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A B S T R A C T   

Two-dimensional (2D) crystalline carbonitride C3N, as a very attractive material, has received extensive atten-
tion. By using the first-principles calculations, we systematically studied the electronic properties of antimonene/ 
C3N van der Waals (vdW) heterojunction. The results show that the heterostructure has an inherent type-II band 
alignment with an indirect band gap. Moreover, the band gap of the C3N/antimonene heterojunction can be 
adjusted linearly within a certain range by applying vertical strain and electric field. The calculated absorption 
curve shows that the antimonene/C3N heterostructure can exhibit good visible-light absorption performance, 
and the optical properties of the C3N/antimonene heterojunction can be changed by applying biaxial and vertical 
strain, which can be expected to have potential applications in photovoltaic devices.   

1. Introduction 

Graphene has started the research craze for two-dimensional (2D) 
materials [1]. In recent years, people have been trying to build van der 
Waals heterojunctions with 2D semiconductor materials such as sily-
lene, black phosphorus, transition metal dichalcogenides (TMDCs), and 
MXenes [2,3]. Unfortunately, these materials are facing various appli-
cation dilemmas. For example, black phosphorus and germanene are 
unstable when exposed to humid air, which makes them difficult to 
achieve large-scale practical applications [4,5], and the application of 
MoS2 and WSe2 in field effect transistors (FET) is limited due to low 
mobility [6]. As an attractive carbon-based 2D material with a 
graphene-like structure, C3N was successfully prepared recently, and it 
shows that C3N is an indirect band gap semiconductor with a narrow 
band gap of 0.39 eV [7]. C3N has a wide spectral response range due to 
the small band gap, high carrier mobility and high on/off ratio (~ 105) 
make it great application potential in FET. In addition, C3N has good 
electrochemical properties and is also an ideal candidate for electrode 

materials [8,9]. In recent years, β-antimonene has also been proposed as 
a stable 2D structure. Wu et al. realized the growth of single-layer 
antimonene nanosheets on PdTe2 substrates [10], Zeng et al. devel-
oped the van der Waals epitaxial growth method and prepared a 
higher-quality 2D antimonene film [11]. Compared with black phos-
phorus, single-layer antimonene has a higher mobility, high chemical 
stability in the air, and is not oxidized after exposure to air. It shows that 
the single-layer antimonene has an indirect band gap of about 2.28 eV, 
which corresponds to the energy range of the blue light, and fills the 
gaps in the traditional semiconductor response spectrum. In addition, 
applying biaxial strain can transform antimonene from an indirect band 
gap to a direct band gap [12]. The above results indicate that both 
antimonene and C3N have broad application prospects in nano-
electronics and optical devices. Therefore, it is expected that the 
single-layer structure of the two materials can be stacked to form a vdW 
heterojunction to exhibit high stability and good optoelectronic 
properties. 

In this work, we study the electronic and optical properties of 
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antimonene/C3N van der Waals heterojunction by density functional 
theory (DFT). The effects of vertical strain and applied electric field on 
the electronic properties have been discussed in details. Moreover, it 
indicated that the vertical strain and biaxial strain can also significantly 
modulate the optoelectronic properties of the heterojunction. 

2. Computational details 

All calculations are performed by using the Vienna ab initio simu-
lation package (VASP) code [13,14]. The electronic 
exchange-correlation potential is described using the 
projector-augmented wave (PAW) pseudopotentials. The generalized 
gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) func-
tional is implemented for electron exchange and correlation [15]. 
Consider the interlayer interaction in the antimonene/C3N vdW heter-
ostructure by using the semi-empirical DFT-D2 method to simulate the 
effect of vdW interaction [16]. The plane wave basis set with a cut-off 
energy of 500 eV is used for the expansion of the electronic wave 
function and a 15 Å vacuum region is used to simulate the isolated sheet 
along the z direction. Monkhorst-Pack 15 × 15 × 1 K-point grid of 
Brillouin zone is sampled for the relaxation of monolayer C3N, mono-
layer antimonene and heterostructure [17]. During the electron 
self-consistent calculation, the energy convergence standard is set to 
10− 6 eV, and the calculation stops when the force on each atom is less 

than 0.01 eV A
̊ − 1

. In order to obtain more accurate band gap, HSE06 
hybrid functional is adopted. 

The basic optical properties of the heterojunction can be well char-
acterized by the light absorption coefficient α(ω) [18], which can be 
expressed as 

α(ω) =
̅̅̅̅̅̅
2ω

√
[

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϵ1(ω)2
+ ϵ2(ω)2

√

− ϵ1(ω)]1/2 (1)  

where ϵ1 and ϵ2 are the real part and imaginary part of the complex 
dielectric function, respectively. 

3. Results and discussion 

3.1. Geometrically optimized structures 

We first explored the geometric structure of the monolayer C3N and 
monolayer antimonene. The top views of the atomic structure for the 
antimonene and C3N monolayers are shown in Fig. 1(a). The optimized 
in-plane lattice constants for antimonene are a = b = 4.04 Å, and the 
lattice constants of C3N are a = b = 4.86 Å. Both results are consistent 
with previous reports [19,20]. Therefore, a 2 × 2 antimonene supercell 
and a 

̅̅̅
3

√
×

̅̅̅
3

√
C3N supercell were chosen to construct a hetero-

junction. The lattice mismatch of heterojunction is only 2.56%. 
In order to obtain stable heterostructures, three stacking configura-

tions were considered (labeled I, II and III), as shown in Fig. 1(b). For 
configurations I and III, antimony atoms are aligned with the center of 
the hexagon surrounded by carbon and nitrogen atoms. In configuration 
II, antimony atoms lie directly below carbon and nitrogen atoms. 

Fig. 1. (a) The top views of atomic structure of (a) antimonene and C3N monolayers, where the dashed rectangle indicates the unit cell. (b) The top and side views of 
atomic structure of heterostructures with three different stacking configurations. (c) The calculated binding energies as a function of the interlayer distance for the 
corresponding antimonene/C3N heterostructures. 
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The results show that the equilibrium distances between the C3N and 
the antimonene are 3.38 Å, 3.40 Å and 3.37 Å for I, II and III, respec-
tively, and in order to further verify the stability of antimonene/C3N 
heterojunction, the corresponding binding energy changes with the 
distance between layers as shown in Fig. 1(c), which is defined as 

Eb = (Eantimonene/C3N − EC3N − Eantimonene)
/

A (2)  

where Eantimonene/C3N is the total energy of the C3N/antimonene vdW 
heterostructure, EC3N and Eantimonene are the total energy of an isolated 
C3N and antimonene monolayer, respectively. A is the interface area of 

heterostructure. The binding energy Eb reaches the minimumis (− 15.9 

meV/A
̊ 2

, − 14.7 meV/A
̊ 2 

and − 15.7 meV/A
̊ 2 

for I, II and III, respec-
tively) at equilibrium. Therefore, configuration I has the lowest binding 
energy and the most stable structure, which is taken as the research 
object. 

3.2. Electronic properties of the heterojunction 

To figure out the electronic properties of antimonene/C3N hetero-
junction, the electronic properties of single-layer C3N and single-layer 

Fig. 2. The band structures for (a) the monolayer C3N, (b) the monolayer antimonene calculated by PBE and HSE06. The Fermi level EF is set to zero. (c) The 
projected band structure and PDOS of the antimonene/C3N heterostructure calculated by HSE06. The red and green lines represent the contributions from C3N and 
antimonene, respectively. (d) The band alignment of the antimonene/C3N heterostructure. (e) The decomposition charge density of VBM and CBM. (f) The plane- 
averaged charge density difference of the heterostructure. The yellow and blue ares represent electrons accumulation and depletion, respectively. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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antimonene were calculated. The calculated band structure of the 
monolayer C3N and monolayer antimonene are shown in Fig. 2(a) and 
(b), respectively. For the monolayer antimonene, it has an indirect 
bandgap of 1.42 eV (1.91 eV calculated by HSE06), while the C3N 
monolayer showing a finite indirect band gap of 0.39 eV (0.97 eV 
calculated by HSE06). All the results are in good agreement with pre-
vious theoretical reports [6,19,21]. The calculated band structure of the 
heterojunction is shown in Fig. 2(c). Obviously, the band structure of 
heterojunction is the superposition of two single layers, which is in line 
with the typical characteristics of heterojunction. The antimonene/C3N 
heterostructure with an indirect band gap of 0.15 eV (0.59 eV calculated 
by HSE06) was obtained, the bottom of the conduction band of the 
heterojunction is located between the Γ-point and M-point, and the top 
of the valence band is located at the point M-point, as listed in Table 1. 
The projected density of states (PDOS) is also in good agreement with 
the band structure. The density of states at the bottom of the conduction 
band is mainly contributed by antimonene, while the density of states at 
the top of the valence band is mainly derived from C3N layer. 

Band alignment is very important for analyzing contact interface 
[22,23]. The band edges of the monolayer antimonene, monolayer C3N, 
and antimonene/C3N heterostructure are presented in Fig. 2(d). It can 
be seen that the heterojunction has type-II band arrangement, which is 
expected to be practically applied in optoelectronic devices. In order to 
understand the distribution of charge in the heterojunction more clearly, 
the band decomposed charge density of antimonene/C3N hetero-
structure was also calculated. Fig. 2(e) clearly show that the lowest 
energy electron states are located in the antimonene layer, while the 
lowest energy hole states are located in the C3N layer. In addition, the 
work function φ (defined as the energy difference between the vacuum 
level Evac and the Fermi level EF) is helpful in analyzing the flow of 
electrons in the heterojunction. The work functions of the monolayer 
C3N and the monolayer antimonene are 2.92 eV and 4.82 eV, respec-
tively, as listed in Table 1. When the antimonene/C3N vertical hetero-
structure is formed, electrons accumulate in antimonene and the holes 
flow spontaneously to C3N, owing to the fact that the work function of 
antimonene is higher than that of C3N. The redistribution of charge can 
be observed at the contact interface, as shown in Fig. 2(f). Therefore, the 
photogenerated electrons can easily flow from C3N to antimonene by the 
conduction band minimum (CBM) offset. However, the photogenerated 
holes can transferer from antimonene to C3N by the valence band 
maximum (VBM) offset. As a result, the antimonene/C3N heterojunction 
realizes the spatial separation of electron-hole pairs and prolongs the 
carrier lifetime, which is expected to have good performance in opto-
electronic devices [24]. Finally, a built-in electric field Eint is formed at 
the interface, the direction of Eint is from C3N to antimonene. Before 
reaching the equilibrium position, more and more electrons accumulate 
in antimonene, while holes accumulate in the C3N layer, which leads to 
the increase of the Eint and in turn inhibits the electron transfer. 

3.3. Adjustment of electronic structure by vertical strain 

The adjustable band gap is important for the performance of opto-
electronic devices. Applying strain is a common methods to modulate 
the band structure of 2D materials [25]. The band structure and elec-
tronic properties of van der Waals heterojunction can be adjusted by 
applying vertical strain, which defined as η = d0 - d, where d0 = 3.38 Å is 

the optimized vertical distance. It can be seen from Fig. 1(c) that the 
binding energy increases rapidly with the increase of compressive strain, 
but very slowly with the increase of tensile strain. This is because the 
Coulomb repulsive force increases significantly with the decrease of 
interlayer spacing; on the contrary, the Coulomb attraction increases 
slowly with the increase of interlayer spacing. 

The band structure of the heterojunction under different vertical 
strain is shown in Fig. 3(a). It can be seen that for the case of η = − 1.0 Å, 
the band structure shows type-III arrangement with a band gap of zero. 
As the η increases, the band structure changes more significantly. In 
particular, when η increases to 0.8 Å, the charge exchange between 
bands is most obvious, and the sources of CBM and VBM are reversed. 
Specifically, the interlayer interaction between the C3N and the anti-
monene is decreased with η decreasing from 0 to − 1.0 Å, as a result, the 
charge transfer between C3N and antimonene is significantly reduced, as 
demonstrated by the isosurface of the differential charge density in 
Fig. 3(b). It can be seen from Fig. 3(c) that the band gap shows a linear 
change with the vertical strain within a certain range, indicating that the 
band gap can be effectively controlled by strain engineering. Accord-
ingly, the effect of η on potential drop (Δφ) is shown in Fig. 3(d). 

For compressive strain, the increase of interfacial electron transfer 
enhances the built-in electric field Eint between C3N and antimonene, 
resulting in the enhancement of interfacial electrostatic potential drop 
and corresponding increase of band gap. For tensile strain, the interfa-
cial electron transfer is hindered, the built-in electric field decreases, the 
interfacial potential drop decreases, and the band gap decreases [26,27]. 
In addition, the electrostatic potential itself decreases with the decrease 
of layer spacing and increases with the increase of layer spacing, which 
is contrary to the change of electrostatic potential caused by strain. 
Therefore, it can be concluded that the reduction of electron transfer 
caused by tensile strain is the main reason for the decrease of electro-
static potential, compared with the change of electrostatic potential 
caused by the change of layer spacing. When the compression strain is 
less than 0.4 Å, the electron transfer caused by compression strain plays 
a dominant role in the competition. These results indicate that electro-
static potential difference is sensitive to the increase of layer spacing. 

3.4. Adjustment of electronic structure by external electric field 

In the application of nano-electronic devices, the gate voltage can 
effectively tune the electronic properties of materials [28,29]. To this 
end, the effect of Eext on the electronic properties of the antimonene/C3N 
heterostructure was explored. The positive direction of Eext is from the 
C3N to the antimonene, which is the same as the direction of Eint. We 
believe that the electronic properties of heterojunctions are jointly 
affected by Eint and Eext. Evolution of the projected band structure of 
antimonene/C3N bilayer with Eext is shown in Fig. 4. The results show 
that under the influence of negative Eext, the VBM of C3N and the CBM of 
antimonene are closer to the Fermi level, while for positive Eext, the 
situation is the opposite. As a result, the band gap of antimonene/C3N 
bilayer decreases in the case of a negative Eext and increases when 
subjected to a positive Eext. Then, when the positive electric field in-

creases to 0.25 V⋅A
̊ − 1

, the antimonene/C3N heterostructure changes 
from type-II to type-I. When the positive electric field is further 

increased to 0.35 V⋅A
̊ − 1

, it can be found that a new band appeared in the 
conduction band, which was neither contributed by the C3N layer, nor 
the antimonene layer. We believed that this phenomenon can be 
attributed to the formation of near free electrons (NFE) induced by a 
strong electric field [30]. With the existence of NFE, the band became 
the bottom of the conduction band and the heterojunction presents 
metallic properties. 

Evolution of the band gap of antimonene/C3N as a function of 
applied external Eext is shown in Fig. 5(a). The results show that the band 
gap varies linearly with Eext, which can be explained by the Giant Stark 

Table 1 

The calculated lattice constants a and b (A
̊
), band gaps Eg (eV), and work 

function φ (eV).  

Structure a = b EPBE
g  EHSE06

g  φ 

Antimonene 4.04 1.42 1.91 4.82 
C3N 4.86 0.39 0.97 2.92 
Antimonene/C3N 8.38 0.15 0.59 3.40  

L. Gao et al.                                                                                                                                                                                                                                      



Solid State Sciences 122 (2021) 106771

5

effect (GSE) [31]. Fig. 5(b) suggests that all the band edges also change 
linearly with the electric field. This phenomenon can be explained by the 
local electrostatic potential energy (LEPE) difference between layers, 

which is defined as ∣e∣(Eext
⃗
+ Eint

⃗
)d0, in which the built-in electric field is 

very small and can be ignored compared with the external electric field 
[32]. Therefore, such interlayer LEPE can be regarded as determined by 
the applied electric field. When Eext is positive, the LEPE of antimonene 
layer is higher than that of C3N, so the CBM and VBM of antimonene 
layer move upward with the increase of electric field. When the electric 
field is negative, the situation is opposite, the LEPE of C3N layer is 
higher, and the CBM and VBM in C3N layer move upward with the in-
crease of negative electric field. In order to further study how Eext adjusts 
the electrical characteristics of the heterostructure, the integrated 
charge density is calculated by the following formula: 

ΔρEext
(z) =

∫

ρEext
(x, y, z)dxdy −

∫

ρE0
(x, y, z)dxdy (3)  

where ρEext
(x, y, z) and ρE0

(x, y, z) are the charge density at (x, y, z) point 
in the supercell of the antimonene/C3N heterostructure with and 
without Eext, respectively, are presented in Fig. 5(c). The integrated 
charge density can intuitively indicate that the stronger the negative 
electric field Eext, the greater the amount of charge transfer. And it is 
worth emphasizing that the electrons always migrate from C3N to 
antimonene. As the forward electric field increases, the number of 
electrons migrating from C3N to antimonene decreases. The same evi-
dence can be demonstrated by Fig. 5(d), when the heterojunction is 
under the positive Eext, the balance of Fermi level is destroyed, and the 
Fermi level of C3N moves down, while the Fermi level of antimonene 
moves up, resulting in the transfer of a certain number of electrons from 
antimonene to C3N, the opposite is true when the heterojunction is 
subjected to a negative Eext. Fig. 5(e) further shows the variation of the 
conduction band offset (CBO, defined by ΔEC = EC(C3N) − EC(antimonene)) 
and valence band offset (VBO, defined by ΔEV = EV(C3N) − EV(antimonene)) 
of the heterojunction with the applied Eext. Both CBO and VBO decrease 

Fig. 3. (a) The band structure of the heterojunction under different vertical strain η based on PBE calculations. (b) The isosurface of the different charge density. The 
isovalue of the plot is 0.002e/Bohr3. (c) The evolution of band gap as a function of η. (d) The electrostatic average potential for the antimonene/C3N heterostructure 
under different η. 
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with the increase of electric field, when Eext = − 0.35 V⋅A
̊ − 1

, ΔEC = 0.33 
eV, ΔEV = 1.41 eV. Therefore, a larger negative electric field can provide 
a larger CBO and VBO and promote the separation of photogenerated 
electron hole pairs. And it can be seen that as the external electric field 
changes, the band gaps of C3N ML and antimonene ML hardly change, 
but significant changes in charge transfer can be observed, as shown in 
Fig. 5(f). The increase of positive electric field hinders the charge 
transfer, while the negative electric field is beneficial to enhance the 
diffusion behavior of electrons and enhance the charge transfer. How-
ever, even at strong electric fields the amount of charge transfer is still 
very small due to weak van der Waals interactions between layers. The 
above results show that electrostatic gating can effectively act on the 
band gap adjustment of antimonene/C3N heterostructure, which is 
beneficial for applications in high-performance electronic devices. 

3.5. Optical properties 

Due to the type-II energy band arrangement, photogenerated elec-
trons and holes are effectively separated, which is essential for photo-
catalysis. Fig. 6(a) shows that the photogenerated holes in antimonene 
tend to flow to the valence band of C3N, while the photogenerated 
electrons in C3N tend to flow to the conduction band of antimonene. 
Therefore, the oxidation reaction occurs in the valence band of C3N, and 
the reduction reaction occurs in the conduction band of antimonene. 
Fig. 6(b) shows that the C3N/antimonene heterostructure can be 
designed as a photovoltaic cell. When sunlight is irradiated, light-excited 
electrons move to the positively charged N region (antimonene), and 
holes move to the negatively charged P region (C3N). Through the 
charge separation of the interface layer, a measurable voltage will be 
generated between the P and N area. 

Moreover, the optical properties of the antimonene/C3N hetero-
junction have been explored. The calculated absorption coefficient and 
imaginary parts of the complex dielectric constant are shown in Fig. 7(a) 
and (b), respectively. The heterostructures exhibit a wide range of light 
absorption and maintain a high absorption coefficient even in the blue- 
light region, which is expected to be used in solar cells. The absorption 
coefficient in the blue range mainly comes from the contribution of 
antimonene, which is consistent with previous reports [11]. At the en-
ergy of 1.68 eV, 2.52 eV and 3.1 eV, three distinct absorption peaks can 
be observed, respectively. The vertical strain effects on the absorption 
coefficient has been calculated and shown in Fig. 7(c). When the applied 
vertical strain η < 0, the absorption spectrum red-shift occurs, while 
when the vertical strain η > 0, the absorption spectrum has a blue-shift. 
The effect of biaxial strain on the absorption curve is shown in Fig. 7(d). 
The biaxial strain can be expressed as η′ = (a-a0)/a0, where a0 and a are 
the lattice constant with and without stretching, respectively. Here, 1%– 
5% of the biaxial external tensile strain is applied. With the increase of 
the applied strain, the absorption spectrum has blue-shift and the in-
tensity of absorption peak decrease. 

4. Conclusion 

In conclusion, we have systematically studied the electronic prop-
erties and optical performance of van der Waals antimonene/C3N het-
erojunction by using DFT calculations. The antimonene/C3N 
heterojunction forms a type-II heterojunction, which is conducive to the 
effective separation of photogenerated electron-hole pairs. In addition, 
the band structure can be effectively adjusted by electric field and ver-
tical strain, both band gap and band edge change linearly with electric 
field. Then the heterojunction exhibits good optical performance in the 
visible light region, especially in the blue-light region, and the optical 

Fig. 4. The band structure of the antimonene/C3N heterostructure under different Eext based on PBE calculations.  
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Fig. 5. The evolution of (a) the band gap and (b) the band edge as a function of Eext. (c) The integrated charge density difference of the heterostructure under Eext. (d) 
Band alignment of the antimonene/C3N bilayer under positive and negative Eext. (e) Band gaps for each layer, and band offset for heterostructure. (f) Electron transfer 
for each layer, the positive and negative values represent electron accumulation and depletion, respectively. 
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properties can be adjusted by biaxial and vertical strain, which is ex-
pected to become a photovoltaic module for solar cells. 
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