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The construction of van der Waals (vdW) heterostructures by stacking different two-dimensional layered materials
have been recognised as an effective strategy to obtain the desired properties. The 3N-doped graphdiyne (N-GY) has been
successfully synthesized in the laboratory. It could be assembled into a supercapacitor and can be used for tensile energy
storage. However, the flat band and wide forbidden bands could hinder its application of N-GY layer in optoelectronic and
nanoelectronic devices. In order to extend the application of N-GY layer in electronic devices, MoS; was selected to con-
struct an N-GY/MoS; heterostructure due to its good electronic and optical properties. The N-GY/MoS; heterostructure has
an optical absorption range from the visible to ultraviolet with a absorption coefficient of 10> cm~!. The N-GY/Mo$S, het-
erostructure exhibits a type-II band alignment allows the electron—hole to be located on N-GY and MoS,; respectively,
which can further reduce the electron—hole complexation to increase exciton lifetime. The power conversion efficiency of
N-GY/MoS; heterostructure is up to 17.77%, indicating it is a promising candidate material for solar cells. In addition,
the external electric field and biaxial strain could effectively tune the electronic structure. Our results provide a theoretical
support for the design and application of N-GY/MoS; vdW heterostructures in semiconductor sensors and photovoltaic
devices.

Keywords: two-dimensional layer materials, heterostructures, electronic structure, power conversion effi-

ciency
PACS: 71.15.Mb, 73.22.—f, 88.40.H-

1. Introduction

Since graphene was successfully mechanical exfoliated
in 2004, an increasing number of two-dimensional layered
materials (2DLMs) have been synthesized experimentally and
used in research.!>° As the research progresses, the van der
Waals (vdW) heterostructures made of 2DLMs have attracted
the interest of many researchers.”!!] The stronger covalent
bonding of the monolayer structure in heterostructure ensures
its stability in the plane, while the stacked layers are linked
The different materials that
comprise the heterostructures have a large degree of freedom,

together by vdW interactions.

breaking the limitations of a single 2DLMs for applications
such as electronic devices. For instance, graphene is one
of the highest electronic conductivity, but without a bandgap
switch, the current cannot be controlled, which greatly hinders
its wide application in electronic devices.!'?! The photogener-
ated electrons and holes of g-C3N4 and In;SeS monolayers
recombine easily, limiting their application in photocatalytic

water splitting. The In;SeS/g-C3N4 heterostructures to effec-

DOI: 10.1088/1674-1056/ac1927

tively prevent the recombination of photogenerated electrons
and holes.!"3] The heterostructures can combine the excellent
properties of 2DLMs, resulting in superior performance over

14,151 The excellent surface diffusions of lithium

monolayer.|
polysulfifides on C4Ny resulted in a fast charge/discharge rate.
Furthermore, the C4Na/graphyne heterostructure could im-
prove the electrical conductivity of the structure. [!6]

The performance of heterostructures depends on the ma-
terial itself, and searching for new materials to develop high-
performance electronic devices is significant.!!”! Recently, a
new member of the graphdiyne family 3N-doped graphdiyne
(N-GY) has been successfully synthesized in the laboratory. It
has a high surface ratio, which could be assembled into a su-
percapacitor with an energy density of 8.66 Wh/kg, a power
density of 19.3 kW/kg and a capacitance of 250 F-g=!.[18:19]
The N-GY layer also exhibits high tensile strength can
be used for tensile energy storage and fabrication of flex-
ible devices.!?®! The porous atomic structure of graphene
nanosheets disperses phonons, greatly inhibiting thermal con-
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ductivity, which makes it unusable for the preparation of ther-
moelectric devices. Conversely, the sp and sp” carbon atom
types of N-GY are not homogeneous, hence the N-GY is ex-
pected to be a design object for carbon-based thermoelectric

21,221 However, the electron localization is intense at

devices.!
the conduction band minimum (CBM) and valence band max-
imum (VBM) of N-GY layer, resulting in a flat band edges.
The flat band and wide forbidden bands could hinder its ap-
plication of N-GY layer in optoelectronic and nanoelectronic
devices.

The MoS; is a kind of typical transition metal dichalco-
genides (TMDs), which is a promising application in opto-
electronic devices[?3! and field effect transistors (FETs).324
Due to the quantum confinement effect, bulk MoS; is an
indirect bandgap semiconductor, while its monolayer struc-
ture is proved to be a direct bandgap semiconductor. The
formation of vdW heterostructures by vertical stacking of
MoS; layers on different materials has been extensively stud-
ied experimentally and theoretically, e.g. MoS,/stanine,!>>-6]
Graphene/MoS;.?72%1 In order to extend the application of
N-GY layer in electronic devices, the MoS, and N-GY layer
are chosen to build heterostructures considering the good elec-
tronic and optical properties of MoS, layers.

In this work, the density functional theory (DFT) cal-
culations were performed to systematically study the elec-
tronic and optical properties of the N-GY/MoS, heterostruc-
tures. The external E-field and biaxial strain can effectively
adjust the bandgap and band edge positions, converting the
heterostructures from type-II to type-I band alignment. In ad-
dition, the heterostructure has an optical absorption range from
the visible to ultraviolet (UV) with an optical absorption coef-
ficient of 10° cm™'. The power conversion efficiency of the
heterostructure is 17.77%, which indicates the heterostructure
is a promising candidate material for solar cells. Therefore,
the N-GY/MoS; heterostructures have potential applications
in multifunctional nanoelectronic devices, photovoltaic semi-
conductor devices and solar cells.

2. Methods

First-principles calculations were based on density gener-
alised function theory (DFT)13%31 with projection-enhanced
wave (PAW)[3?! potentials, which were implemented in the
Vienna ab initio simulation package (VASP).[33-331 The gen-
eralized gradient approximation (GGA) to Perdew—Burke—
Ernzerhof (PBE) generalisation[34] was used to treat all elec-
tronic enchange energies DFT-D3 correction!*®! was used to
treat vdWs interactions. A plane-wave basis set with a cut-off
energy of 480 eV and a 7 x 7 x 1 k-point grid in the Brillouin
zone was determined with the gamma-centred Monkhorst—
Pack method.®”! The DFT-PBE method usually underesti-
mates bandgap.
(HSE06) and GW( methods are usually used to compensate

Therefore, the Heyd-Scuseria—Ernzerhof

for the bandgap values and band edges.!*¥! In the present
study, the electronic and optical properties of isolated mono-
layers and N-GY/MoS; heterostructures were calculated using
the HSE06 method.*! Using the PBE algorithm, the energy
band structure basically matches except for the underestima-
tion of the band gap, so the PBE method was used to calculate
the energy band trend of the heterostructures under the effect
of an applied E-field and biaxial strain to study their electronic
properties. All geometries were completely relaxed until the
energy and force converged to 10° eV and 0.01 eV/A, respec-
tively. To avoid interactions between adjacent layers, a vac-
uum layer of 20 A was added in the Z direction.

3. Results and discussion
3.1. Geometric construction and stability

The optimized lattice constants of structurally relaxed
MoS; and N-GY monolayers area =b=3.18 Aanda = b =
11.60 A, respectively, which are consistent with previous the-

1718401 To ensure effective

oretical and experimental results.|
lattice matching, the constructed N-GY/MoS; heterostructures
are composed of v/13 x 1/13 supercell of MoS, and a unit cell
of N-GY. The lattice mismatch is only 1.1%, which is so small
that the experimental fabrication of such heterostructure would
be highly achievable. As shown in Fig. 1, three typical geo-

metric structures were considered.

eC
oN
© Mo
@S

Fig. 1. The top and side views of the optimized structure N-GY/MoS, vdW
heterostructures.

To assess the stability of the N-GY/MoS2 heterostruc-
tures, the binding energy (E}) has been calculated using the
definition

Ey = EN-GY/Mos, — EMos, — EN-GY (N

where the En_gy /MoS2> Enmos2, and En_gy are the total en-
ergy of the N-GY/MoS; heterostructures, MoS,, and N-GY
layer, respectively. For the N-GY/MoS; heterostructures, the
layer spacing d, binding energy Ey, and thickness & of MoS;
are listed in Table 1. By comparison, the type-C heterostruc-
ture has the lowest binding energy of —0.497 eV, implying
type-C stacking is the most stable structure. In the follow-
ing discussion, we only consider type-C N-GY/MoS; het-
erostructures. As shown in Fig. 1(C), the thickness 4 (3.105 A-
3.101 A) of MoS; layer in the N-GY/MoS; vdW heterostruc-
ture is slightly smaller than that in intrinsic monolayer MoS;
(3.115 A), due to the compressive strain of MoS, during the
formation of the heterostructures, which is similar to other

vdW heterostructures. [41-43
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Table 1. Calculated interlayer spacing d, the thickness & of MoS,, and the
binding energy (Ey,) of N-GY/MoS; vdW heterostructures.

Type-A Type-B Type-C
d (A) 3.485 3.384 3.391
h(A) 3.103 3.105 3.101
Ey (eV) —0.444 —0.436 —0.497

In Figs. 2(a) and 2(b), the kinetic stability of N-GY
and MoS; monolayer are confirmed by its phonon disper-
sion, where no imaginary phonon branches can be found. To
check the dynamic stability of the heterostructures, ab initio
molecular dynamics (AIMD) simulations were performed us-
ing a 2 x 2 supercell containing 96 atoms at room temperature
(300 K) for a total time of 9.6 ps with a controlled time step of
1 fs. The variation of energy and temperature with time during
the simulation are shown in Fig. 2(c). The amplitude of the os-
cillations in the total energy is relatively small, there is no sig-
nificant deformation or bond breakage in the heterostructure,
thus indicating that the heterostructure has a good thermody-
namic stability.
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Fig. 2. Phonon band structures of the (a) N-GY, (b) MoS;. (c) Variations of
temperature and energy as a function of time for AIMD simulations of the
N-GY/MoS; vdW heterostructure.

3.2. Electronic properties

The band structures of the N-GY and MoS, monolayers
are shown in Figs. 3(a) and 3(b). The MoS, layer exhibits an
indirect bandgap of 2.13 eV, while N-GY monolayer exhibits
bandgap of 3.90 eV, which are agree with the experimental

results.[*Y1 As shown in Fig. 3(a), the VBM and CBM are flat
in N-GY layer, and the flat band appears due to Bloch phase
extinction of the electrons in six-membered ring formed by the
C and N atoms, where the electrons are tightly localized. The
flat band is the opposite extreme to the Dirac band, where the
intersection of conduction and valence bands exhibit a com-
plete linear dispersion relationship, with massless and very fast
electrons. In the flat band, the dispersion is zero, the kinetic
energy of the electron is quenched, the effective mass is infi-
nite and the density of states is very large.[41:4—49]

Energy (eV)

PDOS (states/eV)

~

-3 —2 -1 0 1 2 3
Energy (eV)

Fig. 3. The band structures of (a) N-GY, (b) MoS;, and (c) N-GY/MoS,
heterostructures. (d) The total and projected density states of N-GY/MoS,
heterostructures.

The electronic properties of the N-GY/MoS; heterostruc-
ture are presented in Fig. 3(c). The bandgap of the N-
GY/MoS; heterostructure is 1.81 eV. The projected density of
states (PDOS) of the N-GY/MoS, heterostructure is shown in
Fig. 3(d). From the PDOS, it can be observed that the CBM
and VBM of the N-GY/MoS; heterostructures are contributed
by N-GY layer and MoS; layer, respectively, which exhibits
a typical type-II band alignment. The CBM is mainly con-
tributed by the p, orbital electrons of the C and N atoms of the
N-GY layer, which is the main source of the flat band. The
VBM is contributed by the d» orbital of the Mo atoms of the
MoS; layer.
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When different materials form a heterostructure, the dif-
ference in the work function causes a directional movement of
electrons between the two layers.[!62>3% The planar average
electrostatic potentials along the Z direction for N-GY, MoS,
layer, and N-GY/MoS; heterostructures are shown in Fig. 4.
The work functions (@) of the N-GY and MoS, layer are
6.93 eV and 5.67 eV, respectively, which are consistent with
previous reports.[?! The work function of the heterostructure is
5.52 eV, which are lower than that of the intrinsic monolayer
N-GY and MoS, respectively 1.41 eV and 0.15 eV smaller.

5 _(a) — N-GY
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Fig. 4. The average electrostatic potential for the N-GY monolayer (a), MoS,
monolayer (b), and N-GY/MoS, heterostructures (c), respectively.

Due to the difference of work functions between N-GY
layer and MoS; layer, the electrons spontaneously transfer
from MoS; layer to N-GY layer until their Fermi levels are
aligned. In the interface region, positive charges accumulate in

MoS,; layer and negative charges accumulate in N-GY layer,
forming a built-in E-field (Ejy), whose direction is directed
from MoS, to N-GY layer. There is a potential drop of 9.14 eV
in the N-GY/MoS, heterostructure. The potential drop can
easily drive electrons from MoS; to N-GY, thus the concentra-
tion of holes in MoS, and the electron carrier concentration in
N-GY can be amplified.

To better investigate the charge transfer mechanism at in-
terfaces of heterostructures, in Fig. 5 we calculate the plane-
averaged charge density difference (CDD), the CDD can be
obtained by the following formula:

Ap = / PN-GY/Mos, (%, Y,z) dxdy
*/pN_GY(x,y,Z)dXdy

_/PM052 (xa)’>Z)dXdy7 (2)

in the above equation, PN-Gy/Mose, (X, ), 2), PN-GY (X,¥,2), and
PMos, (x,y,z) are the charge densities of N-GY/MoS; het-
erostructures, MoS,, and N-GY layers, respectively. From
Eq. (2), a positive value is defined as an accumulation of
charge and a negative value represents the depletion of elec-
tric charges. As seen in Fig. 5, the charges are redistributed at
the interface of heterostructures, depleted in the N-GY layer
(red) and accumulated at the S-atom position in the MoS,
layer (cyan). The electron transfer number from MoS; layer to
N-GY layer is 0.465¢ by Bader charge analysis. The charge re-
arrangement phenomenon generally leads to the formation of
electron—hole depressions at the N-GY/MoS, heterostructures

interface.*4
1.2
0.8
2 04
~~
(]
7 0
(e}
=
QU —
4 0.4
—0.8
~1.2 ' L '
0 5 10 15 20
Z (A)

Fig. 5. The inset is the 3D isosurfaces of the charge density difference, the
cyan and red areas represent charge accumulation and depletion, respectively,
and the isosurfaces value is 0.0005 e/A3.

3.3. Electric field effects on N-GY/MoS, heterostructures

The adjustability of electronic structure is significant for
the application of materials in electronic devices, and the ex-
ternal electric field (E-field) is an effective method for regu-
lating the band alignment.’! Figure 6(a) shows the relation-
ship between the bandgap of N-GY/MoS; heterostructures and
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external E-field. Here, we consider two external E-field di-
rections (+z, —z) perpendicular to the plane of heterostruc-
ture atoms. The positive direction is that the N-GY layer
points to the MoS; layer, and the range is from —1.0 V/A to
1.0 V/A. When the +z E-field is applied, the bandgap of the
heterostructures first increases and then remains unchanged,
with the increase of the E-field strength, reaching the maxi-
mum value of 1.39 eV at the E-field = 0.2 V/A. The bandgap
remains basically constant at the E-field of 0.2 V/A-0.8 V/A,
because the direction of the external E-field is opposite to
the Ej, direction in the heterostructures. The bandgap grad-
ually decreases with the E-field strength further increasing.
Conversely, when an external —z E-field in the same direc-
tion as Ejn is applied, the total E-field is enhanced. The
bandgap decreases further sharply with the external E-field in-
crease from 0 V/A to —0.7 V/A. Its bandgap could be zero at
E-field > —0.7 V/A, which suggests that the heterostructure
could be tuned from semiconductor to metallic properties.

1.6
(a)
1.2F o )
. Qo
< o
L )
0.8F
% )
T% oA ©
& 04F Qo
Qo
Qo
09000
| | | I (T I N
—-1.0 -0.6 —0.2 0.2 0.6 1.0
Efaa (V/A)
(b) ) —@ VBMs, —#—CBMy,g,

[—Q@— VBMy oy —— CBMygy

Energy (eV)

PR "
—02 02 06 10
Egaa (V/A)

Fig. 6. The evolution of the bandgap (a) and the band edges (b) of the N-
GY/MoS; heterostructures as a function of E-field.

The variation of band edges of N-GY/MoS, heterostruc-
tures under different external E-fields are presented in
Fig. 6(b). The CBM and VBM of MoS; in the heterostruc-
tures continue to move down with the increase of the posi-
tive E-field strength, while the CBM and VBM of N-GY layer
continue to rise. When the external E-field = 0.2 V/A, the
CBM of MoS; layer is lower than that of N-GY. Both the CBM
and VBM of the heterostructures are contributed by the MoS;

layer, and the system transforms into a type I band alignment.
Notably, when the external E-field > 0.8 V/A, the VBM of
heterostructure is contributed by N-GY and the CBM is con-
tributed by MoS; layer. At this time, the system is transformed
into type-II band alignment again. With an increasing reverse
E-field is applied to the heterostructure, the CBM and VBM
of N-GY layer in the heterostructures continue to move down,
while the CBM and VBM of MoS, continue to rise. At the E-
field = —0.7 V/A the CBM and VBM intersect, the bandgap
is closed, thus the heterostructure could change from semi-
conductor to metal. The predicted results of this bandgap ad-
justment show that the electronic properties of the heterostruc-
tures can be effectively and dynamically controlled by the ex-
ternal E-field, realizing the transition from type-II to type-I
band alignment and from the semiconductor to metal.

1 N-GY S Mo S
5 ' i1 I —FE=-01V/A
1.0 | ——E=-02V/A
| ——E=-03V/A
0.5 ——E=-04V/A
E=-0.5V/A
0 ——E=-06 V/A
< —0.5 ——E=-07V/A
~ E=-08V/A
o —1.0p ; P T E=-09V/A
: H ; L ——E=—-10V/A
5 1.5 —FE=0.1V/A ; H ' '
Z 1.0F—E=02V/A
g 05
0
—-0.5
—1.0
71.50 20

Z(A)

Fig. 7. The integrated charge density difference of the N-GY/MoS, het-
erostructures along the Z direction.

Furthermore, when an external E-field is applied, the
charge inside the heterostructure could be redistributed. The
integrated charge density difference along the Z direction was
calculated as

ie1d 70
Bpryas = [ PLZ0 (x.3,2)dxdy
~ [ pfie (x.3.2)dudy, 3
where
/ piesrl, (6.y.2)dxdy,
Efie1a=0
/ p NﬁGls/MoS
denote the charge density at the point in the Z direction for
the heterostructures with and without an external E-field, re-

x,y,z)dxdy

spectively. From the formula, a negative value indicates a de-
pletion of charge and a positive value indicates an accumu-
lation of charge. Figure 7 shows the planar average charge
density along the Z direction for N-GY/MoS; heterostruc-
tures. The amount of charge transfer is proportional to the
strength of the external E-field and independent of the direc-

tion of external E-field. Notably, a certain charge density also
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appears in the vacuum layer at larger E-field strengths due
to dielectric breakdown and charge tunneling, which is simi-
larly observed for the arsenic/C3N, blue phosphorus/C;N, and
Sb/InSe heterostructures. 7254

3.4. Strain effects on N-GY/MoS, heterostructures

Biaxial strain is one of the effective ways in which the
electronic structure of layered materials can be tuned. Fig-
ure 8(a) illustrates the bandgap as a function of biaxial strain
(€ = —4% to 4%). The biaxial strain is defined as € = Al/I x
100%, where Al and [ denote the change in lattice constant
and the intrinsic lattice constant, respectively. When tensile
strain is applied to the system, the bandgap of the heterostruc-
tures monotonically decreases. With compressive strains are
applied, the bandgap of the heterostructure increases and then
decreases, reaching a maximum of 1.19 eV at € = —2%.
The variations of the band alignment of the N-GY/MoS, het-
erostructures with strains are presented in Fig. 8(b). From 0%
to —4% of strains, the CBM of MoS, shifts upwards with in-
creasing strains, but is always higher than the CBM of N-GY
layer. At this point, the VBM of heterostructure is contributed
by MoS,, the CBM is contributed by N-GY, and the system
shows a type-II band alignment. When tensile strain is applied,
the CBM of MoS, moves down with the increase of strain. At
the € = 2%, both VBM and CBM of the heterostructures are
contributed by MoS,, and the system is transformed into type-
I band alignment. The above results show that biaxial strain
can effectively regulate the band structure of heterostructures
to achieve the transition from type-II to type-I band alignment.
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Fig. 8. The evolution of the bandgap (a) and the band edges (b) of N-
GY/MoS; heterostructure as a function of strain.

3.5. Optical properties

The optical absorption coefficients of the N-GY/MoS,
heterostructures are presented in Fig. 9. The optical absorp-
tion coefficient is defined by the following equation:

1/2
a(@) =22 |\fel o)+ o) a0 . @

where € (®) and & (®) are the real and imaginary parts of the
complex dielectric function, respectively. The first absorption
peak of the intrinsic N-GY layer is in the UV region and the
absorption coefficient is almost zero in the visible range. The
N-GY/MoS; heterostructures can break through the restric-
tions of isolating layer and combine their optical absorption
strength together. The N-GY/MoS, heterostructure is found
to absorb a wide range of solar spectrum in the visible region
as compared to the constituent monolayers. In the UV-visible
light the optical absorption coefficient is 10° cm™!, the type-II
band alignment facilitates exciton—hole complexation and in-
creases exciton lifetime. Good absorbance is essential for its
performance in optoelectronic and photovoltaic applications.
By comparing the band edges of monolayers forming type-II
band alignment, the application prospect of this heterostruc-
ture in 2D exciton solar cell is prospected.

infrared visible light ultraviolet

i

—N-GY-MoS, |

—MoS, |
—N-GY
6L—AML5G

00

Absorbance (10° cm™1)
N

Energy (eV)

Fig. 9. Optical absorption coefficients of MoS,, N-GY, and N-GY/MoS,,
heterostructures at the HSEO06 level.

The power conversion efficiency (PCE) of N-GY/MoS;
heterostructures can be evaluated as!>!

_ JscvocﬁFF
Psolar
0.65(E, — AE, —0.3)Ef POO)EGE(h®) 4 (figy)
= = - NG
JP(hw)d(ho)
0

where 0.65 is the band-fill factor (Bgr), E, is the bandgap of
the donor, and the term (E; — AE. — 0.3) evaluates the maxi-
mum open-circuit voltage Vo.. The P(hw) is the air mass 1.5
(AM1.5) solar energy flux at the photon energy i®. EQE (h®)
is the external quantum efficiency and is assumed to 100%.
The integral in the numerator depicts the short-circuit current
Jic in the limit of 100% EQE(h) while the denominator is
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the solar energy flux at AM1.5. The calculated PCE for the in-
trinsic N-GY/MoS; heterostructures is 17.77%, which is com-
parable to the recently reported, such as phosphorene/MoS;
(18%—21%)13°! and GeSe/Sn$ heterobilayers (~ 18%).171 As
shown in Fig. 10(b), we design the N-GY/MoS; heterostruc-
tures as a solar cell with Au and ITO as electrode material,
N-GY layer as the acceptor and the MoS; layer as the donor,
respectively.

(a) 1.2

1.0

0.8

S 06
L
mﬂ)
<

0.4

0.2

9.
J’_ —

(b)

Fig. 10. (a) The power conversion efficiency of N-GY/MoS, heterostruc-
tures. (b) Schematic illustration of the thin-film solar cell.

4. Conclusion

In summary, density functional theory calculations were
performed to systematically study the electronic and optical
properties of the N-GY/MoS; heterostructures. The binding
energy and molecular dynamics simulations demonstrate that
N-GY/MoS, van der Waals heterostructures could exist sta-
bly. The external E-field and biaxial strain can effectively
adjust the bandgap and band edge positions, converting the

heterostructures from type-II to type-I band alignment. The
bandgap of the heterostructures varies in trend under different
external E-fields, varying linearly in the range of —0.7 V/A
to 0.2 V/A and 0.8 V/A to 1.0 V/A, but remaining essentially
constant in the range of 0.2 V/A to 0.8 V/A. The charge trans-
fer is proportional to the strength of external E-field. In addi-
tion, the heterostructure exhibits an excellent optical absorp-
tion coefficient of 10° cm™!, range from visible to UV. The
power conversion efficiency of N-GY/MoS, heterostructure is
high to 17.77%, suggesting this heterostructure is a promising
candidate for solar cells. Our work shows that N-GY/MoS;
heterostructure is a candidate material for semiconductor sen-
sors and photovoltaic devices due to effective charge separa-
tion, tuned band alignment, broad optical absorption spectrum,
high optical absorption intensity, and high power conversion
efficiency.
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