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The photoelectric property of graphene modified by boron and
nitrogen atoms from density functional theory calculation
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Abstract: Carbon (C) atoms can be replaced by other atoms in specifically designed spots to regulate the proper-
ties of graphene. This is established by introducing impurities such as B and N into graphene. The band gap can be
opened while the Dirac cone shifts above or below the Fermi level. This behavior is the same as p-type or n-type
doping in semiconductors. Electronic states are observed at the Fermi level, and the charges are transferred from
the impurities to C or vice versa. The static dielectric function £, (0) increases greatly, a new absorption peak ap-
pears in the low-energy region corresponding to visible light and the following energy. The decrease in plasma exci-
tation due to the B or N doping results in a reduction of the number of peaks in the electron energy loss function.
Only one obvious peak is observed at the same position as that of the highest peal of pristine graphene. The height
of this peak increases significantly.
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Introduction

Graphene has attracted extensive interest in the wide
scientific community for its outstanding physical and e-
lectronic properties. For its application in photoelectric
devices, the semi-metallic nature of the zero band gap is
an obstacle. Some methods have been taken to modulate
the energy band of graphene, which contain quantum
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limiting effect''?! | feet side effect, edge effect, doping
effect®’ | and introducing external field"*). Furthermore,
the absorptivity of a single layer graphene is only 2.3% ,
whereas in the visible region, the reflectivity of a single
layer graphene is less than 0. 1% . The optical perform-
ance of graphene is far from our expectation. Recently,
some experimental and theoretical papers have shown that
carbon atoms can be replaced with other atoms in specif-
ically designed spots®'. In the present study, the effect
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of impurities on the photoelectric properties of the gra-
phene were investigated by considering the case of boron
(B) and nitrogen (N) doping, and the reasons for the
changes in these properties were analyzed.

1 Computational method

First principles calculation is a common used com-
putational method in the research field of new material
such as ferroelectric materials'”’ | photoelectric materi-
als'"®’ | and two-dimensional materials'®’. In this paper,
the CASTEP ( Cambridge Sequential Total Energy Pack-
age) module is adopted, and simulations are performed
under generalized gradient approximation ( GGA) with
Perdew-Burke-Ernzerhof ( PBE) exchange and correla-
tion. In the process of structure optimization, 500 eV
mesh cutoff energy is set for the expansion of plane wave
basis sets and the convergence criteria is set to 5 x 10 °
eV for all systems. The Brillouin-zone (BZ) integration
is calculated by the highly symmetric K points in the form
of a Monkhorst-Pack 7 x7 x 1 grid. The convergence cri-
terion of the maximal displacement of atoms is 1 x 10~
A. The Bader charge analyzing is adopted to calculate
the charge transfer AQ. All calculations are carried in
reciprocal space with C: 2s5°2p>, B:2s5°2p', and N:
252p° as the valence electrons.

Fig.1 Super cell of the graphene structures (a) pris-
tine, (b) B doping, and (c) N doping. Blue balls re-
present N atoms, pink balls represent B atoms. The do-
ping concentration is 12. 5%
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2 Results and discussion

2.1 Structures

Table 1 The variation of bond length and charge after opti-
mizing

®1 AUEEKMEFHEL

Bond length /nm

Number of charges

Structure

c-C C-B C-N B N

Pristine Graphene 0.1421 - - - -

Graphene doped with B - 0.1483 - 0.52 -
Graphene doped with N - - 0.1396 - -0.25

Figure 1 shows the structures of 4 x4 x 1 pristine
graphene and graphene with B or N doping. A 15 A vac-

uum region perpendicular to the graphene surface is add-
ed, which is verified to be wide enough. The constructed
structures are optimized to achieve the steady state. Be-
cause of the difference in the radius of the atom, there is
a change in the bond length after B and N doping as
shown in Table 1. Compared with the C-C bond in the
pristine graphene, the C-B bond in the graphene doped
with B increased by 4.36% , while the C-N bond in the
graphene doped with N shrunk by 1. 76%. The results
are similar to Ref. [10].
2.2 Electronic properties

Graphene has many interesting properties owing to
its Dirac cone. The band structure of pristine graphene,
exhibits a zero band gap with linear dispersion relation a-
round K at K point in the brillouin zone, as is shown in
Fig. 2(a). Figures 3(a) and (b) show the band struc-
tures of graphene doped with B and N (12.5% doped) .
The band gap of graphene increased to a certain degree
owing to doping by B and N atoms. For the B-doped gra-
phene, the band gap Eg is 0. 64 eV, Dirac cone ascen-
ded above the Fermi level. This means that Fermi level
lies in the valence band, which is the same as p-type do-
ping. The results correspond to the Ref [11]. For the
N-doped graphene, the band gap Eg is 0. 6 eV, Dirac
cone descended below the Fermi level. This indicates
that Fermi level lies in the conduction band, which is the
same as n-type doping. Eg is highly sensitive to the do-
ping concentration of impurities. Figures 3(¢) and (d)
represent the band structures of graphene with different B
and N doping concentration (50% doped). The band
gap Eg increased, and the Dirac cone ascended or de-
scended further relative to the Fermi level.
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Fig.2 Energy Band and total DOS of the pristine graphene.
The blue solid lines represent K point, the dotted lines represent
Fermi level
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Figure 2 (b) represents the total DOS ( density of
states ) of the pristine graphene. As seen from the figure,
the conduction band and valence band met at Fermi level
where the DOS was zero. Figures 4(a) and (b) repre-
sent the total DOS of the graphene doped with B and N. It
can be seen that the electronic state of 0.9 eV ™' and 1. 1
eV ™' were observed at the Fermi level; these values cor-
respond to the interaction between the impurities and C
atom. Figure 4 represents the PDOS ( partial density of
states) of graphene doped with B and N. In Fig. 5(a),
the B 2p states lie below E; have more electrons than the
C 2p states of graphene, which indicates that charge
transfer occurs from B atom to C atom; 0. 52 electrons
transfer from the 2p state of B to the 2p states of C
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which is similar to the Ref [12]. In Fig. 5(b), the N
2p states lie above E; have less electrons than the C 2p
states of graphene, which means that charge transfer oc-
curs from C atom to N atom; 0. 25 electrons transfer from
the 2p state of C to the 2p states of N.

Fig.3 Energy band of the doped structures of graphene
with different doping concentration; (a) B doping ( do-
ping concentration is 12.5% ), (b) N doping ( doping
concentration is 12.5% ) , (c) B doping ( doping con-
centration is 50% ), (d) N doping ( doping concentra-
tion is 50% ). The blue solid lines represent K point,
the blue dotted lines represent Fermi level
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Fig.4 Total DOS of the doped structures of graphene: (a) B
doping, (b) N doping. The dotted lines represent Fermi level
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2.3 Optical properties

The optical properties of photoelectric materials are
mainly characterized by the dielectric function, optical
absorption spectra, conductivity, loss function, refractive
index and reflection coefficient. The optical constants,
relating the microscopic model of physical process with
the microelectronic structure of the solid that can better
characterize the physical properties of the material, are
mainly determined by the electronic structures and the
carrier concentration near the Fermi level. The changes
in the electronic structures of graphene caused by the do-
ping of B and N would influence its optical properties.
The optical properties of the three doping structures of

Energy/eV
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Fig.5 PDOS of the doped structures of graphene: (a) B do-
ping, (b) N doping. The dotted lines represent Fermi level
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Fig. 6 Optical properties of pristine graphene and doped gra-
phene ( doping concentration is 12.5% ) : (a) Real part of die-
lectric function, (b) imaginary part of dielectric function, (c)
absorption spectra, (d) real part of refractive index, (e) re-
flectivity, and (f) loss function

6 LA mEMBA A SEm(BRKER 12.5% ) 1
T PERE : (a) S L PR 2, (b) A FL R B A JE 7, ()
WS, (d) TS AL EE, (e) BUR A, (F) 4512 pi %k

graphene (pristine, B doping, and N doping) are depic-
ted in Fig. 5, the doping concentration is 12.5%.
2.3.1 Dielectric function and optical absorption
Within the linear response range, the structure of
the energy band of a solid and other kinds of spectral in-
formation can be obtained from the dielectric function,
which associates the micro-physical process of inter-band
transition with the electronic structure of the solid. In the
dielectric function, the decline of the real part deter-
mines the peak value of the imaginary part, and the i-
maginary part represents the optical absorption intensity.
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Fig. 7 Optical properties of the graphene with different do-
ping atoms and concentration; (a) ~ (b) Absorption spectra of
graphene doped with B and N, (c¢) ~ (d) real part of refrac-
tive index of graphene doped with B and N, (e) ~ (f) reflec-
tivity of graphene doped with B and N, and (g) ~ (h) loss
function of graphene doped with B and N
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Figures 6 (a) and (b) represent the frequency-de-
pendent real and imaginary parts of the dielectric func-
tion £(w) of the three different doping structures of gra-
phene (&, (w) represents the real part of the dielectric
function, &, (w) represents its imaginary part). For
pristine graphene, the static dielectric function &, (0)
was 6.56, the maximum value of the real part was 13.51
at an optical energy of 2.90 eV, and the minimum value
was found to be —3.47 at an optical energy of 4.22 eV.
With an increase in the optical energy, the real part de-
creased rapidly in the range 2. 904.22 eV, which indi-
cates that the imaginary part increased rapidly in this
range. However, fluctuation in the trend of the imaginary
part were also observed at certain points over the whole
optical energy range. The optical energy of the imaginary
part was divided into two parts— 0-8. 43 eV in the low
region and 8. 43-34 eV in the high region. The main

peaks of &,(w) in the different region correspond to the
specific inter-band transition. Two main peaks in the low
energy region were observed in the graph of &, (w) at op-
tical energies of 3.59 and 6.74 eV, which correspond to
the transition ¢ -7r * . Three main peaks in the high en-
ergy region were observed in the graph of &,(w) at opti-
cal energies of 13. 56, 15. 56, and 20. 63 eV, which
correspond to the transition g-g * .

Figure 6(¢) shows the absorption coefficients of the
three different structures of graphene. For pristine gra-
phene, the maximum absorption coefficient was 478 800
em ™' at an optical energy of 16. 11 eV in the high-energy
region and the intensity of the absorption spectra in the
absorption spectra was higher than that in the low-energy
region. The absorption edge began at the optical energy
of 1.24 eV, which corresponds to the transition threshold
of o-m * ,but low absorption intensity was observed for
the visible light (1.38 ~3.26 eV).

After the introduction of B and N impurities into
graphene, the static dielectric function g, (0) increased
greatly, the intensity and the positions of the peaks of &,
(w) that represent the transition g-¢ * in the high ener-
gy region changed slightly. Meanwhile, the intensity of
&,(w) that represent the transition g-7r * in the low en-
ergy region increased and the positions of the peaks shif-
ted to the lower region. The intensity and the positions of
the absorption spectrum changed slightly, but the absorp-
tion spectrum shrunk considerably in the high-energy re-
gion. A new absorption peak appeared in the low-energy
region containing the visible light and the following ener-
gy, which indicates that the absorption intensity of the
visible light and the infrared increased greatly. This
change is attributed mainly to the presence of B and N
impurities enhance the electron-hole interaction and the
impurity states, thus providing a competing path for opti-
cal excitation so that graphene doped with B and N con-
tains electron-hole pairs that then form bound excitons
(excitonic transition) enhancing the light absorption in
the low energy region.

Different doping concentration of impurities affect
the optical properties of graphene to different degrees.
Figures 7(a) and (b) shows the absorption coefficients
of graphene with different concentration of impurities.
Significant shrinkage of the absorption spectrum in the
low-energy region and broadening occurred in the high-
energy region with the increase in doping concentration
(50% doped). In the case of graphene doped with B,
the maximum intensity of the peaks of the absorption
spectrum decreased, small individual peaks occurred in
the low-energy region. In the case of graphene doped
with N, the maximum intensity of the peaks of the ab-
sorption spectrum increased, no peak was observed in the
low-energy region.

2.3.2 Reflectivity and refractive index

The real part of the refractive index n(w) is shown
in Fig. 6(d). The static value of refractive index n(0) of
pristine graphene was 2.56, and the maximum value of its
real part was 3. 81 at an optical energy of 3.07 eV. The
absorption of the high-frequency electromagnetic wave de-
creased with increase in the photon energy above 30 eV.
The change in the refractive index was very small. In the
case of graphene doped with B or N, the maximum value
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of n(w) increased, and the peak position shifted to the
low-energy region accompanied by significant reduction in
n(w) in the high-energy region. Figures 7(c) and (d)
show n(w) of graphene with different concentration of im-
purities. The maximum value of n(w) decreased greatly,
and significant increase in the refractive index was ob-
served in the high-energy region with increase in doping
concentration (50% doped). In the case of graphene
doped with B, a new peak appeared in the low-energy re-
gion. In the case of graphene doped with N, the position
of the peak in the low-energy region shifted towards the
high-energy region direction.

The optical parameter corresponding to the refractive
index is reflectivity R (w ), which is shown in Fig. 6
(e). The maximum reflectivity of pristine graphene was
0.58 at an optical energy of 22.24 eV. The reflectivity
observed at optical energies above 35 eV was very small.
In the case of graphene doped with B or N, the maximum
value of R(w) increased, and the peaks in the low-ener-
gy region shifted toward further lower-energy region. In
addition, the optical energy range decreased to values
less than 30 eV. Figures 7(e) and (f) show R(w) of
graphene with different concentration of impurities. The
maximum value of R (w) decreased, and its position
shifted toward further lower-energy region with increase
in doping concentration (50% doped). Furthermore,
the peaks in the low-energy region shifted toward the high
energy region direction.

2.3.3 Electron energy loss function

The electron energy loss ( EELS) function describes
the energy loss of electrons in a homogeneous medium.
The peak value of the function represents plasma turbu-
lence, and the corresponding oscillation frequency is
known as the plasma frequency. The EELS is shown in
Fig. 6(f). Several peaks were observed, the maximum
height of the peaks was 4. 64 at an optical energy of
23.24 eV for pristine graphene. In the case of graphene
doped with B or N, only one obvious peak was observed
in the same position as the maximum height of pristine
graphene, and the height of this peak increased signifi-
cantly; the peak position corresponds to the edge energy
of plasma and indicates the transition point from a semi-
metallic to semi-conductor material. This indicates that
the presence of B or N in the graphene reduces plasma
excitation in the low-energy region and part of high-ener-
gy region. The plasma excitation peaks increased, and
the EELS peak broadened; the height of the peaks de-
creased significantly with increase in doping concentra-

tion (50% doped).
3 Conclusions

Based on the first principle density functional theory

calculation, the electronic and optical properties of gra-
phene doped with B and N are investigated in this study.
The electronic and optical properties of graphene were
regulated significantly by B or N doping. The band gap
was opened and increased with an increased in doping
concentration. Interaction between the impurities and C
atom, causing charge transfer, were observed. The chan-
ges in the optical properties occurred mainly in the low-
energy region, the curves of these parameters shrunk in
the high-energy region. The peaks of the optical parame-
ters in the low energy region shifted toward the high ener-
gy region with the increase in the doping concentration
(50% doped) , and the peaks of some parameters in the
low-energy region disappeared, as seen from the EELS.
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