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Abstract: First-principle calculations are used to study
the electronic structures, electronic and optical proper-
ties of pure, phosphorus-doped, aluminum-doped, and
phosphorus and aluminum co-doped graphene. The gap
between the conduction band and valence band of intrinsic
graphene is zero. However, when graphene is doped with P,
Ga, and P-Ga, the gap in energy will be opened and to a
different extent. In the three different doping results, the
gap values between the conduction and valence bands of
P, Ga, and P-Ga graphene are 0.11, 0.35, and 0.39¢€V,
respectively. When graphene is doped with P-Ga, more
electrons (1.40 e) will be gained by carbon atoms compared
to P-doped graphene (0.61 e), while fewer electrons (1.49 e)
will be transferred to carbon atoms compared to Ga-doped
graphene (1.75e). After doping with P, Ga, and P-Ga, the
overall intensity of the graphene absorption peak is wea-
kened and more pronounced relative to the low-frequency
peaks. This result can fully demonstrate that the band gap
of the doped graphene system can be better tuned by
adding phosphorus and gallium atoms.
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1 Introduction

Scientists have been working with graphene since the
early 1900s. However, stable graphene structures have
not been obtained in experiments, until 2004, and the
successful preparation of intrinsic graphene has led to
a booming period of research on two-dimensional mate-
rials [1-4]. After this, the hot spot for basic science and
advanced technology research has shifted to unique two-
dimensional materials represented by graphene. Graphene
has excellent properties in terms of light and electricity,
force, and heat [5,6].

Graphene has excellent mechanical properties in the
field of mechanics, such as Young’s modulus, shear elas-
ticity, and tensile strength, so its application prospects
are very bright [7]. Moreover, graphene has extraordinary
conductivity, flexibility, and optical transparency, and
can be used as a transparent conductive film material
in solar cells and light-emitting diodes [8] The light mod-
ulator made of graphene has a strong signal transmission
capability, which can transmit a large amount of infor-
mation and data in a short time [9]. In the field of elec-
tronic devices, graphene is considered to be one of the
most potential electronic device materials in the post-
silicon era, and is expected to become a new cornerstone
in the field of microelectronics [10]. Ultra-high carrier
mobility and micron-level ballistic transmission charac-
teristics make graphene-based electronic and optoelec-
tronic devices have ultra-high-speed frequency response
characteristics [11,12]. Graphene lithium battery cathode
material is wrapped with graphene as a conductive paste,
which can improve the conductivity of the electrode,
increase the rate performance of the battery, and increase
the cycle stability [13,14]. The graphene lithium battery
with graphene as the negative electrode has high capacity
and fast charging speed [15,16]. Graphene supercapacitors
have high electrochemical performance and higher spe-
cific surface area, have ultra-fast charge and discharge
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performance, better ductility, and longer life [17-20]. Gra-
phene also shows good performance in the application of
field-effect transistors and radio frequency transistors [21].
Graphene-based flexible transistors have good flexibility
and temperature stability, and can work at room tempera-
ture. The excellent physical and chemical properties of
intrinsic graphene make it have potential and broad appli-
cation prospects in many fields [22] However, the high
carrier mobility but low carrier concentration of intrinsic
graphene greatly limits the application of intrinsic gra-
phene in digital circuits. In addition, intrinsic graphene
has limited adsorption capacity for heterogeneous atoms
or molecules [23]. In order to better realize the application
of graphene in many directions, it is necessary to modify
graphene. The introduction of foreign elements into gra-
phene can control the electronic properties of graphene,
which is one of the important methods to realize graphene
modification [24-26]. Zhao et al. used first-principles cal-
culation method to study the photoelectronic properties of
P and Al co-doped graphene, and pointed out that the
band gap of P—Al co-doped intrinsic graphene reached
0.45 eV [27]. Rezvan et al. investigated the borazine-doped
nanographene material using halide as an anode material
for lithium-ion batteries using first-principles calculations.
Xinghua Zhu, Kun Liu, and other researchers studied the
characteristics of graphene utilizing graphene to examine
the impact of oxygen atom doping and adsorption [28]. It
has been found that for opening the band gap of graphene,
the adsorption of multiple oxygen atoms plays a huge role.
Meanwhile, oxygen atoms, after doping into graphene,
can repair the defects of filling graphene to a certain extent
[29]. According to the above studies, we can find that doped
graphene has better properties than intrinsic graphene and
they can be used in a wide range of other fields.

Atomic doping provides an effective way to open the
band gap of graphene for electronic devices such as field-
effect transistors. Therefore, atomic doping can enrich
the application of graphene in the field of field effect
tubes. There are two types of FETs, namely p-type FETs
and n-type FETs. The p-type field-effect tube uses a p-
type semiconductor material, which is a semiconductor
dominated by positively charged holes. The atomic size of
boron atom is close to that of carbon (C) atom and has the
ability to gain electrons by contributing holes. Therefore,
boron-doped graphene shows potential applications in p-
type semiconductor electronics [30]. The substitution of
boron atoms for C atoms decreases the electron density
of the substitution sites, while increasing the electron den-
sity of the adjacent C atoms. Several research groups have
observed the properties of p-type semiconductors based
on boron-doped graphene. Several research groups have
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observed the properties of p-type semiconductors based
on boron-doped graphene. For example, Liu’s group inves-
tigated the performance of p-type FETs fabricated with
boron-doped graphene as a monolayer device, and the
FETs possessed high carrier mobility [31].

The free concentration is much larger than the hole
concentration in the impurity semiconductor. Nitrogen
atoms can contribute their lone pair of electrons to the
graphene network and are considered to be effective
atoms for generating n-type semiconductor graphene
channels. Theoretical studies have shown that the band
gap of nitrogen-doped graphene reaches about 0.21eV.
P atoms can also give a pair of electrons, and their elec-
tron-giving ability is even much stronger than that of
nitrogen atoms [32]. According to the results of Lee et al.,
phosphorus doped graphene will produce stronger semi-
conductor behavior than nitrogen doping. Further studies
show that the Dirac point of the material changes as the
content of doped atoms increases, and the material will
show more pronounced n-type semiconductor properties
[33].

Therefore, according to the current research status of
using doping atoms to change the electrical properties of
graphene, it is believed that doping with P and Ga and
P-Ga co-doping make graphene into n-type and p-type
semiconductors with richer and better improvements in
electrical and optical properties, thus broadening the
scope and field of application of graphene materials.

Based on the above advances in graphene research,
we have studied and compared the optoelectronic prop-
erties of P-doped graphene, (Ga)-doped graphene, and
P-Ga co-doped graphene based on density functional
theory. It provides some basic theoretical contribution
to the improvement of graphene and its impact in band
gap engineering applications is further strengthened,
such as in sensors, new energy battery, nano electronic
devices, super capacitor, etc.

2 Computation methods and
models

2.1 Computational methods

Based on the framework of density flood theory, the micro-
scopic properties of intrinsic graphene, P-doped graphene,
Ga-doped graphene, and P-Ga co-doped graphene are cal-
culated and analyzed using a first-principles approach
for all models. Among these energy calculation modules
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available, the plane wave (PW) and Cambridge series total
energy package modules are more suitable for simulation
of research targets. The exchange-correlation function we
choose is from the generalized parsimonious gradient
method developed by Perdew and Wang et al It is a
method that can accommodate both nonlinear objective
functions and nonlinear constraints [34]. When calcu-
lating the graphene model parameters, in order to ensure
that the model can be in a stable state, 410 eV was set as
the PW cutoff energy and 5 x 5 x 1 A as the k-point
sampling density. In the geometric optimization of gra-
phene, the convergence tolerance is set to 5.0 x 107*A
and the self-consistent field is set to 2.0 x 10™® eV atom 7,
the maximum force and maximum stress were set at
0.03 eV A~ and 0.05 GPa, respectively.

2.2 Computation models

A model-optimized graphene model is used as the simula-
tion model of graphene. The molecular formula of graphene
is C. Its single-layer atomic ring structure has hexagonal
structural properties, which is a stable and symmetric struc-
ture. A covalent molecule is formed because each C is
attached to three other adjacent C atoms, forming a solid
chemical bond as well as a molecular structure. After com-
pleting the construction of the metacell, a larger scale
system needs to be constructed in order to make the calcu-
lation results more accurate. Considering that as the system
scales up, its computational volume also increases geome-
trically, in order to balance the computational volume and
accuracy, the 4 x 4 x 1 supercell model is built to describe
graphene, which is shown in detail in Figure 1.

3 Results and discussion

3.1 Geometrical structures

Figure 2 shows the optimized models of the structures of
P-doped graphene and Ga-doped graphene. In the opti-
mized model, the bond length of C-P bond in P-doped
graphene is 1.62 A, which is similar to the bond length of
C-C bond in intrinsic graphene (1.42 A), which indicates
that some properties of the molecular structure of doped
graphene will be similar to that of intrinsic graphene.
However, in the Ga-doped graphene model, the bond
length of the C-Ga bond is longer than the C-C bond
length in the intrinsic graphene with a bond length value
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Figure 1: Intrinsic graphene model (4 x 4 x 1).

of 1.75 A due to the larger atomic radius of the Ga atom.
Besides, Figure 3 shows the structure optimization model
of P-Ga co-doped graphene. Due to the special structure
of graphene, the relative positions of P and Ga atoms can
be doped into different C atoms in graphene, i.e., the
anode position, the meta-pole position, and the para-
pole position (Figure 3a—c). After analyzing and com-
paring these models, we concluded that the co-doping
model with P and Ga in ortho-positions is the most stable.

In Table 1, it is clear that the C-P bonds (C3-P and
C4-P) have the shortest bond length of 1.64 A, followed
by the C-Ga bond at 1.72 A, and the P-Ga bond has the
longest bond length of 1.95A. Therefore, for different
doping, the bond length of graphene changes, which
leads to a change in its properties.

Table 1 shows us very visually the bond lengths
between the P and Ga atoms doped into graphene in situ.

Figure 2: P-doped (a) and Ga-doped (b) graphene model.



642 —— Ying Zhangetal.

DE GRUYTER

Figure 3: Three models of P-Ga co-doped graphene in different positions. (a) ortho; (b) meta and (c) para position.

Table 1: Bond lengths between atoms of P-Ga co-doped graphene

Bond types Bond lengths (&)
C1-Ga 1.72
C2-Ga 1.72
C3-P 1.64
C4-P 1.64
P-Ga 1.95

The bond length of the covalent bond formed by the Ga
atom and the C atom directly connected to it is 1.72A. In
addition, the bond length of the covalent bond between
the P atom and the C atom directly connected to it is 1.64 A.
It is more obvious that the maximum chemical bond
length of the P-Ga bond is 1.95A. The bond length
between individual atoms in the P-Ga co-doped graphene
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is different from that of the intrinsic graphene. Based on
these data, it can be judged that the molecular structure
of P-Ga co-doped graphene is changed compared to the
intrinsic graphene, and its properties are changed at the
same time.

3.2 Electronic structures

Figure 4 shows the energy band diagrams with respect to
intrinsic graphene, P-doped graphene, Ga-doped gra-
phene, and P-Ga co-doped graphene. Through the study,
the top of the valence band and the bottom of the con-
duction band of the intrinsic graphene model intersect at
the K point in the Brillouin zone. The energy difference
between the valence band top and conduction band

Figure 4: Band structures of (a) intrinsic, (b) P-doped, (c) Ga-doped, and (d) P-Ga co-doped graphene.
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bottom is zero, i.e., the forbidden band width is zero, and
these can be seen in Figure 4a. This indicates that gra-
phene is a material with zero forbidden band width
and has excellent conducting properties. The doping of
graphene with P atoms results in a jump of the electronic
energy level to the lower energy region. At the same
time, the Fermi energy level enters the conduction band
(Figure 4b), resulting in the expansion of the forbidden
band width to 0.11eV.

After graphene is doped with Ga atoms, the electronic
energy level jumps to the higher energy region. At the
same time, it makes the Fermi energy level jump into
the valence band (Figure 4c). This eventually allows the
band gap to expand to 0.35eV. When P-Ga is co-doped,
the band gap of graphene is expanded to a maximum of
0.39 eV due to the combined effect of P and Ga atoms
(Figure 4d). So based on the calculations and studies, it
is found that doping plays a role in the expansion of the
forbidden band width, and this result is important for
improving the application of graphene as a semicon-
ductor material.

We can conclude that the formation energy is an
important factor to determine the system stabilization
in the total energy of model systems. To further verify

Electronic structure and optical properties of (P, Ga, P-Ga) doped graphene

5 0.6-(&) EE C-C

S 04} :

= |

8 02} !

% 00 '

g 0.6}

Z’io 0.4} :

zo2f ©F :

g ool =M N

a 20 -15 -10 -5 0 5
Energy(eV)

> Lol© o CCl

g T F

= Cl12p '

S 0.5} ,

T) CZS ]

3 00 L Pe . "

=N Ga 4504

N - [

G '

o 1

> 1} :

Z C2s ; \

() 0 | NN~ A./\/\ A :I

A 20 -15 -10 -5 0 5
Energy(eV)

— 643

the stability of doped graphene systems, the formation
energy was calculated for each system using the fol-
lowing equation:

Eformation = Esystem - Egraphene + mycarbon - nlldopant,

where Esystem’ Egraphene» Hcarbons and Hdopant stand for
the total energy of doped graphene systems, pure gra-
phene, the chemical potentials of C, and impurity atom,
respectively. The doped graphene system can be synthe-
sized by experimental methods, and we calculated and
obtained the formation energy of the P-Ga co-doped
graphene model for the adjacent, inter-, and para-site
as Eortho = —8.273 eV, Epera = —9.032eV, and Epayr, =
—-8.865 eV, respectively.

We can observe the electron density curves of intrinsic
graphene, Ga-doped graphene, P-doped graphene, and
P—-Ga co-doped graphene in Figure 5. Regarding intrinsic
graphene, the 2s and 2p orbitals of C are the main provi-
ders of its electrons and they contribute to the electron
density. As the energy becomes stronger, the charges of
2p orbitals gradually dominate and play the main contri-
bution. The doping of P atoms in graphene shifts the DOS
curve to the lower energy region, leading to energy level
migration in the conduction band of the Fermi energy
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Figure 5: Density of states (DOS) of (a) intrinsic, (b) P-doped, (c) Ga-doped and (d) P-Ga co-doped graphene.
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level. And compared with the C—C bond, the electron den-
sity of the C—P bond increases significantly in the energy
range of —10 to -5 eV, and it is the electrons in the 3s and
3p orbitals of the P atom that play the main role in pro-
viding energy. In the same case, in Ga-doped graphene,
the DOS curve of graphene increases due to the doping
of Ga atoms, which in turn shifts the Fermi energy level
in the valence band direction (Figure 5c). The potentials of
both the conduction band energy level and the valence
band energy level move upward, and the conduction
band moves farther than the valence band energy level,
so that the graphene band gap is widened in the range
of 0.49-0.84 ¢V, with an expanded band gap width of
0.35eV. While in the range of -10 to 5eV, comparing
the DOS curves of P-Ga co-doped graphene (Figure 5d)
with those of Ga-doped graphene and P-doped graphene
with each other, we can find from them that their curves
are very different. Among them, the band gap of P-Ga
co-doped graphene (0.39eV) is larger than that of
nitrogen-doped graphene and Ga-doped graphene. The
main reason is that the C-P bonding of P-Ga co-doped
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graphene converts to high energy, while the C-Ga bonding
of P-Ga co-doped graphene converts to low energy com-
pared to P-doped graphene and Ga-doped graphene,
respectively.

In Figure 6, the blue and red parts indicate the low
and high electron numbers, respectively. When P atoms
are doped into graphene, in graphene, some of the elec-
trons on the hybridized orbitals of P atoms are trapped in
the hybridized orbitals of C atoms, while the electron
density around the P atoms is reduced (Figure 6b). In
contrast to the previous, doping Ga atoms into graphene,
a decrease in electron density around Ga atoms was
observed. However, the increase in the electron density
around the C atoms in graphene is evident. It shows that
electrons are transferred from the orbitals of Ga atoms to
those of C atoms (Figure 6¢). In P-Ga co-doped graphene,
the electrons around the P atoms and those around the Ga
atoms are transferred to the C atoms. Furthermore, more
electrons were transferred from Ga to C than from P to C.
We can further analyze the above conclusions using the
Mulliken population analysis (Table 2).

Figure 6: Electron density of (a) intrinsic graphene, (b) P-doped, (c) Ga-doped, and (d) P-Ga co-doped graphene.
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Table 2: Mulliken charge populations of various doped graphene

Types of doping Species s p Charge (e)
Pure C 1.05 2.95 0
P C 1.14 3.27 -0.41

P 1.07 2.53 1.40
Ga C 1.18 3.29 -0.47

Ga 0.65 0.60 1.75
P-Ga C1(C2) 1.17 3.31 -0.48

C3 (C4) 1.15 3.21 -0.36

P 1.31 3.08 0.61

Ga 0.68 0.83 1.49

The electron gain and loss per C atom when doped in
many different cases is shown in Table 2. In P-doped
graphene, the P atom’s hybridization orbital loses elec-
trons and the C atom gains electrons. In the Ga-doped
graphene, the C atoms gain electrons in the hybridization
orbitals and the Ga atoms lose electrons. Besides, in the
P-Ga co-doped graphene, the electrons lost by the Ga
atoms are more than those lost by the P atoms in the
P-doped graphene. From this, we can conclude that
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some electrons around the Ga atom are transferred to
the hybridized orbitals of the C atom after doping. The
electron density distribution of the graphene model with
different doping systems shown in Figure 6 is consistent
with these findings.

The electronegativities of Ga, C, and P atoms are 1.80,
2.55, and 2.19, respectively. The order of the electronega-
tivities of these three atoms in these doping systems is
C > P > Ga, Ga-doped graphene loses more electrons than
P-doped graphene. Moreover, the electronegativity of C is
greater than that of Ga, leading to the fact that in P-Ga
co-doped graphene, the C atoms attached to Ga gain
more electrons than the C atoms attached to P.

3.3 Optical properties

Figure 7 shows the complex refractive index of the gra-
phene model doped with different atoms. In the Figure,
(n) represents the real part of the complex refractive
index indicating the dispersion of the medium to the
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Figure 7: Complex refractive index curves of (a) intrinsic graphene, (b) P-doped, (c) Ga-doped, and (d) P-Ga co-doped graphene.
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electromagnetic wave, and (k) is the imaginary extinction
coefficient of the complex refractive index, indicating the
absorption of the medium to the electromagnetic wave.
The calculation of the complex refractive index N can be
expressed by the following equation.

N=n+ Kk, (1)

From the curves in Figure 7, we can find that the
extinction coefficient k of intrinsic graphene has two dif-
ferent peaks from O to 5 eV, while its refractive index has
a sharp peak and a gentle peak. Its refractive index peaks
are 0.22 and 1.38, and its extinction coefficient peaks are
0.60 and 0.86. Compared with the intrinsic graphene,
both n and k of the P-doped graphene are converted to
lower energy states, with n decreasing more significantly
and rapidly between 0 and 2.5 and the low-frequency
peaks of n and k shifting upward. Graphene doped with
Ga atoms, n and k also have relatively sharp differences
from intrinsic graphene. The refractive index of light has
only one peak and tends to decrease, the extinction coef-
ficient appears as three high frequency peaks with little
fluctuation in the Figure, and the high-frequency peaks
become wider relative to the intrinsic graphene, but less
intense than the intrinsic graphene. P-Ga co-doped gra-
phene has some similarities with Ga-doped graphene, but
its intensity is relatively small, k shifts slightly to the lower
energy region, and the extinction coefficient changes in a
flat trend.

With Figure 8, we can see the light absorption curves
of doped graphene doped with different atoms. Where the
light absorption coefficient n and extinction coefficient k
have the following relationship:
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Figure 8: Optical absorption in intrinsic graphene and for different
doping types of graphene.
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where w is the frequency and c is the speed of light. The
relationship between the coefficients of this equation
leads to the fact that the absorption coefficient of light
is proportional to the frequency. From Figure 8, we can
see that the peak light absorption coefficient of graphene
in the doped system has a certain degree of decline, espe-
cially the P-Ga co-doped graphene, which has the smal-
lest light absorption coefficient among the four groups.

4 Conclusion

The electrical and optical properties of intrinsic graphene,
P-doped graphene, Ga-doped graphene, and P-Ga co-
doped graphene were calculated and studied in micro-
scopic aspects based on the First-principles calculations.
The intrinsic graphene is an excellent zero-bandgap
semiconductor material, and the monolayer graphene
has a unique linear energy band structure, which makes
it have ultra-broadband saturable absorption properties
and strong absorption capacity in the short-wave band.
The unique energy band characteristics of graphene, in
turn, limit its application in the field of nanoelectronic
devices. The band gaps achieve was 0.11, 0.35, and
0.39 eV after the graphene was doped with P, Ga, and
P-Ga, respectively. Therefore, it can be concluded that
there is a significant improvement in the semiconductor
properties after graphene doping. So for the study of
graphene electronic devices, the advantages of doping
P and Ga for bandgap broadening lie in the practical use in
electronic devices, mainly focusing on graphene FETs.
Especially in the case where transistors with good on/off
ratios are required.

For P-doped graphene, electrons leave the hybridiza-
tion orbital of the P atom and are gained by the C atom,
with C gaining more electrons in its 3p orbitals and less in
its 3s orbitals. In contrast, for Ga-doped graphene, the C
atoms trap the electrons leaving the Ga atoms. For P-Ga
doped graphene, a completely different electron gain/
loss situation occurs than before, and when P and Ga
atoms are co-doped with graphene, at this point, Ga
atoms will lose more electrons within the P-Ga co-doped
graphene than within the Ga-doped graphene, and P of
P—-Ga co-doped graphene will lose more electrons than P
within the P-doped graphene. Compared with intrinsic
graphene, the dispersion and extinction coefficients of
P-doped graphene are converted to lower energy states,
and the dispersion to electromagnetic waves decreases
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more significantly and rapidly between O and 2.5, with
the low-frequency peaks of the dispersion and extinction
coefficients shifting upward. The dispersion and extinc-
tion coefficients of graphene doped with Ga atoms also
differ relatively sharply from those of intrinsic graphene.
The refractive index of light has only one peak and tends
to decrease, and the extinction coefficient shows three
high-frequency peaks with little fluctuation in the Figure,
and the high-frequency peaks become wider relative to the
intrinsic graphene. The optical absorption peaks are weaker
and more pronounced for P-Ga doped graphene at low
frequency conditions. These results indicate that there is
great potential for practical applications and research of
modified and doped graphene in the field of optoelectronic
devices, for example, innovations and applications in solar
cells, sensors, nanoelectronic devices, etc.
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