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Abstract

The electronic and optical properties of vertical heterostructures (HTSs) and lateral heterojunctions (HTJs) between (B, N)-codoped
graphene (dop@Gr) and graphene (Gr), C3N, BC; and h-BN monolayers are investigated using van der Waals density functional
theory calculations. We have found out all considered HTSs are energetically and thermally feasible at room temperature, therefore
they can be synthesized experimentally. The dop@Gr/Gr, BC3/dop@Gr and BN/dop@Gr HTSs are semiconductors with a direct
bandgap of 0.1 eV, 80 meV and 1.23 eV, respectively, while the C3N/dop@Gr is a metal because of the strong interaction between
dop@Gr and C;3N layers. On the other hand, the dop@Gr-Gr, and BN-dop@Gr HTJs are semiconductors, whereas the C3N-
dop@Gr and BC3-dop@Gr HTJs are metals. The HTSs proposed can enhance the absorption of light in the whole wavelength
range as compared to Gr and BN monolayers. The applied electric field or pressure strain changes the bandgaps of the HTSs and

HT1Js, indicating that these HTSs are highly promising for application in nanoscale multifunctional devices.

Keywords: Heterostructures and heterojunctions, Graphene, C3N, BCs and A-BN monolayers carbon nitride, Electro-optical
properties, Electric field, Strain engineering, First-principle calculations

1. Introduction

After the successful synthesis of graphene and owing to its
zero bandgap, several two-dimensional materials (2DM) with
extremely intriguing properties have been proposed and inves-
tigated towards a new generation for nanoelectronics, optoelec-
tronics and valleytronics [1]. Most 2DMs possess semicon-
ducting nature with the sizable bandgap of ~ 0.7 eV [2-4].
Such small band gap of 2DM gives rise to various applications,
such as ultra fast IR photodetectors [5, 6], FETs [7, 8] and so
forth. Nowadays, several novel 2DMs, such as transition metal
dichalcogenides (TMDCs)[9-11], phosphorene analogues [12—
14], graphitic carbon nitride [15, 16] have been received more
consideration because of their interesting properties and wide
applications. Unfortunately, these 2DMs also possess some
drawbacks that may limit their potential applications. For in-
stance, the wide bandgap (~ 6 eV) [17] of hexagonal boron
nitride (h-BN) hinders its applications in photocatalysis. Fur-
thermore, the low carrier mobility (200 cm?/Vs) [18] at room
temperature of MoS, limits its applications in nanoelectron-
ics. Therefore, the search for common strategies that can use to
overcome such limitations in novel 2DM is an important chal-
lenge in the scientific community alongside the search for novel
2DM.
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Recently, atomic doping has been proven to be the main ap-
proach for modification of the physical and optical properties of
2DMs. Nowadays, the formation of the porous graphitic boron
nitrides, such as C,N, C3N4, and C3N monolayers gives rise
to the existence of novel interesting phenomena that may not
hold in perfect materials, such as on/off current ratio [19], high
thermal conductivity [20]. As an example, Mahmood and co-
workers predicted the high on/off ratio of 107 of C,N mono-
layer [19], showing a great interest for field-effect transistors.
On the other hand, the formation of single layer C3N4 gives rise
to a promising candidate for hydrogen generation [21, 22]. Very
recently, a newly fabricated 2D C;N material has been synthe-
sized experimentally [23, 24]. It has been predicted that this
material can be considered as a promising candidate for field-
effect transistors due to its small bang gap (0.39 eV) and high
on/off ratio of 5.5 x 10'0 [24]. The adjustable electronic and
optical features of such material under strain [25-27], electric
field [25, 28], doping [29-32], functionalization [33-35], de-
fects [36-39] and the number of stacking layers [40-44] makes
it more attractive for various fields of future applications, such
as Li-ion battery [45], metal-free catalyst [29, 46], short chan-
nel transistors [26], and gas sensors [47].

The purpose of our paper is to study the electronic and opti-
cal properties of doped graphene with graphene, C3N, BC3 and
h-BN heterostructures (HTSs) and heterojunctions (HTJs). In-
terestingly, the B-N codoped graphene monolayer with a dopant
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concentration of 12.5% in the hexagonal configuration is a di-
rect bandgap semiconductor with 1.3 eV bandgap. The com-
putational methods are introduced in section II, the optimized
structures and the electronic properties of pristine monolayers
and doped graphene sheet, and heterostructures are discussed
in sections IIT and IV, respectively. The optical properties of
the HTSs and HTJs are addressed in section IV. The effects of
applied electric fields and pressures on electronic structures of
HTSs and HTJs are tackled in sections V and VI, respectively.
At the end the summary and conclusions of this study is pre-
sented in section VIIL.

2. Computational Methods

The linear combination of multiple pseudoatomic orbitals
implementation of density functional theory in the ab initio
simulation package OpenMX package [48] is used to study the
structures optimization, structure stabilities, electronic and op-
tical properties. The Perdew-Burke-Ernzerhof generalized gra-
dient approximation, the cutoff energy of 300 Ry, and a 23 x
23 x 1 of the Monkhorst-Pack k-mesh [49] are utilized. Atomic
forces are converged to 1 meV/A. A large vacuum layer of 20 A
along the z axis is considered to avoid the adjacent layers inter-
actions in monolayers, HTSs, and HTJs. The empirical dis-
persion method of the DFT-D2 [50] is employed to get a clear
picture in view of van der Waals interactions. To analyze the
optical properties, using SIESTA package [51], the absorption

coefficient [52, 53] a(w) = \/iw\/1 |E2(w) + EX(w) — &1(w), is

calculated, where €| and ¢, are the real and imaginary parts for
the dielectric function at angular frequency w, respectively. The
Kramers-Kronig relation is used to get £;(w). and the transmis-
sion matrix between the occupied bands and unoccupied bands
is calculated to obtain &;(w). Ab initio molecular dynamics
(AIMD) simulations were also carried out to examine the ther-
mal stability of monolayer by using (4 X 4 X 1) supercell at
room temperature (300 K) with total simulation time of 3 ps
with 2 fs time steps.

3. Pristine monolayers and (B,N) codoped graphene

Figs. S1(a-d) of the supplementary information (SI) shows
the electronic structure of graphene (Gr), C3N, BC; and h-BN
(BN) monolayers. The optimized structures of these monolay-
ers are shown in the top of panel. We find the lattice parameters
of the primitive unit cell are 2.46 A for Gr, 4.86 A for C;3N,
5.17 A for BC3, and 5.06 A for BN which is in a good agree-
ment with previous results [54-59]. All monolayers have planar
structures with calculated C-C bond lengths of 1.42 A for Gr,
1.40 A for C;N, and 1.42 for BC3;. While the N-C, B-C, and
B-N bond lengths are, respectively, 1.40 A for C3N, 1.56 A for
BC;, and 1.46 A for BN. The density of states (DOS) of stud-
ied monolayers is shown in Fig. S1(e). The electronic band
structure and the DOS shows that the Gr is a semimetal with
a zero bandgap and the valence and conduction bands crossing
with linear dispersions which and locate at the K-point. The
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Figure 1: (a) Optimized structure of (B,N) codoped graphene, (b) the charge
density and (c) Ab initio molecular dynamics at 400 K for dop@Gr. The top
view of optimized structure at 400 K is displayed in the inset. The blue and
yellow colors represent the charge accumulation and depletion, respectively.
(d) electronic band structure and corresponding density of states (DOS) and
partial DOS (PDOS) of dop@Gr. The energy is calculated relative to the Fermi
energy. The charge densities of the VBM and CBM states are displayed in the
right panel.

CsN and BC; have indirect bandgap of 0.4 eV, and 0.7 eV, re-
spectively. Notice that the valence band maximum (VBM) and
conduction band minimum (CBM) are located at the I" and the
M points, respectively. The last monolayer is BN which has a
direct bandgap of 1.45 eV and the CBM and VBM are located
at I" point. Our obtained bond lengths and electronic structures
are in good agreement with the previous study [54-59].

For (B,N) codoped graphene (dop@Gr), the B and N sub-
stitutional dopants with 12.5% concentration in hexagonal pat-
terns are used to open the bandgap in graphene monolayer
(dop@Gr). The hexagonal pattern is similar to the hexagonal
pattern in C3N and BCs.

The optimized structure of dop@Gr is depicted in Fig. 1(a).
the lattice parameter is calculated 10.024 A, while the C-C, C-B
and C-N bond lengths are 1.42, 1.48 and 1.46 A, respectively.
The bond angle between atoms is ~ 120°, displaying the char-
acteristics of sp’-hybridization. The dop@Gir is still a planar
structure due to the weak effect of codoping. The difference
charge density of dop@Gr is shown in 1(b), where the blue and
yellow regions represent the charge accumulation and deple-
tion, respectively. The cohesive energy were calculated using
the following formula: E.,; = Ww where E,;,
Ep (Eyn) and np (ny) represents the total energy of dop@Gir,
atomic energy and the amount of B (N) atoms, and N is the to-
tal number of atoms present in the Gr monolayer, respectively.
For the dop@Gr with 12.5% concentration, the cohesive energy



Table 1: The lattice constant a (A), the bond lengths between C-C (dcc), N-C (dnc), B-C (dpc), and B-N (dpy) atoms (the numbers outside (inside) the parenthesis
refer to the distances (A) in the top (bottom) layer), the interlayer distance between two layers (%) (A), the binding energy (E) (meV), electronic states (ES) are
specified as metal (M) and semiconductor (SC), calculated bandgap within PBE (Eg BEY (eV)), and the VBM and CBM positions for considered HTSs.

SyS. a dcc dNC dBC dBN h Eb ES EIE)BE VBM/CBM
Gr/dop@Gr 9.931 | 1.413(1.433) 1.442 1.466 - 3.335 | -80.09 | SC | 0.1 K
C3N/dop@Gr | 9.849 | 1.402 (1.424) | 1.428 (1.418) 1.452 - 3326 | -73.85 | M - -
BCs/dop@Gr | 10.167 | 1.440 (1.405) 1.485 1.503 (1.529) - 3334 | -67.12 | SC | 0.1 I'/K
BN/dop@Gr | 9.997 1.421 1.453 1.476 (1.442) | 3.333 | -84.92 | SC | 1.24 K
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Figure 2: Optimized structures (top) and electronic band structure (middle) and DOS and PDOS (bottom) of (a) Gr/dop@Gr, (b) C3N/dop@Ger, (c) BC3/dop@Gr
and (d) BN/dop@Gr HTS. The energy is calculated relative to the Fermi energy. Difference charge density is shown in the right of the optimized structures.

is calculated to be E.,,=-7.70 eV/atom. The Ab initio molecu-
lar dynamics at 400 K of dop@Gr is shown in Fig. 1(c). The
top view of optimized structure at 400 K is illustrated as the in-
set figure. The thermal dynamic investigations are started with
the optimized structure at O K. The temperature was increased
to 400 K within 2 ps. Apart from minor distortions, the crystal
structure of the dop@Ger is preserved and has a thermal stability
at 400 K. The electronic band structure with the corresponding
DOS, and projected DOS (PDOS) of dop@Gr is shown in Fig.
1(d). The dop@Gr is a semiconductor with a direct bandgap of
1.3 eV at the K-point, while the charge densities of VBM and
CBM are shown in the right panel. The B-p,, and N-p, orbital
states are dominated in the VBM, while C-p, orbital states are
dominated in the CBM.

4. Heterostructure

The vertical/lateral stacking of the single layer of graphene,
C3N, BC; and BN with dop@Gr does not affect the planar
of the sheets due to the small mismatch (1.2 %-2.2 %) of the
heterostructures lattice parameter. The lattice mismatch (6)
is defined as 6 = Ia,a_;adl x 100%, where a,, and ag, repre-
sent the lattice constants of upper and down layers, respec-

tively. The lattice mismatch between dop@Gr with C3N, Gr,
C3;N, BC; and BN monolayers are determined to be 1.20%,
2.40%, 3.81% and 1.60%, respectively. Our results show that
the minimum energy configuration is an AB-stacking arrange-
ment. The binding energy (E}) of the HTSs is analyzed using:
Ey, = Eior — Egopacr — Ex where Eio, Egopacr, and Ex are
the total energy of HTS, dop@Gr monolayer, and other layers
(X = C3N, BCj3, and BN), respectively. The binding energy
as a function of the interlayer distances is presented in Fig.
S2. The equilibrium distances of Gr/dop@Gr, C3N/dop@Gr,
BC3/dop@Gr, and BN/dop@Gr are 3.335, 3.326, 3.334, and
3.333 A, respectively, and their binding energies are —80, —73,
—67, and —85 meV, respectively. The negative energies refer to
the stabilities of HT'Ss. The BN/dop@Gir is energetically more
favorable than the other HTSs. Interestingly, the negative bind-
ing energy in the interlayer distances from 2.3 to 4.5 A without
bonding contact between the layers indicates the stability of the
constructed bilayer which means these HTSs are energetically
stable and can be synthesized experimentally, which is a very
important result in terms of design of novel devices.

The top and side views of optimized structures (top) and elec-
tronic band structure (bottom) of Gr/dop@Gr, C3N/dop@Gir,
BC;3/dop@Gr and BN/dop@Gr HTS, respectively, are shown



Table 2: The lattice constant a (A), the bond lengths between C-C (dcc), N-C (dnc), B-C (dpc), and B-N (dpy) atoms (all bond lengths are given in A), electronic
states (ES) are specified as metal (M) and semiconductor (SC), calculated bandgap within PBE (Eg BE (eV)), and the VBM and CBM positions for HTJs considered.

Sys. a b dcc dNC dBC dpn ES EfBE VBM/CBM
Gr/dop@Gr | 19.869 | 9.929 | 1.434 (1.434) 1.444 1.477 SC | 04 Y-I'/Y-I'
C3N/dop@Gr | 19.690 | 9.844 | 1.407 (1.401) | 1.443 (1.4425) 1.460 M - -
BC3-dop@Gr | 20.337 | 10.142 | 1.396 (1.371) 1.418 1.446 (1.488) - M - -
BN-dop@Gr | 20.133 | 9.976 1.423 1.443 1.489 (1.441) | SC | 0.7 Y-I'/Y-I'

Energy (eV)

Energy (eV)

r

Figure 3: Optimized atomic structures (top) and electronic band structure (bot-
tom) of (a) Gr-dop@Git, (b) C3N-dop@Gir, (¢) BC3-dop@Gr, (d) BN-dop@Gr
HTIJs. The energy is calculated relative to the Fermi energy.

in Figs. 2(a-d). The obtained parameters for the lattice constant
(a), interlayer distance (h) and other parameters of the studied
HTS are listed in Table 1. The bond lengths of C-C and B-N are
1.421 and 1.442 A, respectively, which are slightly larger than
that of the pristine BN monolayer. The interlayer distance be-
tween two monolayer planes is 3.553 A. The interlayer distance
between dop@Gr and different single layers are about 3.326-
3.384 A, which is typical of vdW equilibrium spacing. The dif-
ference charge densities of the studied HTSs are shown in the
right of optimized structure (top) in Fig. 2. The blue and yellow
colors indicate gain and loss charge electron density. A high
charge density distributes around the B atom which indicates
a charge transfer from C and N atoms to B atom resulting in
covalent bonding. The AIMD calculation of C3N/dop@Gr was
accomplished using the canonical NVT ensemble at 300K for
3ps, as shown inFig. S3. The thermal stability was validated by
the time-dependent calculation of temperature. The snapshots
of the structure show that the atoms are displaced around their

equilibrium positions throughout the simulations. Furthermore,
neither broken bond nor structural reconstruction takes place at
300 K, demonstrating the thermal stability of designed structure
at room temperature.

The band structures with the corresponding DOS and PDOS
of the studied HTSs within PBE functional are illustrated in
Figs. 2(a-d). For Gr/dop@GQir, the Dirac-point of the structure
is not the same as in Gr monolayer and the structure has a di-
rect bandgap of 0.1 eV which is smaller than that of dop@Gr
bandgap (1.2 eV). The VBM is mainly derived from the C-p,
states of Gr and C-p, states of dop@Gr, while CBM is derived
from C-p, orbitals of Gr (see PDOS in Fig. 2(a)). Regard-
ing C3N/dop@Gir, the strong interaction between dop@Gr and
C;N induces a metallic character of the HTSs. PDOS shows
the metallic character near the Fermi energy comes from C-
p. states of C3N layer (see Fig. 2(b)). Figure 2(c) shows the
BC3/dop@Gr is a direct semiconductor I'-point with a small
bandgap of 80 meV. For BN/dop@Gr HTS, the bandgap is 1.23
eV which is more related to the bandgap of dop@Gr. The con-
tribution of B and C states (p,) in the CBM is dominant, while
the VBM is dominated by N-p,. Due to the direct bandgaps of
the monolayers, the HTS has also a direct bandgap at K-point
(see Fig. 2(d)). Since the PBE approach underestimate the elec-
tronic band gap, the HSE06 [60] functional was also used to
evaluate the electronic band structure as depicted in Fig. S4. It
is found that the HSEO6 functional does not change the bang
gap of Gr/dop@Gr structure whereas it opens the electronic
band gap of other hetrostructures in comparison with PBE.
Based on the acquired band structure by HSE06 method, the
indirect band-gaps of C3N/dop@Gr was estimated to be 0.44
eV. For this structure the VBM is located at -point while the
CBM is situated at K-point. The HSE06 approach changes the
value and sort of semiconducting band gap for BCs;/dop@Gr
system. The band gap value for BC3/dop@Gr hetrostructure
predicted to be 0.21eV on the basis of HSEO6 results where the
VBM and CBM locate at K- and I"-point, respectively, result-
ing in an indirect band gap. Nevertheless, the HSE06 approach
does not change the sort of direct semiconducting band gap in
BN/dop@Gr system. The band gap value for this systemis 1.77
eV within HSEQ6 approach.

4.1. Heterojunctions

By sticking Gr, C3N, BC3;, BN monolayers to dop@Gr lat-
erally, four HTJs are created. The optimized structures and the
corresponding band structures of Gr-dop@Gr, C3N-dop@Gr,
BC3-dop@Gr and BN-dop@Gr HTJs are shown in Figs. 3(a-
d). The lattice parameters, the bond lengths, and the bandgap
of HTJs are tabulated in Table 2. The Gr-dop@Gr is a semicon-



ductor with a direct bandgap of 0.4 eV which is smaller than the
bandgap of dop@Gr due to the increase of the C concentration.
The VBM and CBM are located at the Y-I" path. When the CsN
monolayer stacks with dop@Gr sheet, the concentration of N
increases as compared to the concentration of B in the HTJ.
Therefore, the HTJ behave as n-type conducting due to the ex-
tra charge of the N atoms as compared to B atoms (Fig. 3(d))).
However, the concentration of B atoms is larger than the con-
centration of N atoms in the BC3-dop@Gr HTJ, therefore, its
character is p-type conducting (Fig. 3(b) and Fig. 3(c)). Re-
garding BN-dop@Gr HTJ (Fig. 3(d))), the bandgap becomes
0.7 eV which is smaller than the bandgap of BN and dop@Gr
sheets. The decrease of the HTJ bandgap can be attributed to
the increasing of C concentration in the BN sheets. The HSE06
results predict the semiconductiong properties for Gr-dop @Gr
and BN-dop @Gr heterojunction systems and metallic character
for C3N-dop@Gr and BC3-dop@Gr systems (Fig. S5). Our re-
sults show that the Gr-BN@Gr is a semiconductor with a direct
band gap of 0.84 eV at Y-point. Our results also show a direct
band gap character with the value of 1.47 eV which the VBM
and CBM lie on the X-S path.

5. Optical properties

To understand the optical properties of considered het-
erostructures and heterojunctions, the absorption coefficient of
monolayers of the components for these structures is calculated.
Fig. 4(a) shows Gr/(-)dop@ Gr, a wide absorption peak appears
at 275 nm for both heterostructures and heterojunctions, which
can be attributed to the contributions of both monolayers. The
number of peaks above 300 nm for HTS is larger than the corre-
sponding number for HTJ. The HTS and HTJ can enhance ultra-
violet absorption as compared to the monolayers. The HTS ab-
sorbs a wide range of visible light more than the monolayers
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Figure 4: Absorption spectrum of (a) Gr/(-)dop@Gr, (b) C3N/(-)dop@Gir, (c)
BC3/(-)dop@Gr, and (d) BN/(-)dop@ Gr heterostructures (/) and heterojunc-
tions (-).

and HTJ. In the whole wavelength range the light absorption of
the HTS is larger than of the HTJ due to the atomic thickness of
the HTJ. Regarding C3N/dop@Gr, the absorption of the HTS
is related to the absorption of the dop@Gr layer below 440 nm
and above that is related to the absorption of C3N sheet. For Cs-
dop@Gr, the optical properties are related to the combination of
the monolayers in the whole wavelength range (see Fig. 4(b)).
The HTS is a good candidate to absorb a wide range of visible
light as compared to the graphene sheet and HTJ. The absorp-
tion spectrum of BC3/(-)dop@Gr is very similar to the corre-
sponding C3N/(-)dop@Gr (see Fig. 4(c)). For BN/(-)dop @G,
Fig. 4(d) , the are many pronounced peaks in the range of 220
nm to 320 nm, the BN layer decreases the broadening of the ab-
sorption peaks as compared to the Gr monolayer (see Fig. 4(d)).
The absorption spectrum of the BN layer is vanishing above
290 nm therefore the absorption of the HTS is more related to
the absorption of the dop@graphene layer. The absorbing light
for BN/(-)dop@ Gr is less than of Gr/(-)dop@Gr, except at 220
nm, due to the smaller bandgap of Gr/(-)dop@Gr as compared
to BN/(-)dop@ Gr. The optical properties of HTS and HTG are
well explained in terms of a superposition of the correspond-
ing monolayers. The HTS and HTJ which include Gr or BN
can enhance the absorption of light as compared to the absorp-
tion of Gr or BN monolayers in the whole wavelength range.
For HTS and HTJ which contain C3 N or BC5 can enhance the
absorption in the ultra-violet wavelengths as compared to the
absorption of C3 N and BC; monloayers.

6. Electric field effect

With regard to potential device applications, the ability to
tune the electronic structure by e.g. controlling the Fermi-level
via electric field (F) is highly desirable. The presence of the
interlayer distance in Gr/dop@Gr leads to a potential differ-
ence between the two atomic layers, which is intrinsically use-
ful in tunable the electronic properties. In the following para-
graph, the effect of E-field on the electronic properties of the
heterostructure is investigated. The strength of the F >0 (<0)
denotes parallel (antiparallel) to the z-axis. The electronic band
structure of Gr/, C3N/, BC3/ and BN/dop@Gr in the presence
of a perpendicular F are shown in Figs. 5(a-c). The variation of
the bandgap as a function of the E-field is shown in Figs. 5(e,f).
The electronic structure is strongly modified by applying the E-
field. With applying a parallel E-field (F>0) in Gr/dop@Gir,
direct bandgap decreases from 0.12 eV (0 V/A) to 20 meV (0.4
V/A). Surprisingly, further increase of the electric field to 0.6
V/A, the bandgap increases and a dual indirect bandgaps of ~50
meV is created (Fig. 5(a)). The increase of F from 0.6 to 1
V/A, the dual bandgap is maintained at about 50-80 meV. The
electronic response of Gr/dop@Gr in the anti-parallel direction
(F<0) differs from that in the parallel direction. Specifically,
the negative E-field increases the bandgap to 0.20 eV (at 0.2
V/A), 0.30 eV (at 0.4 V/A), 0.33 eV (at 0.5 V/A). Interestingly,
the bandgap reaches 0.35 eV at 0.6 V/A and for further increase
of the E-field to 1 V/A, the shape of dual narrow bandgap is pre-
served. For the E-field varying from 0.6 to 1 V/A, the bandgap
stays the same.
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Figure 5: Electronic band structures of (a) Gr/dop@Gr, (b) C3N/dop@Gr, (b) BC3/dop@Gr and (d) BN/dop@Gr HTSs, as a function of applied electric field in the
parallel (top) and anti-parallel (bottom) directions. The positive (negative) electric field refers to parallel (antiparallel) to the z-axis in the normal direction, where
the strength of fields varies from 0 to 1 V/A. The energy is calculated relative to the Fermi energy. (e,d) Variation of bandgap as a function of applied electric field.

When the applied filed on C3N/dop@Gr increases, F>0
(0.1-1 V//OX), the crossing bands at the Fermi-level increases
(Fig. 5(b)). In the case of opposite fileds, F<0 regime,
the situation is completely different from F>0. The E-field
opens a bandgap in the C;N/dop@Gr structure. When the ap-
plied negative E-field reaches to 0.1 and 0.2 V/A a metal-to-
semiconductor transition occurs and the indirect bandgaps are
calculated 0.1 and 0.25 eV, respectively. Interestingly, when
the applied field becomes 0.4 V/A, the indirect bandgap trans-
forms to direct bandgap of 0.5 eV. When the E-field changes
from 0.5 to 0.7 V/A, the bandgap stays without any change. At
higher fields (F= 0.8 V/A to F = 1 V/A), the bandgap becomes
indirect and decreases as the field increases (Fig. 5(c)). The
BC3/dop@Gr is a semiconductor with a small bandgap 60 meV
in absence of E-field. For parallel applied field, the bandgap
(0.55 eV) does not change when the strength changes from
0.2 V/Ato 0.8 V/A. The electronic structure of BCs/dop@Gr
changes to metallic system in the range of 0.9 V/A. Regard-
ing the reverse direction of the applied filed, the bandgap de-
creases to 30 meV at 0.1 V/A and for higher fields the HTS
becomes a metallic structure. The BN/dop@Gr is a semicon-
ductor with a direct bandgap 1.22 eV (at 0.0 V/A). The bandgap
decreases as the forward applied filed increases. However, for
reverse applied field, the bandgap increases to 1.25 eV for fields
larger than or equal 0.2 V/A (Fig. 5(d)). Thus, the electric field
tunes the electronic properties over a wide range for doped-
graphene based HTSs which can lead to important applications
in nanoscale electronic and opto-electronic devices.

7. Pressure effect

The impact of vertical strain on the band structure of the
HTSs is studied by decreasing or increasing the vertical dis-
tance between the two monolayers. The strain is defined as
& = (hxhg)/hy, where h and h are the equilibrium and fixed in-
terlayer distances, respectively. Fig. 6(a) left-hand side (right-
hand side) shows the influence of negative (positive) vertical
strain on the Gr/dop@Gr. The change in the bandgap is very
large for Gr/dop@Gr under the strain, where the bandgap is
85 meV at 3.235 A and decreases to 30 meV at 3.735 A. For
C3N/dop@Gr, at higher negative strain (2.926 A), the CBM
at K-point is shifted towards the Fermi energy and a narrow
bandgap of 45 meV is opened, i.e., the structure becomes a
semiconductor (Fig. 6(b) (left-hand side)). In contrast, the pos-
itive strain does not affect the band structure (Fig. 6(b) (right-
hand side)). The positive vertical strain has a significant influ-
ence on the band structure of BC3/dop@Gr (right of Fig. 6(c)).
At distances of 3.374 A and 3.474 A, the indirect bandgaps
are 80 meV and 35 meV, respectively. Interestingly, a higher
positive strain (3.474 A), moves the VBM towards the Fermi
energy and closes the bandgap, i.e., the HTS becomes a metal-
lic system. As the negative strain increases the bandgap in-
creases too (left of Fig. 6(c)). One can find that the suitable
bandgap values can be achieved at various interlayer distances.
For the BN/dop @G, the interlayer coupling tunes the bandgap
of BN/dop@Gr and the bandgaps ranging from 1.2 eV-1.05 eV
(negative strain) and 1.24 eV-1.3 eV (positive strain) can be
achieved at various interlayer distances.
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Figure 6: Electronic band structure of (a) Gr/dop@Gr, (b) C3N/dop@Gt, (b) BC3/dop@Gr and (d) BN/dop@Gr HTS with respect of compressive (left) and tensile

(right) interlayer distance. The energy is calculated relative to the Fermi energy.

8. Conclusion

A systematic investigation of the electronic and optical prop-
erties of van der Waals vertical heterostructures and lateral
heterojuctions between dop@Gr and Gr, Gr-like C3N, BCs
and h-BN monolayers employing DFT calculations has been
performed. Our results demonstrate that the dop@Gt/Gr,
C3N/dop@Gr, BCs/dop@Gr and BN/dop@Gr HTSs are ener-
getically and thermally feasible at room temperature, therefore
the heterostructures can be synthesized experimentally, which
is an important achievement of our study. The Gr/-dop@Gr,
BN/-dop@Gr HTSs and HTJs exhibit the semiconducting na-
ture. While the C3N with dop@Gr HTS and HTJ are metallic
states because of the strong interaction between the two mono-
layers, the formation of HTJ between BC; and dop@Gr tends
to a transition from a semiconductor in dop@Gr/BC; HTS to
a metal in BC3;-dop@Gr. The absorption spectra of the het-
erostructures reveal that the HTSs have ability to absorb the vis-
ible light more effectively than the corresponding monolayers.
The impacts of the electric field and pressure on the electronic
properties of these HTS are also investigated. The bandgap
modification of these HT'Ss and HTJs by applying an electric
field and by pressure strain is demonstrated.
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