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1. Introduction

Two dimensional (2D) materials have attracted wide research 
interest, due to their novel physical properties and promising 
applications in optoelectronics, valleytronics, and spintronics, 
et al [1–4]. Many 2D materials have been isolated from their 
bulk counterparts, such as silicene [5, 6], phosphorene [7–9], 

transition metal chalcogenides (TMDCs) [10–12], and III–VI 
binary compounds (e.g. In2Se3) [13–15]. The 2D heterostruc-
tures, which combine two or more layered materials with 
weak van der Waals (vdW) interactions, provide new proper-
ties that do not exist in their individual constituent [16–18]. 
So far, a variety of 2D heterostructures, such as MoS2/phos-
phorene [19, 20], graphene/BN [21], WS2/C2N [22], etc have 
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Abstract
Two dimensional (2D) ferroelectric materials are gaining growing attention due to their 
nontrival ferroelectricity, and the 2D ferroelectric heterostructures with tunable electronic, 
optoelectronic, or even magnetic properties, show many novel properties that do not exist in 
their constituents. In this work, by using the first-principles calculations, we investigate the 
ferroelectric and dipole control of electronic structures of the 2D ferroelectric heterostructure 
InTe/In2Se3. It is found that band alignment is closely dependent on the ferroelectric 
polarization of In2Se3. By switching the polarization of In2Se3, the band alignment of InTe/
In2Se3 switches from a staggered (type II) to a straddling type (type I) , and the band gap 
changes from indirect gap 0.76 eV to direct gap 0.15 eV. When the ferroelectric field of 
In2Se3 is reversed, the band alignment of InTe/In2Se3 switches from type-I to type-II, and the 
band gap changes from indirect gap 0.76 eV to direct gap 0.15 eV. In addition, we find that 
the interlayer dipole can also effectively modulate the band structure and induce the type-I 
to type-II band alignment transition. Our present results indicate that the 2D ferroelectric 
heterostructure with the tunable band alignment and band gap can be of great significance in 
the optoelectronic devices.

Keywords: InTe/In2Se3 heterostructure, two dimensional ferroelectric, the first-principles 
calculations, electronic structures
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been studied. For example, Deng et al [19] reported that the 
photodetection responsivity of black phosphorus/MoS2 het-
erostructure improves nearly 100 times than the single black 
phosphorus phototransistor.

The electric control of band alignment in heterostructure 
has been studied extensively [23, 24]. Tunable band align-
ment offers potential technological applications in optoelec-
tronic devices. For example, the type-I semiconductor, in 
which both the valence and the conduction band edges of the 
one comp onents are localized within the energy gap of the 
other mat erial of the heterostructure, can achieve high emis-
sion quantum yields (QY), as well as enhanced photostability 
[25]. While for type-II heterostructures, in which their rela-
tive band-edge positions form a staggered band alignment, 
whereby the hole is located in the one component and the 
electron is located in the other component, thus a charge car-
rier separation occurs. However, directly applying the electric 
field in laboratory is usually low efficiency and high energy 
consumption. Alternatively, in 2D ferroelectric heterostru-
crue, the ferroelectric polarization may be used for tuning the 
electronic structure [26–28]. The stable of room-temperature 
ferroelectricity of thin film In2Se3 has been confirmed both 
in theory and experiments [29–32]. The electronic properties 
of single- and few-layer In2Se3 has been investigated theor-
etically using the first-principles calculations [32, 33]. Ding 
et al [32] demonstrated that the 2D ferroelectric heterostruc-
ture In2Se3/graphene can exhibit a tunable Schottky barrier, 
and In2Se3/WSe2 heterostructure displays a rapid band gap 
reduction in the combined 2D ferroelectric system. Compared 
to the external electric field, the intrinsic electric field induced 
by the ferroelectric polarization at the interface may reach 1 
GV m−1 [26], which is much larger than the electric field pro-
duced in experiment conditions [34, 35]. The bistable polari-
zation of the ferroelectric is nonvolatile and can be easily 
reversed at a relatively low voltages, which provides large and 
switchable electric fields.

In this paper, we construct InTe/In2Se3 heterostructures 
and investigate their electronic structures and band alignment. 
The results reveal that the band alignment of InTe/In2Se3 can 
be switched between type-I and type-II when the ferroelectric 
field is reversed. Meanwhile, the band gap changes from indi-
rect gap to direct gap and show a rapid band reduction. Also, 
the transition from type-I to type-II band alignment can be 
induced through interlayer dipole. These results indicate that 
the ferroelectric heterostructures with tunable band alignment 
and band gap can be significance in application of nanoscaled 
optoelectronic devices.

2. Computational details

All calculations are executed based on density-functional 
theory (DFT) in conjunction with the projector-augmented-
wave (PAW) method as implemented by the Vienna ab 
initio simulation package (VASP) code [36, 37]. The elec-
tron exchange and correlation are described by the Perdew–
Burke–Ernzerhof (PBE) function with generalized gradient 
approximation (GGA) [38–40]. The energy cutoff is 500 eV, 

and k-point sampling is done by choosing the Monkhorst–
Pack mesh scheme with 15 × 15 × 1 [41]. The weak vdW 
interaction between layers is described by semi-empirical 
DFT-D3 method. A vacuum slab larger than 20 Å  is used 
along z direction to avoid the interaction between the neigh-
boring layers. Because of the asymmetric layer arrangement, 
the dipole correction is employed. All initial geometry struc-
tures are fully relaxed until the convergence criteria of energy 
and force are less than 10−6 eV and 0.01 eV ̊A

−1
, respectively. 

To quantitative evaluation the stability of the heterostruc-
tures, we calculate the binding energy Eb using the following: 
Eb = EInTe/In2Se3 − (EIn2Se3 + EInTe) where EInTe/In2Se3, EIn2Se3, 
and EInTe represent the total energies of the InTe/In2Se3 het-
erostructure, In2Se3 and InTe monolayers, respectively.

3. Results and discussion

We construct InTe/In2Se3 heterostructures considering two 
different ferroelectric field direction, as shown in figure 1(a), 
labeled as InTe/In2Se3(I) and InTe/In2Se3(II). The InTe/
In2Se3(I) are heterostructure with the out-of-plane ferro-
electric field FE points from InTe layer to In2Se3 layer. For 
InTe/In2Se3(II), the ferroelectric field FE is reversed. The 
interface electric fields for two stackings are denoted by 
Eint-I and Eint-II, respectively. For I stacking, the ferroelectric 
field FE is opposite to the interface electric field Eint-I. For II 
stacking, the ferroelectric field FE is the same as the interface 
electric field Eint-II. We first optimize the lattice parameters 
of the monolayer In2Se3 and InTe based on the minimiza-
tion of the total energy. The calculated lattice parameters is 
a  =  b  =  4.09 Å  for In2Se3, a  =  b  =  4.39 Å  for InTe mono-
layer. These results are well consistent with previous theor-
etical and experimental values [32, 33, 42]. Because of their 
close lattice constants, InTe/In2Se3 heterostructures are built 
with unit cells containing nine atoms in total. The lattice mis-
match are less than 4%, which is in a reasonable range. The 
optimized lattice parameters, band gap as well as the work 
function of InTe/In2Se3 for two different stacking configura-
tions are summarized in table 1. It is interesting that the InTe/
In2Se3(II) configuration has more negative binding energy 
compared to the other configuration, as shown in figure 1(b), 
which indicates that the II stacking is more stable than I 
stacking. The both negative binding energies indicate that 
the considered two stacking configurations are energetically 
stable.

The intrinsic dipole is 0.10 eÅ  for In2Se3 monolayer, which 
agrees well with the previous results [32]. The intrinsic dipole 
introduces an electrostatic potential difference ∆Φ = 1.34 eV 
between the two surface within In2Se3 monolayer as shown in 
figure 2(a). As showed in figures 2(b) and (c), the electrostatic 
potential differences between InTe layer and In2Se3 layer is 
1.06 eV for InTe/In2Se3(I), 0.62 eV for InTe/In2Se3(II), respec-
tively. The decrease of the dipole moment and electrostatic 
potential differences in InTe/In2Se3(II) can be attributed to 
the screening effects [43–45] due to the charge transfer and 
depolarizing electrostatic field between the two layers in 
heterostructure.

J. Phys.: Condens. Matter 32 (2020) 055703
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We show the projected band structures of InTe/In2Se3(I), 
InTe/In2Se3(II) and the corresponding monolayers in fig-
ures 3(a)–(d). For InTe/In2Se3(I), it is a type-I semiconductor, 
while for InTe/In2Se3(II), the energy band becomes type-II 
band alignment. The former has an indirect band gap of about 
0.78 eV with the position of conduction band minimum (CBM) 
located at the Γ point and valence band minimum (VBM) 
located in the region between the high-symmetry points Γ and 

M. While the InTe/In2Se3(II) has a direct band gap of 0.15 eV 
with the CBM and VBM both located at the Γ point. In the 
case of InTe/In2Se3(II), the CBM is contributed by In2Se3 and 
VBM is by InTe layer, which indicated that the hole states are 
localized in the InTe layer, while electron states are contrib-
uted by In2Se3 layer. For InTe/In2Se3(I), it can be seen that the 
CBM and VBM are both contributed by the In2Se3 layer which 
is suitable for light emission applications. The band alignment 

Figure 1. (a) The top and side view of the InTe/In2Se3 heterostructures with the direction of ferroelectric up and down. (b) The binding 
energy as a function of interlayer distances for InTe/In2Se3(I) and InTe/In2Se3(II) heterostructures.

Table 1. The optimized lattice parameters, interlayer distances, interlayer binding energy Eb (per unit cell), workfunction, band gap, dipole 
moment and the potential differences of the two surfaces ∆Φ.

a  =  b (Å) Distance (Å) Eb (meV) Workfunction (eV) Eg (eV)
Dipole 
moment (eÅ) ∆Φ (eV)

In2Se3 4.10 5.99, 4.81 0.78 0.10 1.34
InTe 4.39 4.92 1.54 0.00 0.00
InTe/In2Se3(I) 4.20 3.16 −266 6.36 0.76 0.16 1.06
InTe/In2Se3(II) 4.20 3.02 −296 5.26 0.15 0.09 0.62

Figure 2. (a) The electrostatic potential for In2Se3 monolayer. (b) and (c) The electrostatic potential for InTe/In2Se3(I) and InTe/In2Se3(II) 
heterostructures, respectively.

J. Phys.: Condens. Matter 32 (2020) 055703
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transition from type-II to type-I is important to design novel 
optoelectric devices. These results show that the ferroelectric 
polarization can effectively modulate the electron and exciton 
properties of the InTe/In2Se3 heterostructure.

To visualize the charge redistribution and understand the 
charge transfer mechanism in InTe/In2Se3 heterostructures, we 
show the charge density difference in figures 4(a) and (b). The 
planar-averaged differential charge density is calculated by using 
∆ρ(z) =

∫
ρHetero(x, y, z)dxdy −

∫
ρInTe(x, y, z)dxdy −

∫
ρIn2Se3 

(x, y, z)dxdy, where ρHetero(x, y, z), ρInTe(x, y, z) and ρIn2Se3(x, y, z)  
are the charge density at the (x, y, z) point in InTe/In2Se3 het-
erobilayer, InTe and In2Se3 monolayers, respectively. We can 
see that the charge redistribution is mainly between Te atoms 
and adjacent Se atoms at interface. For both InTe/In2Se3 het-
erostructures, it can be seen that the charge is depleted on the 
InTe side (violet area) and accumulated in the In2Se3 layer 
(cyan area), thus a remarkable charge rearrangement occurs at 
the interface of the hybrid structure. We further perform charge 
analysis based on the Bader method [46] and gained the exact 
transferred electrons of interlayer, which is 0.014 e and 0.027 
e for InTe/In2Se3(I) and InTe/In2Se3(II), respectively. The 
more transferred electrons in InTe/In2Se3(II) indicates a much 

stronger interlayer interaction than InTe/In2Se3(I), therefore, 
results a more negative binding energy.

The band alignment of semiconductor is significance 
in designing novel optoelectronic devices [47]. Here, the 
band alignment of the In2Se3 monolayer, InTe monolayer, 
and InTe/In2Se3 heterostructures are showed in figure  5. 
Furthermore, to evaluate the carriers confnement effect, we 
define the conduction (valence) band offset (CBO, VBO) as 
�EC = |EC(In2Se3) − EC(InTe)| (�EV = |EV(In2Se3) − EV(InTe)|). 
For InTe/In2Se3(I) heterostructure, the CBO and VBO of the 
InTe/In2Se3(II) are 0.88 eV and 0.05 eV. Such a tiny VBO 
make it is easy to relaize the switching between Type-I and 
Type-II band alignment which can be used to design novel 
optoelectronic devices. The conduction band offset and the 
valence band offset of the InTe/In2Se3(II) are 1.36 eV and 
0.85 eV, respectively. Such a large band offset will prolong 
the lifetime of interlayer exciton [48], which is crucial for 
improve the efficiency of carrier separation.

Next, we turn to discuss the influence of the interlayer cou-
pling effect. The coupling effects of InTe and In2Se3 mono-
layers in the heterostructure can be modulated effectively 
through adjusting interlayer distance, thus the interlayer 

Figure 3. The band structures of (a) InTe and (b) In2Se3 monolayers. The projected band structure of (c) InTe/In2Se3(I) and (d) InTe/
In2Se3(II). The projected band structure dominated by In2Se3 and InTe are plotted using dark green and red dots. The size of the dots 
reflects the proportion of each layer.

Figure 4. The plane-averaged charge density difference for InTe/In2Se3(I) and InTe/In2Se3(II) at equilibrium distance along the z direction. 
The inset is the 3D surface of the charge density difference with an isosurface value of 0.0001 eÅ−3, the cyan and violet areas represent 
electron accumulation and depletion, respectively.

J. Phys.: Condens. Matter 32 (2020) 055703
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dipole is controled. To investigate the tunable effects of inter-
layer coupling, we vary the distances between InTe and In2Se3 
for InTe/In2Se3(I) from 2 Å  to 5.5 Å , then fully relax the 
structure to acquire the accurate electronic properties. As we 
see in figures 6(a) and (b), the magnitude of the electric dipole 
for two heterostructure both change obviously with the varia-
tion of interlayer distance, which indicates a strongly coupling 
effect between In2Se3 and InTe monolayer. For InTe/In2Se3(I) 
heterostructure, the electric dipole moment is decreased with 
increased interlayer distance. The electric dipole moment 
is increased with increasing the interlayer distance for II 
stacking. The reason is given as follows. For II stacking, the 
direction of interface electric field Eint-II is the same as the 
ferroelectric field FE. The FE and Eint-II together enhance the 

electron transfer from InTe layer to In2Se3 layer, thus rein-
force the electron screening effect in InTe/In2Se3(II) hetero-
structure which counteract the built-in electric field of the 
ferroelectric layer. When increasing the interlayer distance, 
the electron screening effect is weaked, therefore increase the 
magnitude of diople moment. For InTe/In2Se3(I), the direction 
of interface electric field Eint-II is opposite to the ferroelectric 
field FE, thus, the electron screening effect is very weak. The 
monotonously decrease of the dipole moment may be attribute 
to the increase of thickness of the heterostructure.

In figures 7(a)–(f), we showed the projected band structures 
of InTe/In2Se3(I) for a series of different interlayer distances 
to deeply understand the evolution mechanism of the elec-
tronic structure with variation of interlayer distance. When 

Figure 5. Band alignments of monolayer InTe, monolayer In2Se3 and InTe/In2Se3 heterostructures. The horizontal dark dashed lines are the 
Fermi level. The vacuum level is taken as reference.

Figure 6. The magnitude of dipole moment at different interlayer distances for (a) InTe/In2Se3(I) and (b) InTe/In2Se3(II).

J. Phys.: Condens. Matter 32 (2020) 055703
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the distances are 2.6 Å , 2.8 Å , 3.2 Å , the VBM and CBM 
are both contributed by In2Se3 layer, which demonstrates a 
typical type-I band alignment. As the distances increase up to 
3.6 ̊A , which is a critical point for the transition from type-I to 
type-II, the In2Se3 contributes to the CBM and the InTe layer 

contributes to the VBM. The variation of band edge, band 
gap of InTe/In2Se3(I) as a function of interlayer distance are 
showed in figures 8(a) and (b). It can be seen that the band gap 
can be modulated effectively by the interlayer distance. The 
band gap decreases linearly when the distance between two 

Figure 7. The evolution of projected band structures of InTe/In2Se3(I) heterostructure with different interlayer distances 2.6 Å , 2.8 Å , 3.2 
Å , 3.6 Å , 3.9 Å , 4.6 Å , and the black arrows indicate the fundamental band gap.

Figure 8. (a) The variation of the band edges with different interlayer distances in InTe/In2Se3(I). (b) The corresponding band gap as a 
function of interlayer distance. In (b), the red circles indicate the direct band gap, and the dark green ones indicate the indirect gap.

J. Phys.: Condens. Matter 32 (2020) 055703
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layers vary from 2.8 ̊A  to 4.6 ̊A  as shown in figure 8(b). While 
the interlayer distance vary from 2.8 Å  to 2.5 Å , the band gap 
starts to decrease slowly. In figure  8(a), the heterostructure 
keeps as type-I semiconductor with indirect band gap as the 
interlayer distance changing from 3.6 Å  to 2.5 Å . However, 
when the interlayer distance increases up to 3.6 Å , the VBM 
of InTe at the Γ point moves upward and surpass the VBM 
of In2Se3 layer. The InTe/In2Se3(II) presents a distinguishing 
feature of a type-II band alignment. If we continue to increase 
the interlayer distance, the VBM origins from the InTe almost 
keep unchange, while the VBM from In2Se3 starts to shift 
down quickly. The results provide a novel and feasible method 
to control the band alignment by ferroelectric and dipole of 
the ferroelectric-based heterostructures.

4. Conclusion

In summary, we have theoretically investigated the electronic 
properties and band alignment of 2D InTe/In2Se3 vdW hetero-
structures through the first-principle calculations. Our results 
reveal that the out-of-plane ferroelectric field has tunable 
effect on the band alignment of the heterostructures. For InTe/
In2Se3(I), it is a type-I band alignment semiconductor with an 
indirect band gap 0.76 eV. When the ferroelectric polarization 
is reversed, the band structure becomes type-II with a direct 
band gap 0.15 eV. Moreover, an intrinsic type-I band align-
ment can be modulated to type-II band alignment by dipole 
control. The present results indicate that the ferroelectric het-
erostructures can pave new ways to control and utilize two-
dimensional materials in future optoelectronic devices.
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