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A two-dimensional MoS,/CzN broken-gap
heterostructure, a first principles study

Yaxiao Yang® and Zhiguo Wang‘\"i@*a

van der Waals (vdW) heterojunctions are of interest in two-dimensional electronic and optoelectronic
devices. In this work, first-principles calculations were used to study the atomic and electronic
properties of the MoS,/C3N vdW heterojunction. The results show that there is no overlap of the band
gaps for the MoS, and CsN monolayers in the heterojunction, indicating the MoS,/CsN vdW
heterostructure has a type Il alignment. The MoS,/C3sN vdW heterostructure is a broken-gap
heterojunction. The effects of biaxial strain and external electric field on the band structure of the vdW
heterostructure were also investigated. The alignment type cannot be changed, but the band overlap
can be tuned. The present work reveals that the MoS,/CsN heterostructures are quite favorable for
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1. Introduction

Two-dimensional (2D) materials, such as graphene, graphitic
carbon nitrides and transition-metal chalcogenides (TMDs),
have attracted tremendous interest because of their special
physical and chemical properties®* and their potential use in
electronic and optoelectronic devices.** Monolayer MoS, is
a semiconductor material with a direct band gap of 1.8 eV,
which makes it a candidate for applications in photodetectors,
photovoltaics, and photocatalysis.>*® A phototransistor was
successfully made based on a MoS, monolayer with SiO, as the
dielectric layer on a Si substrate.” A suitable band gap and high
excition binding energy of the MoS, monolayer make it suitable
for use in light emitting devices with feasible approaches to
enhance their photoluminescence.*** The C;N monolayer, with
a similar atomic structure to graphene, has many similar
outstanding properties similar to graphene, such as high carrier
mobility, quantum Hall effect, and high thermal conduc-
tivity."™" C3;N is a promising candidate for applications in
transistors and logic devices due to its indirect band gap, which
is different from the zero band gap of graphene.*>"*

Recently, the capability has been developed for stacking one
type of 2D material on another one to form an artificial heter-
ostructure coupled with weak van der Waals (vdW) interaction,
these heterostructures are often referred as the vdW hetero-
junctions.”* The vdW heterojunctions are of interest to 2D
electronic and optoelectronic technology due to their atomically
sharp interface and minimal trap states absence of dangling
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applications in tunneling devices based on the broken-gap heterostructures.

bonds. Vertical 2D devices based on 2D semiconductor heter-
ojunctions have ideal band gap, high speed and larger power
than traditional bulk junctions due to the short current path
and large current cross."®'” According to the band alignment of
the two dissimilar 2D materials, there exist three types of het-
erostructures. The heterostructures with different type interface
have different applications fields. The first one is that the small
bandgap material entirely lies within band gap of another one
(straddling gap, type I), such band structure is useful for opto-
electronic devices requiring a quantum heterostructure, such as
light-emitting diodes.' The second one is that the band gap of
one material partially overlaps with that of another one (stag-
gered gap, type II), such band structure is beneficial for trans-
portation carriers and dissociation of excitons, such as g-C3N,/
CeO, (ref. 19) and MoS,/SnO, (ref. 20) heterojunctions with type
II band alignment have potential applications in photovoltaic
devices.*** The third one is that the bandgaps of the two
materials do not overlap (broken gap, type III), such band
structure is essential for the tunneling devices such as negative
differential resistance (NDR) devices.** The diversified band
alignments of vdW heterojunction are the base to building 2D
vertical devices. Such as the photovoltaic detector build of
a MoTe,/MoS, heterojunction can work even under zero bias;*
and a Mg(OH),/WS, heterojunction can be applied in novel
nanoscale laser devices.”®

The type-III heterojunctions based on traditional bulk
materials, such as Si, Ge and III-V semiconductors have been
widely studied.*** However, the function of these devices
maybe restricted by the dislocations result from lattice
mismatch. Although nano-scale materials can be applied to
solve this problem to some extent, however the increase of the
bandgap will depress the performance of the devices.”> 2D
semiconductors have also attracted much attention to build
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broken gap heterojunctions since they are free from the lattice
mismatch and dangling bond, thus contributing to the superior
characteristics of 2D vdW heterojunctions.>**® However, it
requires a large electric field across the heterojunction to
change type II alignment of MoS,/WSe, heterostructures into
type III alignment.”” And it needs a large biaxial strain of 8% to
tune the type II to type III transition in GeC/WS, hetero-
structure.”® In this paper, we studied the atomic and electronic
properties of MoS,/C;N vdW heterostructure by using density
functional theory (DFT). It was shown that the MoS,/C;N vdW
heterostructure with type III alignment. The effects of biaxial
strain and external electric field on the band structure of the
heterostructure were also investigated. The alignment type
cannot be changed, but the band overlap between MoS, and
C;N can be tuned by the biaxial strain and electric field. These
results are useful for the design of tunneling devices based on
the type-III heterojunctions.

2. Computational methods

All the DFT calculations were performed by using the Vienna ab
initio simulation package (VASP).?>*° The interaction between
the core and valence electrons was described using the pro-
jected augmented wave (PAW) potential.** Perdew-Burke-Ern-
zerhof (PBE) functional was used to describe the exchange and
correlation interactions. An energy cutoff of 520 eV was used to
expand the plane wave. The DFT-D2 method developed by
Grimme?** was used to describe the weak vdW interaction. The
Brillouin zone was integrated using a Monkhorst-Pack mesh**
of 10 x 10 x 1,6 x 6 x 1 and 4 x 4 x 1 k-points for the
structural relaxation of the unit cell of MoS,, C;N and the MoS,/
C;N heterostructures, respectively. And 20 x 20 x 1,16 X 16 X
1 and 10 x 10 x 1 k-points for the band structure calculation of
MoS,, C;N and the MoS,/C3;N heterostructures, respectively. To
avoid the interaction between image atoms, the vacuum spacing
of 25 A was added on the surface of monolayers and hetero-
structures. All atoms and lattice parameters were by using
a conjugate gradient algorithm with convergence conditions
that the energy is less than 107 eV between two consecutive
steps and the maximum stress on each atom is less than 0.02 eV
Al

3. Results and discussion

The cross and side views of the ball-and-stick model for MoS,
and C;N monolayers are exhibited in Fig. 1a and b, respectively.
MoS, monolayer is consisted of three atomic layers with the Mo
layer sandwiched by S layers. The calculated lattice constant of
MoS, monolayer is 3.192 A. C;N monolayer has hexagonal
graphene-like structure with one N atom surrounded by three C
atoms, the calculated lattice constant is 4.861 A for C;N
monolayer. These results are in good agreement with the
reports in previous work.**** The MoS, monolayer is a semi-
conductor with a direct band gap of 1.65 eV with both the
conduction band minimum (CBM) and the valence band
maximum (VBM) locate at the K-point, which agrees with the
other theoretical calculation of 1.68 eV (ref. 21) and smaller
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than the experimental value of 1.8 eV.** C3N monolayer is an
indirect band semiconductor with VBM locates at M point and
the CBM located at I" point gap. C;N monolayer is an indirect
band semiconductor with VBM locates at M point and the CBM
located at I' point gap. The band gap of C;N monolayer is
0.39 eV which is consistent with previous report.*® It is known
that the standard DFT calculation often underestimates the
band gap of materials, the band structures of MoS, and C;N
monolayers were further calculated with the Heyd-Scuseria—-
Ernzerhof hybrid functional (HSE06).>** The band gaps of MoS,
and C;N monolayers calculated with HSE06 are 2.11 (direct
band gap) and 1.09 eV (indirect band gap), respectively, which
agrees with the previous reports.”**%” A vdW heterostructure
can be built by stacking the MoS, on C;N. A3 x 3 MoS, and 2 x
2 C3N monolayer supercells are stacked to form the MoS,/C;N
heterojunction in order to keep the lattice mismatch within
~1.5%. It should be noticed that the M point in the unit cell of
C;N monolayer is folded into I point in a 2 x 2 supercell,
leading to the shift of VBM from M point to I" point.*® Thus C;N
monolayer shows a direct band gap characteristic when it is
calculated with a 2 x 2 supercell (as shown in Fig. 1e), which
has been reported in the literatures.***° And the C;N monolayer
shows a direct band gap characteristic in the MoS,/C;N heter-
ostructure, which is due to the folded band calculated with the
supercell method caused by the shrinkage of the Brillouin
zone.*

The most energy favorable stacking of MoS,/C;N hetero-
structure was evaluated by calculating the binding energy (Ey),
Ep = Enetero — EMOSZ - EC3N, where Ehneteroy EMOSZ, and EC3N are the
total energies of heterostructure, MoS,, and C;N monolayers,
respectively. The top and side views of possible stacking
patterns are shown in Fig. 2, the binding energies and the
interlayer distance are listed in Table 1. The calculated binding
energies (Ep) are in the range between —15.086 and —15.114
meV A2, and the interlayer distance (d) between MoS, and C;N
monolayer in the heterostructures is in the range between 3.236
and 3.263 A, which agrees well with reported typical values in
vdW systems.**"** These results indicate the weak vdW interac-
tion between the two layers. The stacking configuration in
Fig. 2c with one of the Mo atom of MoS, monolayer coincide
with a N atom of C;N monolayer has the largest negative
binding energy, which indicates that this configuration is
energy favorable. The following calculations are all based on
this heterostructure.

The vdW heterostructures of MoS, monolayer stacked on AIN
(GaN) semiconductors has been well studied,**® and the band
alignment can be tuned by varying the thickness of GaN. The
work function can be used as an intrinsic reference for the band
alignment. The work functions (energy difference between
fermi energy level and vacuum level) of MoS, monolayers are
5.66 and 5.79 eV calculated by standard DFT and HSEO06 func-
tional, respectively, which agree with the previous reports.*”*®
The work functions of C;N monolayer are 2.93 eV and 3.39 eV
calculated by standard DFT calculation and HSE06 functional,
respectively. The calculated work function of C;N monolayer is
smaller than that of MoS, monolayers, which indicates that
a broken gap vdW heterostructure may be formed for the MoS,/

This journal is © The Royal Society of Chemistry 2019
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Fig.1 The top and side view of atomic configurations for (a) MoS, and (b) CsN monolayers. The purple, yellow, brown and blue balls denote Mo,
S, C, and N atoms, respectively. The band structures of (c) MoS, and (d) CsN monolayers, the green and blue dotted lines represent the band
structures calculated with standard DFT and the HSE functional, respectively. (e) Band structure of CzsN monolayer calculated with 2 x 2

supercell.

C;N heterostructure. The projected band structures of MoS,/
C;N heterostructure were calculated with standard DFT and
HSE functional and shown in Fig. 3a. The blue and orange dots
represent the band contributions from C;N and MoS, calcu-
lated with standard DFT, and the cane and green triangles
represent those calculated by HSE06 functional, respectively.
The corresponding band alignments calculated using standard
DFT calculation and HSE functional are schematically shown in
Fig. 3b and c, respectively. The MoS, monolayer remains its
direct band gap semiconducting property, but the band gap
decrease from 1.65 eV of the pristine to 1.40 eV in the hetero-
structure. The decease of band gap of MoS, monolayer has also
observed in other heterostructures® due to the interaction
between the two monolayers.

Both standard DFT and HSEO06 calculations show that the
VBM of C;N is higher than the CBM of MoS,. There is no overlap
of the band gaps for MoS, and C;N monolayers in the hetero-
structure, indicating the MoS,/C;N vdW heterostructure is with
a type III alignment. For the standard DFT calculation, the
conduction band offset (CBO) and valence band offset (VBO) are

This journal is © The Royal Society of Chemistry 2019

0.63 and 2.64 eV, the band overlap (4 = EZ5Y' — EfY. ) is 0.24 eV
for the MoS,/C;N heterostructure. The CBO and VBO are 1.06
and 1.87 eV derived from the HSEO06 calculation, and the band
overlap is 0.12 eV. There exists considerable carrier migration in
this sort of heterostructures even without an external electric
field, it will lead to an accumulation of electrons in the MoS,
and holes in C;N near the junction. Under these circumstances,
a highly doped p'/n" heterojunction can be achieved in the
MoS,/C3N heterostructure even without any electrostatic or
chemical doping. This particular property makes it a promising
material for negative differential resistance (NDR) devices.>**°
The electric field can be used to modulate the positions of
VBM and CBM in 2D semiconductors, such as the CBM shifts to
low energy as an external electric field applied perpendicular to
the surface of GaGeTe monolayer.* The electric field also can
modify the band alignment of 2D heterostructures,*®*® such as
a type II band alignment transforms to type III one as an the
electric field is larger than 0.6 V A~' in MoTe,/WSe, hetero-
structure.> The effects of external electric field on the band
alignment of MoS,/C3;N heterostructure were investigated by

RSC Adv., 2019, 9, 19837-19843 | 19839
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Fig. 2 The atomic structures for the 2D vdW heterojunction in different configurations of arrangement of MoS, monolayer on the top of CsN.
The top column is the top view, and the bottom column is the side view. The purple, yellow, brown and blue, balls denote Mo, S, C, and N atoms,
respectively.

Table1 Binding energies (E,, meV) and distance (d, A) between the two layers of MoS,/CsN heterojunction with stacking configurations shown
in Fig. 2

a b c d e f g h i j

Ey, —15.110 —15.112 —15.114 —15.103 —15.086 —15.106 —15.103 —15.096 —15.110 —15.110
d 3.236 3.263 3.246 3.261 3.259 3.254 3.256 3.262 3.254 3.251

applying positive (along the direction from MoS, to C;N) and  with external electric field are plotted in Fig. 4a. As the negative
negative (along the direction from C;N to MoS,) electric field. electric field is changed from 0 to —0.4 V A™", the CBM of MoS,
The projected band structures of MoS,/C3;N heterostructure and VBM of C;N shift upward and downward to the Fermi
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Fig. 3 (a) Projected band structure and band alignment of MoS,/C3zN heterojunction calculated with (b) standard DFT and (c) the HSE functional.
The blue dots and orange dots represent the band contributions from CzN and MoS, (calculated with standard DFT), and the cane and green
triangular represent those calculated by the HSE functional, respectively. The dashed line represents the Fermi energy level.
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(@) The projected band structures of MoS,/CsN heterojunction with electric field applied. The blue dots and orange dots represent the band
contributions from C3N and MoS,, respectively. Evolution of the (b) band overlap, band gap of (c) MoS; and (d) C3N as a function of the external electric field.

energy level, thus leading to the decrease in band overlap (4).
The value of 4 is close to zero (0.004 eV) at an electric field of
—0.2 V A", Whereas the value of 4 increases as a positive
electric field applied. The evolution of 4 with the electric field is
shown in Fig. 4b. 4 increases from 0.24 to 0.33 €V as the positive
electric field increases from 0 to 0.4 V A™'. As can be seen from
Fig. 4a, the CBM of MoS, monolayer remains at the I" point,

while VBM shifts from I' point to a point between I" and K
points as negative electric field applied. Both CBM and VBM
remain at the I" point as positive electric field applied. The
positive electric field does not affect the position of CBM and
VBM of C;N monolayer. The evolution of band gaps for MoS,
and C;N monolayers as a function of electric field is shown in
Fig. 4c and d, respectively. The band gaps C;N monolayers
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(a) The projected band structures of MoS,/C3N heterojunction with strain applied. The blue dots and orange dots represents the band
contributions from C3sN and MoS,, respectively. Evolution of the (b) band overlap, band gap of (c) MoS; and (d) CsN as a function of strain.
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decreases with the increase of negative electric field and
increases with the positive electric field. While band gap of
MoS, changes a little with the electric field. These results
indicate that the band structure and band alignment of MoS,/
C;N heterostructure can be tuned by the external electric field,
which can be used to tune the accumulation of holes in C;N and
electrons in MoS,.

Except for the electric field, strain is often used to tune the
electronic properties of 2D materials for meeting the require-
ments of application.*”*> The modulation of strain on the
electric properties of MoS,/C;N heterostructure was investi-
gated by applying the in-plane biaxial strain. The strain (¢) in the

range between —4% and 8% is imposed by varying the lattice

—ap

. a
parameter with ¢ = x 100%, where a and a, are the

ao

lattice parameters of strain and pristine MoS,/C;N hetero-
structure. The projected band structures of MoS,/C;N hetero-
structure under strain are shown in Fig. 5a. As the tensile strain
is increased from 0 to 8%, the value of 4 increases. When the
strength of tensile strain is 6%, 4 reaching up to its maximum
of 0.33 eV. The band overlap decreases with compressive strain
as shown in Fig. 5a. As the compressive strain of —4% leads to
band overlap very close to zero (0.0114 eV). Under tensile strain,
the CBM of MoS, was not changed by the strain, but the VBM of
MoS, moved upward with the increase in tensile strain, which
leads the band gap decrease of MoS,. The compressive strain
leads the CBM of MoS, shifts to higher energy and VBM to lower
energy, thus the band gap of MoS, increases with increasing
compressive strain as shown in Fig. 5c. Whereas the band gap of
C;N monolayer increases with tensile strain or decreases with
a compressive strain was applied, except for a large compressive
strain of —4.0% (as shown in Fig. 5d). So the band alignment of
MoS,/C3N heterostructure can also be tuned by applying
a biaxial strain.

The band alignment of MoS,/C;N heterostructure can be
tuned by external vertical electric field and strain, and MoS,/
C;N heterostructure keep the type III band alignment under all
the studied conditions, thus the MoS,/C;N heterostructures is
quite favorable for applications in tunneling devices based on
the broken-gap heterostructures.

4. Conclusion

In conclusion, the structural and electronic properties of the
MoS,/C;3N heterostructure were studied using DFT calculation.
The MoS,/C;N heterostructure is a broken-gap heterojunction
with the VBM of C;N higher than the CBM of MoS,. The value of
4 increases from 0.24 to 0.33 eV as a positive electric field
increases from 0 to 0.4 V A™'. And the value of 4 decreases as
a negative electric field is applied. The band overlap can also be
tuned by bi-axil strain. Compressive strain induced the decrease
of band overlap. The alignment type was not changed for both
electric field and strain applied. The present work reveals that
the MoS,/C;N heterostructures is quite favorable for applica-
tions in tunneling devices based on the broken-gap
heterostructures.
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