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Modulating the electro-optical properties of doped C3N
monolayer and graphene bilayer via mechanical strain
and pressure

A. Bafekry1,2†, C. Nguyen
3
, M. M. Obeid

4
, M. Ghergherehchi

5†

In this work, we investigated systematically the electronic and optical properties of B doped C3N
monolayer as well as B and N doped graphene bilayer (BN−Gr@2L). We found that the doping
of B atom leads to an enlarged band gap of C3N monolayer and when the dopant concentration
reaches to 12.5%, a indirect-to-direct band gap switching is occurred. In addition, with co-doping
of B and N atoms on graphene monolayer in the hexagonal configuration, an electronic transition
from semi-metal to semiconductor is occurred. Our optical results for the B-C3N shows a broad
absorption spectrum in a wide visible range start from 400 nm to 1000 nm with strong absorption
intensity, making it suitable candidate for nanoelectronic and optoelectronic applications. Interest-
ingly, a transition from semi-metal to semiconductor is emerged in the graphene monolayer with
doping of B and N atoms. Furthermore, our results demonstrate that in-plane strain and out-of-
plane strain (pressure) can modulate the band gap of the BN−Gr@2L. The controllable electronic
properties as band gap and optical features of the doped graphene bilayer by strain engineering
may facilitate their practical performance for future various applications.

1 Introduction
Following the development of materials science, a lot of new ma-
terials with appropriated physical and chemical properties that
are required for the design of high-performance nanodevices have
been predicted and synthesized. The discovery of graphene1 in
2004 by Geim and his group has opened up a new chapter for thin
film two-dimensional materials (2DM), which can be considered
as promising candidate for various applications, including opto-
electronic, photocatalyst, gas sensors, light-emitting diodes2–5.
To now, there are many 2DM, including hexagonal boron ni-
tride (hBN)6,7, phosphorene8,9, transition metal dichalcogenides
(TMDCs)10–13 and graphitic carbon nitrides14,15. However, the
most of 2DM in their freestanding monolayers have a drawback
that may hinder their applications in high-efficient devices. For

1Department of Physics, University of Guilan, 41335-1914 Rasht, Ira. E-mail:
bafekry.asad@gmail.com
2Department of Physics, University of Antwerp, Groenenborgerlaan 171, B-2020
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3Institute of Research and Development, Duy Tan University, Da Nang 550000, Viet-
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4Department of Ceramics, College of Materials Engineering, University of Babylon,
51002, Hilla, Iraq
5College of Electronic and Electrical Engineering, Sungkyun kwan University, Suwon,
Korea. Email: mitragh@skku.edu
† To whom correspondence should be addressed.

instance, the lack of an electronic band gap in graphene makes
it incompatible with high-speed logic circuit devices16. Molybde-
num disulfide (MoS2) is one of the most famous TMDCs, it ex-
hibits a semiconducting nature with a suitable band gap of about
2 eV for semiconductor energy devices17. Unfortunately, due to
a small carrier mobility of about 200 cm2/Vs, MoS2 monolayer
is incompatible with high-performance nanoelectronic devices18.
Therefore, along with the design and synthesis of new 2DM, one
of the most important tasks for research on 2DM is how to tune
the properties and extend the range of applications of these 2DM.

Recently, element doping has been proved to be one of the most
strategies to modify the physicochemical properties of graphene
and the formation of novel graphene-like 2DM. Porous graphitic
carbon nitrides, such as C2N, C3N4, and C3N monolayers have
attracted considerable interest because of their intriguing physi-
cal and chemical characteristics, including on/off current ratio19,
high thermal conductivity20. For instance, a high on/off ratio of
107 of C2N monolayer makes its suitable for the design of the
field-effect transistor19. Wang et al.21 demonstrated that C3N4

monolayer can be considered as a photocatalyst for hydrogen pro-
duction. More recently, a newly fabricated 2D C3N material has
been synthesized experimentally22,23 by a hydrothermal treat-
ment. An indirect band gap of 0.39 eV and a high on/off ratio
of 5.5 × 1010 make the C3N monolayer promising candidate for
field-effect transistor23.
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The electronic, magnetic and magnetic characteristics of 2D
C3N monolayer are very sensitive to strain24, doping25, function-
alization26, and stacking layers27,28. These controllable prop-
erties of C3N monolayer make it suitable for many applications,
including Li-ion battery29, metal-free catalyst25, short channel
transistors24. The ability to reversibly controlling the electronic
properties in 2DM play a key role and dictate their potential fu-
ture applications. In order to enhance the application of a mate-
rial in electronic and optoelectronic devices, it can be very use-
ful to regulate electronic properties. Bafekry et al. proposed
that the electronic properties of 2D carbon nitride such as C3N
and C2N monolayer can be tune via types of defects, adsorp-
tion/substitution of atoms applying an electric field or mechan-
ical strain30–35. Types of vertical and in-plane strains, application
of an electric field, doping, surface/edge functionalization, vary-
ing thickness of the 2DM, and heterostructuring, can tailor the
electronic properties, which can be used for wide range of appli-
cations.36–72.

In this work, the effect of B and N atoms doping on the elec-
tronic properties of graphene and C3N monolayers, by using first-
principle calculations is investigated. We found that B doped C3N
monolayer and B/N co-doped graphene bilayer are promising ma-
terials with semicounducting character exhibiting an direct band
gap. The modulation of electronic properties via external means,
including electric field (E-field), and different types of in-plane
and out-of-plane strain (pressure) has been also investigated. We
found that the electronic properties and even the nature of band
gap of studied structures can be modulated by these approaches.
Our results revealed that introduction of different atomic doping
into C3N and graphene lead to electronically tunable structures.

2 Method

All calculations in our work were performed by means of den-
sity functional theory (DFT), which was implemented in the
OpenMX package73. The generalized gradient approximation
(GGA), which is based on the Perdew-Burke-Ernzerhof (PBE)74

was adopted for describing the exchange and correlation ener-
gies. The norm-conserving pseudopotentials75 and pseudoatomic
orbitals (PAOs)76,77 were used to obtain the eigenvalues and
eigenfunctions of the Kohn-Sham equations. The cutoff energy
is set to be 400 eV. A 23 × 23 × 1 Monkhorst-Pack k point grid78

was used for sampling the first Brillouin zone. A periodic slab
with a large vacuum layer of about 20 Å was applied along the z
direction to break any unphysical interactions between adjacent
layers. All the geometric optimization processes were fully re-
laxed until the atomic forces less than 1 meV/Å. The traditional
GGA approximations are underestimated the long-range forces,
thus the dispersion-corrected DFT-D2 method79 was applied in
layered systems. The optical calculations, such as real and imag-
inary parts of dielectric tensor and absorption coefficient were
performed in the method constructed over the Perdew-Burke-
Ernzerhof (PBE) functional. The optical properties were evalu-
ated using a dense k-point grid of 10×10×1-centered Monkhorst-
Pack78. For more details about calculations of optical properties
see supporting information (SI).

3 Doping of C3N monolayer

Fig. 1 Optimized structures of B doped C3N monolayer with respect
to concentration of (a) 3.1%, (b) 6.2%, (c) 9.3% and (d) 12.5%. The
bond lengths of indicated in the same panel. Difference charge density
is shown in the bottom of panel. The blue and yellow regions represent
the charge accumulation and depletion, respectively.

We have systematically investigated the electronic properties of
B and N atoms doping with different concentrations, on graphene
and B atom on C3N monolayers. Here, we have considered four
concentration of B atom doped at the N-site of C3N monolayer.
Coverages of homogeneously arranged B doped atoms are from
3.1% to 12.5%. The atomic structure, electronic band struc-
ture with corresponding density of state (DOS) and partial DOS
(PDOS) are shown in Figs. S1(a,b) in supplementary information
(SI). The optimized lattice parameter and bond lengths of C-C
and C-N bond are found to be 9.72, 1.42 and 1.42 Å, respectively.
Our calculated band structure within PBE functional show that
the C3N monolayer is an indirect semiconductor with band gap
of 0.4 eV. Notice that the conduction band minimum (CBM) and
valence band maximum (VBM) are located at the Γ and K points,
respectively. The VBM and CBM mainly originates from N-pz and

Table 1 The structural and electronic parameters of B doped C3 with dif-
ferent concentration is shown in Fig. 1(a). The corresponding structural
and electronic parameters including the lattice constant (a); The bond
length between atoms of C-C (dBC), B-C (dBC), N-C (dNC) where dis-
tance are given in Å. Electronic states (ES) are specified as semiconduc-
tor (SC). The band gap is shown in parentheses and is given in eV.

Sys. a dCC dNC dBC EC ES
3.1% 9.72 1.39 1.40 1.46 -8.86 SC (0.42)
6.2% 9.72 1.38 1.41 1.45 -8.50 SC (0.37)
9.3% 9.72 1.38 1.41 1.45 -8.14 SC (0.65)

12.5% 9.96 1.41 1.45 1.47 -7.72 SC (1.30)
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Fig. 2 Electronic band structure with corresponding DOS and PDOS of B doped C3N monolayer with respect to concentration of (a) 3.1%, (b) 6.2%,
(c) 9.3% and (d) 12.5%. The zero of energy is at Fermi-level.

C-pz orbitals, respectively (see Fig. S1(a)). The optimized struc-
tures of B-C3N with corresponding structural parameters for dif-
ferent concentrations are shown in Fig. 1. The C-B bond lengths
are calculated 1.46 Å (at 3.1%) to 1.47 Å (at 12.5%) indicating
that B is chemically substituted in C3N. The bond lengths are in
the range of 1.38-1.41 Å for C-C and 1.38-1.41 Å for C-N, while
the C-C-C, C-B-C and C-N-C angles are 120◦, displaying the char-
acteristics of sp2 hybridization. The cohesive energy were calcu-
lated using the following formula: Ecoh = Etot−∑nBEB

N where Etot ,
EB and nB represents the total energy of B doped C3N, atomic
energy and the amount of B atoms, and N is the total number
of atoms present in the C3N monolayer, respectively. For the B-
C3N with 3.12% concentration, the cohesive energy is calculated
to be Ecoh=-8.95 eV/atom, which is lower than the cohesive en-
ergy of pristine C3N (-9.32 eV/atom). In addition, our results
shows that the cohesive energy of the B-C3N were obtained to be
-8.60 eV/atom (6.2%), -8.14 eV/atom (9.3%) and -7.65 eV/atom
(12.5%).

The electronic band structure of C3N monolayer with respect to
B doped concentrations of 3.1%, 6.2%, 9.3% and 12.5% is shown
in Fig. 2. For B-C3N, from 3.1 to 6.2 %, we see a striking differ-
ence compared to pristine C3N, although also a indirect band gap
of 0.4 eV. One can observe that the band gap of C3N monolayer is
narrowed with the increasing B ratio, reflecting the delocalization
of electronic states that is, the increase of interaction between C
and N atoms in C3N with the increase of B concentration. The fi-
nite of band gap is due to the reduced symmetry of the system af-
ter B doping. With the increasing the B concentration to 9.3%, the
structure remains a indirect band gap of 0.65 eV, however with
further increasing the B doping concentration up to 12.5%, the

C3N monolayer switched to direct nature of semiconductor with
the band gap of 1.3 eV. It demonstrates that the conversion from
indirect band gap to direct one can be achieved in C3N mono-
layer by increasing the doping concentration. The band gap of
C3N monolayer is enlarged from 0.4 eV in pristine state to 1.3 eV
with B doping concentration of 12.5 %. The semiconducting char-
acter of B doped C3N is preserved in all case of different doping
concentrations. The thermal stability of B-doped C3N monolayer
is verified by simulating ab-initio molecular dynamics (AIMD) cal-
culations. As presented in Fig. S2 in SI, none of the monolayers
undergo structural reconstructions even around 400 K indicating
the thermal stability of each structure. In the Fig. S2, below each
structural snapshots, the variation of total energy per atom in
each structure is presented. Apparently, the change of the energy
is almost 110 meV/atom. In addition, as the B-doping changes
from 3.1% to 12.5%, the monolayer structure displays in-plane
buckling with increasing temperature due to different B-C and C-
N bond formations. It can be concluded that doped-graphene and
B-doped C3N structure exhibit thermal stability around the room
temperature while increasing B-doping amount results in more
in-plane buckling of the layer with increasing temperature.

4 Doping of graphene monolayer and bi-
layer

Here, we studied the effect especially pattern of B and N doped on
graphene monolayer with concentration of 25%. The electronic
band structure of B-N codoped graphene monolayer is shown in
Fig. 3(a) and the optimized structure is shown in the inset. Our
result show that the structural parameters including bond lengths
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Fig. 3 (a) Electronic band structure of B-N doped graphene monolayer with concentration of 25% (b) Binding energy as functions of interlayer distance,
(c) optimized structure, (d) difference charge density and (e) electronic band structure with corresponding DOS and PDOS for the B-N doped graphene
bilayer. Charge densities of the VBM and CBM orbitals are shown in top of panel. Zero of energy is set to the Fermi level. The blue and yellow regions
represent the charge accumulation and depletion, respectively.

Fig. 4 Optical properties including: (a) optical absorption spectra, and
(b) imaginary and real parts of the dielectric function (ε(ω2)) of B doped
C3N monolayer with respect to concentration of 3.1%, 6.2%, 9.3% and
12.5%. Optical properties as (c) optical absorption and (d) imaginary
and real parts of B-N codoped graphene bilayer.

and bond angles is similar of B-C3N with concentration 25%. The
C-C, C-B and C-N bond lengths are 1.42, 1.48 and 1.46 Å, re-
spectively, while the C-C-C, C-B-C and C-N-C angles are 120 ◦,
displaying the characteristics of sp2 hybridization. Our results
show that B-N doping cause a weak structural distortion and the
structure show a planar lattice. Interestingly, from the electronic
structure, we found that energy bands are significantly affected by
B and N doping. Notice the semi-metallic characteristic of pristine
graphene transform to sectioning behavior, similar to the case of
B-C3N with 12.5 % dopant concentration. We can see that Dirac-
point disappears completely and opened a direct band gap of 1.3
eV at the K point. This results in a electronic phase transition from
semi-metal to semiconductor.

Before studying the electronic properties of the BN−Gr@2L,
it is essential to approve its stability. This issue, the binding of
the BN−Gr@2L is estimated as function interlayer distance, as
shown in Fig. 3(b). At equilibrium distance of 3.44 Å, the doped
bilayer has a negative binding energy of 13.26 eV which the neg-
ative binding energy indicates the high structural stability of the
constructed structure. Interestingly, the value of the binding en-
ergy keeps its negative sign for all interlayer distances without
bonding contact between the bilayer, indicating the stability of
the constructed bilayer at various interlayer distances from 2.25 Å
to 4.5 Å The band structure of the BN−Gr@2L is illustrated in
Fig. 3(e). The doped bilayer is a semiconductor with direct band
gap of 1.2 eV. This can be seen clearly from the locations of the
valence band maximum (VBM) and conduction band minimum
(CBM), where they are positioned at K point. The partial den-
sity of states revealed that the CBM and VBM of BN−Gr@2L are
dominated by pz-orbitals (see Fig. 3(e)).

5 Optical properties
The optical properties of B−C3N@1L and BN−Gr@2L were de-
liberated based on the obtained results of the imaginary part
of the dielectric function (ε(ω)) and absorption spectra. The
frequency-dependent complex dielectric functions ε(ω) = ε1(ω)

+ iε2(ω) are calculated. The imaginary part ε2 can be derived
from a summation over a satisfactorily large number of empty
states, and the real part ε1 is realized from the imaginary one
by Kramer-Kronig relation, respectively. Additionally, the optical
absorption coefficient α(ω) was obtained from the dielectric com-
ponents using the following expression,

α(ω) =
√

2ω

√
[ε2

1 (ω)+ ε2
2 (ω)−

√
ε1(ω) (1)

where α(ω), ε1(ω), and ε2(ω), stem for the absorption coeffi-
cient real part and imaginary part, respectively. Due to the po-
tential applications in numerous optoelectronic devices, investi-
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gating the optical properties of multi-layers and monolayer sheets
attract the attention of several scholars. The optical properties of
pristine C3N and doped C3N monolayer with different B dopant
concentrations have been studied based on the optical absorption
spectra and imaginary part of the dielectric constant, as shown in
Figs. 4(a,b). We can see two absorption peaks have been ob-
served for C3N and C3N with different dopant concentrations.
For C3N monolayer, the strongest absorption peak is located in
the visible range (600-700 nm), while a weak absorption peak
is positioned in the UV region. Notice that with doing of C3N
structure, the absorption peak intensity in the visible range is de-
creased as compared to pristine C3N. It is also observed that 3.1%
B dopant concentration causes a red-shift as compared to the pris-
tine monolayer. To get more insight into the effect of B doping on
the optical properties of BN−Gr@1L and BN−Gr@2L, the imag-
inary part and optical absorption spectra are studied, as shown
in Fig. 4(c,d). We found that the BN−Gr@1L has a stronger ab-
sorption spectrum in the UV region and it can be seen that the
absorption spectrum of the doped bilayer is blue-shifted. This
behavior has been expected because the doped bilayer structure
has a wider band gap than that of the pristine. Notice that the

Fig. 5 Electronic band structure of BN−Gr@2L as a function of the (a)
uniaxial and (b) biaxial strain. The left and right are, respectively, tensile
and compressive strain. Optimized structure and zoom of band structure
under an electric field are shown in top of panel. Schematic model of the
BN−Gr@2L structure with applied strain indicated in the right panel. (c)
Variations of band gap with respect to both uniaxial and biaxial strains.

Fig. 6 Electronic band structure of the BN−Gr@2L under (a) negative
and (b) positive vertical strain. Zero of energy is set to the Fermi level.

BN−Gr@2L has the most efficient absorption capability as com-
pared to its pristine structure. It has a broad absorption spectrum
in a wide visible range start from 400 nm to 1000 nm with strong
absorption intensity.

6 Effect of strain on doped graphene bilayer
In the following, we investigated the effect of uniaxial and bi-
axial strain on the electronic structure of BN−Gr@2L. The top
and side views of AA (left) and AB (right) stacking arrangements
of B/N-doped graphene bilayer is shown in Fig. S3 in (SI). The
strain is defined as ε = (a±a0)/a0×100, where a and a0 are the
strained and non-strained lattice constants, respectively, and the
positive (negative) sign denotes tensile (compressive) strain. Uni-
axial strain is applied along zigzag direction, while biaxial strain
is applied along a-b axis. The electronic band structure under
uniaxial and biaxial strain are shown in Figs. 5(a) and 5(b), re-
spectively. The schematic model of the BN −Gr@2L structure
with applied strain is in the right panel in Fig. 5. Notice that
BN −Gr@2L is initially a semiconductor and has a direct band
gap of 1.2 eV. With increasing uniaxial strain from +2 to +8% the
direct band gap increases to 1.3 eV (at +2%), 1.35 eV (at +4%),
1.45 eV (at +6%), 1.55 eV (at +8%) and 1.65 eV (at +10%)
and its semiconducting character is preserved. This situation is
different for the compression strain, so upon a biaxial strain -2%
BN−Gr@2L is a semiconductor with a direct band gap of 1.25 eV
and with increasing magnitude of compressive strain from -4 to
-10%, the band gaps are obtained 1.3 eV(-4%) to 1.45 eV (-10%)
and the VBM and CBM will move slightly from the K-point in the
BZ (see Fig. 6(a)). The electronic band structure of BN−Gr@2L
under biaxial tensile and compressive strains is shown in Fig. 6.
Our results show that BN−Gr@2L, the band gap under biaxial
tensile (compressive) strain, decreases (increase), while the VBM
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Fig. 7 Electronic band structure of the BN−Gr@2L (at AA stacking) under (a) negative and (b) positive vertical strain. (c) Zoom of band structure for
the different interlayer distances. Zero of energy is set to the Fermi level. (d) Variation of the band gap as a function interlayer distance.

and CBM position small shift from the K-point. With increasing
of biaxial strain as tensile, the band gap decreases to 1.15 eV (at
+2%), 1.1 eV (at +4%), 1.05 eV (at +6%), 1 eV (at +8%) and
0.9 eV (at +10%) and the VBM and CBM will small shift from
the K-point. We found that the direct band gap increases with in-
creasing compressive biaxial strain to 1.21 eV (at -2%) and 1.25
eV (at -4%). The semiconducting character is preserved for the
magnitude of strains larger than -2%, while for the large strain
(> −6%) a direct band gaps are determined 1.30 (at -6%), 1.35
(at -8%). 1.40 (at -10%). The variations of band gap with re-
spect to both uniaxial and biaxial strains are shown in Fig. 5(c).
Notice that under large biaxial strain, remains semiconductor for
the both tensile and compressive. These results reveal strain en-
gineering dependent band gaps and electronic structure in the
BN−Gr@2L could be of use in high-performance electronic and
optoelectronic devices.

The impacts of vertical strain on the electronic band structure
of BN−Gr@2L are studied by decreasing or increasing the verti-
cal distance between the two BN doped graphene layers. This can
be defined as ε = (h±h0)/h0, where h and h0 are the equilibrium
and fixed interlayer distances, respectively. The electronic band
structure of the BN−Gr@2L under negative and positive vertical
strain are shown in Fig. 7(a,b), respectively. One can find that he
interlayer coupling can not tune the band gap of BN−Gr@2L part
and the semiconducting characteristic is preserved with decrease
and increases of the interlayer distance. When the interlayer cou-
pling is strengthened, i.e the interlayer distance is decreased, one
can observe that the band gap of BN−Gr@2L is decreased from
1.17 eV (at 3.34 Å) to 1.02 eV (at 2.64 Å). We can see that the
energy bands of the VBM and CBM are splitted, respectively, in
around of -0.5 and +0.5 eV below the Fermi-level. In contrast,

when the interlayer coupling is weakened, i.e the interlayer dis-
tance is increased, the band gap of BN−Gr@2L is small increase
from 1.2 eV (at 3.44 Å) to 1.22 eV (at 3.84 Å). More interestingly,
the weakened interlayer coupling dose not shifts the VBM and
CBM positions, resulting in the direct band gap of BN−Gr@2L is
preserved (see Fig. 7(b)). Therefore, we can conclude that the in-
terlayer coupling cant strongly tune the band gap of BN−Gr@2L
and the band gaps can be remain about 1.2 eV.

The electronic band structure of the B-N doped graphene bi-
layer (at AA stacking) under negative and positive vertical strain
are shown in Figs. 7(a,b), respectively. As shown in Fig. 7(a),
the negative vertical strain has a significant influence on the elec-
tronic band structure of the doped bilayer. At a strain of 0.23
(2.75 Å) and 0.30 (2.5 Å), the strained doped bilayer structures
have a Dirac-like cone near K-point with band gap values of 4
meV and 50 meV, respectively. At a higher negative strain of 0.37
(2.25 Å), the doped bilayer has a metallic character with a zero
band gap. In contrast, the positive strain has a mild influence on
the electronic properties of the doped bilayer structure, as shown
in Fig. 7(b). It can be seen that band gap value increases as the
positive strain increases. The inset of band structure for the dif-
ferent interlayer distances is shown in Fig. 7(c). The influence
of the negative and positive strains is shown in Fig. 7(d), where
suitable band gap values ranging from 0-1.16 eV can be achieved
at various interlayer distances.

7 Conclusion
In conclusion, we have investigated the structural, electronic and
optical properties of the B doped C3N monolayer (B-C3N) and B-N
doped graphene bilayer (BN−Gr@2L) sing first principles calcu-
lations. Our results demonstrate that both B doping with differ-
ent concentrations leads to an band gap increasing in C3N mono-
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layer. The transition from indirect semiconductor to direct one is
observed in C3N monolayer with the 12.5 % B dopant concentra-
tion. In addition a semi-metal to semiconductor transformation
is achieved in graphene monolayer with the B and N codoping in
the hexagonal pattern. Furthermore, the B-C3N monolayer and
BN−Gr@2L tends to an increase in the optical absorption inten-
sity with a wide visible range start from 400 nm to 1000 nm. Our
theoretical results shows that the electronic properties of single
layers of C3N and graphene, strongly depend on the dopant con-
centration in the hexagonal doping pattern. Moreover, our results
show that both in-plane and out-of-plane strains can tune both the
electronic properties and band edges positions of the BN−Gr@2L
and interestingly we found a electronic transition from semicon-
ductor to semi-metal is occurred. The controllable electronic and
optical properties of the BN−Gr@2L by strain engineering may
facilitate their practical performance for the future applications.
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