, dielectric function, refractive index,
and loss function. It is expected that the present results of the
properties of these doped graphenes will be beneficial to their
applications in the field of optoelectronics.
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