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; Strain, electric-field and functionalization induced widely tunable electronic
3 properties in MoS,/BC3, /C3N and /C3N, van der Waals heterostructures
4
5 A. Bafekry,»2* C. Stampfl,> and M. Ghergherehchi*:
6 ! Department of Physics, University of Guilan, 41385-1914 Rasht, Iran
7 2 Department of Physics, Unwersity of Antwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium
8 3School of Physics, The University of Sydney, New South Wales 2006, Australia
9 4College of Electronic and Electrical Engineering, Sungkyun kwan University, Suwon, Morea
10 In this paper, the effect of BC'3, CsN and C3N4 substrates on the atomic and electronic properties
11 of MoS, were systematically investigated using first-principles calculations. Our results show that
12 the MoS2/BC3 and MoS2/C3N4 heterostructures are direct semiconductors with, band gaps of 0.4
13 and 1.74 eV, respectively, while MoS2/C3N is a metal. Furthermore, the influence of strain and

electric field on the electronic structure of these van der Waals heterostructures is investigated. The
14 MoS2/BCs heterostructure, for strains larger than -4%, transforms it into a metalywhere the metallic
15 character is maintained for strains larger than -6%. The band gap decr€ases with increasing strain
16 to 0.35 eV (at +2%), while for strain (> + 6%) a direct-indirect band gap.transition is predicted to
17 occur. For the MoS2/CsN heterostructure, the metallic character persists for all strains considered.
18 On applying an electric field, the electronic properties of MoS2/C3sNy are modified and its band gap
19 decreases as the electric field increases. Interestingly, the band gap reaches/30 meV at +0.8 V/ A,
20 and with increase above +0.8 V/ A, a semiconductor-to-metal/tramsition occurs. Furthermore, we

investigated effects of semi- and full-hydrogenation of MoS2/CsN and 'we found that it leads to a
;; metallic and semiconducting character, respectively.
23
24 I. INTRODUCTION (DET) caleulations demonstrated that the electronic
25 properties of C3N can be altered by different methods
26 The remarkable electronic, mechanical, and optical ~ SUucll as atom adsorption and functionalization, 2% as
27 properties of two-dimensional materials (2D) and their well “as Qefe?ts:30 le? its CoN counterparts,. C3N is
28 ability to be tuned have opened the door to their pos also an 1ntr1ns1(.: semiconductor as reported in recent
29 tential applications in modern electronic, catalytic, en- theoretical studies. I.t has been rgported t.hat mono-
30 ergy conversion and storage devices.!™® This' capability: layer .CSN .ShOWS' desirable properties for different ap-
31 has been increased by stacking of different 2DMuen top —plications, l.ncslilging nanoelef:tromcs, .hydroger'l storage
32 of each other to form artificial heterostructures that®are an(.i catfﬂysm. h C3.N 4 exhibits semiconducting prop-
33 bound by weak van der Waals (vdWj) interaction.6- 12  erties Wlt?g 21616 pgtentlal to be a phototcat'aly'st for water
34 These vdW heterojunctions are of potential interest for ~ SPlitting.”>** This structure fe.atures Intrinsic vacancies
35 2D electronic and optoelectronic technologies due to their that may produce a spin pOI?HZGd state. The electronic
36 atomically sharp interface, absence of [danglingtbonds ~ Properties of 03?%431"2 drastically m().dlﬁed. when atoms
37 and minimal trap states. Vertical 2D devices constructed ~ are substituted. ) 'ﬁlthough twq—dlrfrlen31onal materl-
38 with 2D semiconductor heterostructures have shown to ?ls (QDtMS')llhl?ld 51gn‘1‘ can;c ptOtenttllil' or inany applica-
39 exhibit interesting band gaps, hlgher power and higher 1oms, 1t Will be necessary to tune their Iirmsic proper

speed than traditional bulk junction$ .!314 ties. Several approaches have been considered to change

40 Recently, a particular class 6f.2DM, synthesized from the electronic structure of 2D BCN monolayers such as
41 boron, nitrogen and carbon atoms has jattracted a lot of substituti.onal doping, dgfect engineering,. app.lica‘.cion of
42 attention due to their out§tanding chemical and physi- &% electric field or strain, surface funczltll()rlga;l;zgztan by
43 cal properties. Layered nanomaterials composed soley of adatoms, or by altering the edge states.” > 5%
44 N, C and B atoms, which ean take many different po-
45 sitions, enhance the pessibilities'to form strong covalent
46 structures. A 2D honeycomb network with stoichiome-
47 try of BCs has beenisynthesized experimentally.!®17 By In this work, by ab initio calculations we investigate
48 chemical synthesis, bulkilBC5; was produced which forms the electronic and atomic properties of heterostructures
49 stacked layersthat aretheld together by the van der Waals of MoS,; with BC5, C3N and C3N4. We show that the
50 (vdW) interaction.'® Monolayer BC3 can be formed by band gap of these heterostructures can be modified by
51 exfoliationdfrom the bulk counterpart, similar to the cre-  applying an electric field and by external strain. Fi-
52 ation of graphene from graphite.'® BC3 shows excellent  nally, we study the electronic properties of MoSy/C3N
53 crystalline quality and has been shown to be a monolayer and MoSs/C3Ny heterostructures under semi- and full-
54 film.'> Theoretical studies of BCy reported its electronic hydrogenation. We show that hydrogenation signifi-
55 properties and showed that it is a semiconductor.20-23 cantly modifies the electronic properties of these het-
56 2D/ polyaniline, with stoichiometry C3N has a  erostructures and is able to induce metallic and semi-
57 graphene-like structure.2* Density-functional theory conducting characteristics.
58
59
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Figure 1. (a) Lattice structures and (b) calculated orbital resolved band strlicture of MoS2, BC3, CsN and C3N4 monolayers.
The primitive unit cell is indicated by a red parallelogram. The ¢olars, of band structures are weighted by the contributions

from Mo-d orbitals: yellow lines for d., and d,2_,

2, red lines for(d 2, andpink for d,. and dy.. Contributions from S-, B-, C-

and N-p orbitals: blue lines for ps,, and blue lines for pA Contributions from S-, B-, C- and N-s orbital: light red lines. The

zero of energy is set to the Fermi level.

II. METHOD

In this work, we report results of our spin-polarized
DFT calculations for the electronic structure as imple-
mented in the OpenMX 3.8 package.®® This code self-
consistently finds the eigenfunctions of the Koehn-Sham
equations using norm-conserving pseudopotentialg;é® and
pseudoatomic orbitals (PAOs).57:%% The wave functions
are expanded in a linear combination of multiple pseu-
doatomic orbitals (LCPAQOs).67:68 [Thé PAQ basis func-
tions were specified by s?p?d! for €{B, Nand S atoms,
while s2p2d? for Mo atom within cutoff radii of ba-
sis functions set to the values of'seven. We used the
Perdew-Burke-Ernzerhof generalized gradient approxi-
mation (GGA) for the exchange-correlation functional.%”
The Monkhorst-Pack scheme™ was used to generate the
k-points for integrationsover theBrillouin zone (BZ) and
the BZ is sampled by a mesh of 15:< 15 x 1. After con-
vergence tests, we chose different energy cutoffs (for in-
stance 350 Ry, 400 Ry for pristine BCN monolayer and
MoS3/BCN heterostructure) so that the total-energy was
converged to within 1.0 meV /atom. The atomic positions
are optimized usingra quasi-Newton algorithm for atomic
force relaxation, where the structure was fully relaxed un-
til the force acting on each atom was less than 1 meV/A.
The heterostructures are modelled as a periodic slab with
arlarge vacuum region (22 A) in order to prevent inter-
actions between adjacent layers. To describe the vdW
interactions we use the empirical correction method de-

scribed by Grimme (DFT-D2).7!

IIT. PRISTINE MONOLAYERS

We initially describe the atomic and electronic struc-
ture of the separate monolayers. The atomic structures
of MoS,, BC3, C3N and C3N, monolayers are shown in
Fig. 1(a). The primitive unit cell is indicated by a red
parallelogram. The MoS, monolayer consists of three lay-
ers with the Mo layer sandwiched between two S layers.
We obtain for the lattice constant 3.21 A, the vertical S-S
distance 3.19 A and the Mo-S bond length, 2.44 A. These
results are in agreement with previous reports.”? BC3 has
a planar structure with lattice constant 5.17 A. The B-
C and C-C bond lengths are, respectively, 1.56 and 1.42
A, in agreement with earlier calculations.”™ ™ We obtain
a lattice constant of CsN of 4.86A, while the C-C and
C-N bond lengths are 1.40 and 1.40 A, respectively, as
in agreement with previous reports.?2:242% After struc-
tural optimization, the lattice parameter of C3Ny is de-
termined to be 4.74 A, and the two types of bond lengths
of C-N are 1.32 and 1.44 A, respectively, while the an-
gle of N-C-N is 117.4°, which are in agreement with a
previous calculation.”

The orbital-resolved band structure is shown in Fig.
1(b). Notice that BC3 is a semiconductor with an indi-
rect band gap of 0.7 eV, in which the valence band maxi-
mum (VBM) and conduction band minimum (CBM) are

Page 2 of 9
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Figure 2. Top and side views of the optimized atomic structures (right panel) and electronic band structure, DOS and PDOS
(left panel) of (a) MoS2/B€s, (b) MoS2/CsN and (c) MoSz/CsNy heterostructures. The zero of energy is set to the Fermi-level

energy.

situated, respectivelys at the I' and M points, as found
previously.”™ ™ Bhe VBM'is composed of B/C-p,,, or-
bitals, and the CBM is composed of the p, orbital be-
tween the B and C atoms. The effect of the p-orbitals
can be clearly seenat the I' point. This is very close to
the s bonds at the VBM due to local distributions form-
ing hexagonal rings. In deep energy levels, both types of
s- and p-orbitals can be formed in C-C and B-C bonds.
The C3N monolayer is an indirect semiconductor with a
band gap of 0.4 eV, where the CBM and VBM are located
at.[/and M, respectively. From the orbital-resolved band

structure, it can be seen that the VBM (CBM) originates
from N-p, (C-p,) orbitals which is in agreement with pre-
vious studies.247%7® Our results show that C3Ny is a di-
rect semiconductor with a band gap of 1.45 eV and the
CBM and VBM are located at I' point. N-p, , orbitals
are responsible for the VBM, while N/C-p, orbitals form
the CBM, in agreement with previous reports.?>36 We
found that MoSs monolayer is a direct semiconductor
with a band gap of 1.65 eV with both the CBM and the
VBM located at the K-point.™
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IV. PRISTINE HETEROSTRUCTURES

MoS; is a transition metal dicalcogenide (TMD) mono-
layer that has been intensively investigated during the
last decade. We use this material to form heterostruc-
tures with three different boron-carbon-nitride (BCN)
monolayers. For the MoSs/BCN heterostructures, we
used a 3 x 3 supercell of MoSy on top of a 2 x 2 su-
percell of BCN, while the vacuum between is take to be
22 A in these systems. The lattice mismatch (8) is de-

fined as § = % x 100%, where a,, and agq, are
the lattice constants of the unrelaxed top and bottom
monolayers, respectively. The lattice mismatch between
MoSs with BC3, C3N, C3N4 monolayers are, respectively,
3.84%, 0.93% and 1.55%. Thus, relative to their free-
standing structures, it is expected that there will be no
major distortion in the geometric structures. We deter-
mine the lowest energy stacking configuration, includ-
ing structural optimization. The different stacking pat-
terns of MoS;/BC3, MoSy/C3N and MoSy/C3Ny that
we considered are shown in Fig. S1 of the supplemen-
tary information. The most stable stackings are found
to be AA for MoS;/BCs, AB for MoS2/C3sN and BB for
MoS,/C3Ny as the relative total energies show in Fig.
S2. The structural parameters including bond length,
interlayer distance and buckling are shown in Fig. S3(a)
and the values listed in Table I. The interlayer distance
between MoSs, and different monolayers are in the range
of 3.13-3.33A, which is typical of vdW equilibrium spac-
ing. Here we investigate the electronic structure of dif=
ferent MoS3/BCN systems. The band structure, density
of states (DOS) and projected (PDOS) of MoSy/BEN
are shown in Figs. 2(a-c). We can seesthat MoS;/BCj
is a semiconductor with a direct band ‘gap of 0.4 eV,
which compares with the band gaps of 0:7 eVhand 1.26
eV of MoSs and BC3 monolayers, respectively. “We can
see from the PDOS that the VBM and CBM are mainly
derived from Mo atom (see Fig. 3 (1)):MoS3/C;3N, has
no band gap due to the strong interagtion between C3N
and MoSs, and the heterostructure is a metal. This re-
sult agrees with a previous report.”” From the PDOS,

Table 1. The structural and electroni¢c parameters of different
MoS2/BCN heterostructures shown«in Fig. S3(a). The corre-
sponding structural and electronic parameters including the
lattice constants (a,b); the interlayer distance (D); the thick-
ness (t) of MoS; (distance between two S atoms). The bond
length between €-C'atoms (dc—c), B(N)-C (d¢—p(n)) atoms
and Mo-S atoms; the buckling, defined by the difference be-
tween the largest, and smallest z coordinates of atoms (Az).
All distancelare given in A. Electronic states (ES) are spec-
ified as metal (M),and semiconductor (SC). The band gap is
shown in'parenthe- ses and is given in eV.

Sys. a b t | D |dz |de_puy|de—c|dro-s ES
BC; 110.08(10.08(3.10(3.21{0.39| 1.52 1.40 | 2.48 | SC (0.4)
C3N [19.72 9.72 |3.16{3.33| 0.0 1.40 1.40 | 2.44 M
CadN4| 9.50]9.47 |3.21|3.13|1.33|1.34-1.47| - 2.43 |SC (1.74)

4

we found that the metallic character near the Fermi level
originates from Mo (see Fig. 3(b)). The MoSs/C3Ny is a
direct semiconductor with a band gap of 1.74eV and the
PDOS shows that both MoSs and C3Ng.affect the elec-
tronic states near the Fermi level and thereiis a strong
interaction between the two layers (See Fig. 3(c)).

V. EFFECT OF ELECTRIC FIELD ON THE
HETEROSTRUCTURES

Electrostatic gating is an effective way to tune the
injection of catriers, the band structures and the elec-
tron redistribution in,the heterostructure. The electronic
band structure,of the MoS; /BCN heterostructures in the
presence_of a perpendicular electric field are shown in
Figs. 5(a-¢)a The strength of electric field >0 (<0) de-
notes'parallel (antiparallel) to the z-axis. It can be seen
that the electric field can change the electronic structure
of MoS, /BCj significantly with a decrease in the band
gap lup (sée Fig. 3(c)), and thus a semiconductor-to-
metal transition occurs. The electric field dependence
of MeSs/C3N is very different from the other two het-
erostructures and in this case, a negative electric field
is'able to open a band gap. When the applied nega-
tive electric field reaches -0.6 V/A, and -0.8 V/A, the
band gap is 0.25 eV and 0.42 eV, respectively. We in-
vestigated that for the electric field varying from -0.8 to
-1.2 V/A, the band gap stays constant at ~ 0.42 eV. In
contrast, for MoSs/C3Ny, on applying an electric field,
its band gap decreases for both for positive and nega-
tive electric field values. The band gaps are calculated
1.3 eV (at +0.2 V/A), 0.8 eV (at +0.4 V/A), 0.4 eV
(at +0.6 V/A). Interestingly, the band gap reaches 30
meV at +0.8 V/A and for further increase of the electric
field, a semiconductor-to-metal transition occurs. No-
tice that different heterostructures response differently to
the applied external E-field. For example, the VBM of
MoS3/CsN is dominated by MoSs layer, while the CBM
originates from C3N monolayer. In addition, given by
Fig. 1, the VBM of MoS; is dominated by in-plane d-
orbitals of the Mo atom while the CBM of C3N is dom-
inated by the p,-orbitals of C atoms. Apparently, an
applied out-of-plane electric field significantly affects C-
p. orbitals, while in-plane d-orbitals of Mo are slightly
affected. In contrast, in the case of MoS;/C3Ny, both
the VBM and CBM are affected by the applied field due
to out-of-plane orbitals contributing to both band edges.
Overall, depending on the atomic orbital characters of
the band edges, the material response differently to the
external effects. This electric field tuning of the band
gaps, over a wide range for the MoSs /BCN heterostruc-
tures are expected to lead to important applications in
nanoscale electronic and optoelectronic devices.

Page 4 of 9
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Figure 3. (a) Schematic view, (b) electronic bandsstructure and (c¢) band gaps of MoS2/BC3s, MoS2/CsN and MoS2/C3Ny
heterostructures with applied electric field. Electric field >0 and <0, denotes parallel and antiparallel to the z-axis, respectively.

The zero of energy is set to the Fermi level energy.

VI. EFFECT OF STRAIN ON/THE
HETEROSTRUCTURES

Strain engineering is a robust method to tune the elec-
tronic properties and the'topological nature.”30

In the following, we.exploresthe effect of strain on
the electronic structure of MoSs /BEN. The strain is de-
fined as € = (a £ ag)fap x 100, where a and ag are the
strained and non=strainedlattice constants, respectively,
and the positive (negative) sign denotes tensile (compres-
sive) strain. The electronic band structure under uniax-
ial strain are,showmin Figs. 4(a-c). The schematic views
of the heterostructures with applied strain are shown in
Fig. S4.,Our results show that MoSs/BCj, under -2%
strain, is a.semiconductor with a direct band gap of 0.3
eVswhile the CBM and VBM are located at the I' point.
When eompressive strain increases beyond -4%, the het-
erostructure transforms into a metal. Notice that the

band gap disappears during the compression, the in-plane
strain distorts the p-orbitals of C atoms which have con-
tribution to the VBM of the heterostructure. We found
that the direct band gap decreases with increasing ten-
sile strain to 0.35 eV (at +2%) and 0.3 eV (at +4%).
While for large strain (> + 6%) a direct-indirect band
gap transition is predicted to occur. The values of band
gaps are determined to be 0.25 eV (at +6%) and 0.15 eV
(at +8%). We see that MoSs/C3N, under large uniaxial
strain, remains metallic.

Our result show that MoSy/C3Ny heterostructure un-
der uniaxial strain for larger magnitudes of +2% (tensile)
the energy band gap be decreases from 1.4 eV, (at +4%)
to 1.1 eV (at +8%). Interestingly, we found that when
the tensile uniaxial strain surpasses the critical value of
+6%, the direct band gap of the heterostructure changed
to indirect. Similar to the tensile strain case, for compres-
sion strain the band gap decreases from 1.25 eV (at -4%)
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Figure 4. Electronic band structure of (a) MoS2/BCs, (b) MoSs/CsNuand (¢) MoS2/CsNy heterostructures under uniaxial
strain. The zero of energy is set to the Fermi level energy./{Band gap variation with (d) uniaxial strain and (e) biaxial strain.
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Figure 5. Optimized ‘atomic structurés of (a,b) semi- and (c) fully-hydrogenated MoS2/BCs. Optimized atomic structures of
(d,e) semi- and (f) fully--hydrogenated of MoS/CsN. Electronic band structure of both structures are shown in the bottom
panels. The zero of energy is set to the Fermi level energy.

to 0.8 eV (at -8%) and we can see a direct-to-indirect
band gapitransition occurs and the VBM and CBM are
located at T'and M points, respectively. The variations of
band.gap with respect to both strains are shown in Figs.
4(d,e), while the electronic band structure of MoS; /BCN

under a biaxial strain are shown in Fig. S4.

It is found that MoS,/BCjs is initially a semiconduc-
tor with a 0.4 eV direct band gap. We see that with
increasing biaxial strain from +2% to +8% the direct
band gap decreases to 0.37 eV (at +2%), 0.32 eV (at
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+4%), 0.26 eV (at +6%) and 0.2 eV (at +8%) and its
semiconducting character is preserved. This situation is
different for compression strain, so upon a biaxial strain
-2% MoS3/BCj; is a semiconductor with a direct band
gap of 0.2 eV. Interestingly, when the compressive strain
reaches -4%, the heterostructure transforms into a metal
and the metallic character is preserved for magnitude of
strains larger than -4%. MoSs/C3Ny is a semiconductor
in the non-strained state and has a direct band gap of 1.7
eV. Our results show that with increase of magnitude bi-
axial strain from -2% to -4%, the band gap decreases
from 1.75 to 1.6 eV and a direct-to-indirect band gap
transition occurs. While for strain from -6% to -8%, an
indirect-to-direct band gap transition with values of 1.42
eV and 1.2 eV, respectively, occurs. We can see that with
increase of strain from +2% to +8%, the direct band gap
changes to indirect and decreases with values of 1.6 (+2
%) to 1.1 eV (+8%). These results reveal strain engineer-
ing dependent band gaps and electronic state transitions
in the MoSy/BCN heterostructures, as well as the band
gap changes between direct and indirect which could be
of use in high-performance electronic and optoelectronic
devices.

VII. HYDROGENATION OF ON THE

HETEROSTRUCTURES

Adsorption of atoms on the surface of a structure
can be an effective way to tune the properties of two-
dimensional materials. We discuss here the modifieations
that occurs in the electronic properties by hydrogenatien.
We explore the structural and electronic properties of
semi and full coverages of hydrogen atoms'en MoS, /BCj3
and MoS, /C3N heterostructures. After full eptimization
we found that hydrogen atoms adsorb on carbonatoms
with bonds oriented normal to the BC3 and C3N/planes.
The optimized atomic structures ofssemi hydrogenated
and fully hydrogenated MoS,/BCj5 and MoS,/C3N are
shown in top panel of Fig. 5., Welconsider two types
of semi hydrogenated and are. labeled theme as SH1
(when H atoms functionalize between) two layers) and
SH2 (when H atoms fungtionalize on top of BC3 and
CsN layers), while fully, hydrogenated labeled as FH.
The structural parametersiincluding bond length, inter-
layer distance and bugkling aresshown in Fig. S3(b) and
the values are listed in Table II.

For semi and fully/hydrogenated MoSs/C3N, there is
a small increasesof thenaftice constant from 9.72 A in
MoS,/BC3, to 9.74 A (semi) and 9.76 A (fully). The
increase in lattice parameter is due to the increase in
bond lengths, which'changes from 1.40 to 1.47 A (SH1,
SH2) and 1.52\A (FH). The buckling for semi and
fully hydrogenated are calculated in the range of 0.47-
0.62 A, whilegthe C-H bond lengths are 1.14 A (SH1)
and.1.15 A (SH2) and 1.11 A (FH). In general, the
C-C and C-N bond lengths without hydrogenation are
smaller compared to those between the N and C atoms

Table II. The structural and electronic parameters of dif-
ferent semi- and fully-hydrogenated MoS2/BCN heterostruc-
tures shown in Fig. S3(b). Semi hydrogenated is)labeled as
SH1 (when H atoms functionalize between two layers) and
SH2 (when H atoms functionalize on top of BC3 and C3N
layers), while fully hydrogenated is labeled as FH. The cor-
responding structural and electronic parameters including the
lattice constant (a); bond length between C-Cratoms (dc—c¢);
the bond length between C-N atoms (da2w,;,the bond length
between H atom and the nearest-neighbor C atom (dy—c¢);
the interlayer distance of betweenthe H and S atom (D); the
buckling, defined by the difference between the largest and
smallest z coordinates of atoms (Az), All distance are given
in A. Electronic states (H\S) are specified as semi-metal (SM)
and semiconductor (SC). The,band gap is shown in parenthe-
ses and is given in eV.

Sys. a |dc_c|dc-nN|du-c| D |Az| ES
MoS,/BC5 (SH1)[10.26] 1.45 1.50 1.15 |2.79]0.62 M
MoS,/BC3 (SH2)|10.15| 1.55 1.61 1.12 (2.04|1.66 M
MoS,/BC;3 (FH) [10.26{ 1.45 1.50 1.15 |2.26|0.22 M
MoS, /@3N (SH1)| 9.747 1.48 1.47 1.14 (2.71(0.59 M
MoS,/CsN (SH2) 9.72 | 1.47 1.38 1.15 |3.40(0.62 M
M@, /C3N (FH) | 9.76 | 1.52 | 1.46 | 1.11 |2.99|0.47|SC (0.9)

with, one or'both N and C atoms bonded to H atoms.
The jelectronic band structure of semi and fully hydro-
genated MoS,/BC3 and MoS,/C3N are shown in Figs.
5(a-f)sdn comparison to pristine MoSy /BCjs, we can see
that the electronic structure is modified due to the func-
tionalization. We fund that a semiconducting behavior
with band gap of 0.9 eV, where the VBM and CBM are
located at K and I" points. Our results show that impu-
rity states appear around the Fermi-energy, and induce
a metallic character. Interestingly, for the case of hydro-
gen atoms between two layers, the structure is strongly
distorted and MoSs and BC3 bond together and we can
see a metallic characteristic as for the pristine MoSy /BCj
heterostructure. Notice, MoSs/C3N is a metal and the
metallic character remains with semi hydrogenation. For
fully hydrogenated MoS;/C3N, the system changes from
a metal to semiconductor.

VIII. CONCLUSION

In summary, we performed an extensive study of the
structural and electronic properties of a MoSy monolayer
on BC3, C3N and C3N,; monolayers using first-principles
calculations. The results show a wide variety of electronic
properties which differ from the monolayers. Our results
showed that MoS2/BCj is a semiconductor with a direct
band gap of 0.4 eV, while MoS;/C3N is a metal. In addi-
tion, MoSy/C3Ny is a direct semiconductor with a band
gap of 1.74 eV. The band structure of these heterostruc-
tures can be adjusted by application of an electric field
and strain. MoSs/BCj, under -2% strain, is a semicon-
ductor with a direct band gap of 0.3 eV and when uni-
axial strain increases to larger than -4%, it transforms
into a metal, and the metallic character is preserved for
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strains larger than -6%. For large strain (> + 6%), a
direct-indirect band gap transition occurs. MoSy/C3N
remains metallic for all strain values considered. On ap-
plication of an electric field the band gap of MoSs/C3Ny
decreases with increasing electric field. Interestingly, the
band gap reaches 30 meV at +0.8 V/A and with increas-
ing electric field larger than +0.8 V/A, a semiconductor-
to-metal transition is occurs. We also investigate effects
of semi and fully functionalization by H atom adsorption
and found that the electronic properties are modified.
The MoS,/C3N heterostructdure with fully hydrogena-
tion transform from a metal to semiconductor. Tuning of
the electronic structure in these ways leads to the poten-
tial exotic properties that could make such heterostruc-
tures of interest for future investigations and for appli-
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cations in emerging technological devices with precisely
controlled properties.
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