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Abstract: This paper aims to explore the electronic and photoelectric properties of two-dimensional type I (straddle) 
heterojunctions by theoretical calculation, and to provide theoretical support for the design of novel optoelectronic 
devices. Several ZnIn2S4/CuInS2 two-dimensional type I heterojunctions with different terminations have been 
systematically investigated by density functional theory (DFT) combined with tight binding approximation. The results 
show that only two of these structures are stable. In these two stable structures, different chemical bonds and electron 
transfer directions are formed when different atoms are exposed at the interface. The calculation results of band 
structures show that both of these structures are two-dimensional type I heterojunctions. The calculation results of 
effective mass show that they have efficient carrier separation and transport characteristics. These properties indicate 
that these two heterostructures can be used in high-performance light-emitting devices and photoelectric sensors. This 
study provides a theoretical basis for the optimal design of new two-dimensional optoelectronic devices. 
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INTRODUCTION 

In recent years, many breakthrough achievements 
have been made in the fields of high-performance 
light-emitting devices and photoelectric sensors, 
injecting new impetus into the development of science 
and technology. Among them, research teams from the 
University of Science and Technology of China and 
others have achieved a major breakthrough in quantum 
dot light-emitting diode (QLED) technology. They 
successfully guided the quantum dots to achieve 
efficient arrangement by ingeniously utilizing the 
dipole-dipole interaction in the mixed-phase CdZn SeS 
quantum dots. This innovative measure has 
significantly enhanced the photon external coupling 
efficiency in light-emitting diodes, raising the external 
quantum efficiency of quantum dot leds to 35.6% in 
one go. At the same time, it demonstrates extremely 
high stability, laying a solid foundation for the 
commercial application of Qleds. In the field of organic 
electroluminescent devices (OLeds), researchers have 
also achieved remarkable results. They effectively 
enhanced the efficiency and stability of OLeds by 
meticulously designing innovative structures such as 
stacked light-emitting layer structures and 
multi-quantum well structures. Taking the stacked 
light-emitting layer structure as an example, this 
structure can ingeniously promote the diffusion of triplet 
excitons generated in the region with a high doping 
concentration of phosphorescent dyes to the adjacent 
region with a low doping concentration of 
phosphorescent dyes, thereby reducing the 
aggregation of triplet excitons, suppressing the 
quenching phenomenon of triplet excitons, and 
significantly improving the overall performance of  
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OLeds. In the field of photoelectric sensors, MEMS 
technology has undoubtedly become the core force 
driving the miniaturization revolution. With the 
continuous improvement of manufacturing technology, 
the size of photoelectric sensors is constantly shrinking, 
and at the same time, their functional integration is 
steadily increasing. Nowadays, a single sensor can 
integrate more functions to adapt to various complex 
and changeable application scenarios. For instance, 
the multi-spectral sensor equipped in the Huawei 
Mate70 series and the flexible pressure sensor 
adopted in the Xiaomi smart glasses are both 
fabricated based on advanced MEMS technology, 
achieving a leap in performance.These remarkable 
research advancements not only powerfully promote 
the rapid development of related technologies but also 
open up vast and boundless space for future 
technological applications. Although significant 
achievements have been made in the development of 
high-performance light-emitting devices and 
photoelectric sensors, many challenges are also faced, 
such as: quantum efficiency and light decay, material 
stability, defect control, cost and environmental 
friendliness. Solving these problems has become an 
important research area in materials physics. The 
construction of two-dimensional (2D) type I 
heterojunctions can provide an effective way to solve 
these problems. 

Two-dimensional (2D) type I heterostructure refers 
to the heterostructure formed by two semiconductor 
materials, the conduction band and valence band are 
bent, resulting in electrons and holes are bound in the 
slit region of the heterostructure. Such structures 
usually have strong light absorption capacity and 
efficient carrier separation and transport characteristics 
[1]. Therefore, Type 2D I heterostructures, through 
their unique band structure and carrier dynamics, 
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provide a powerful tool for solving challenges in 
high-performance light-emitting devices and 
photoelectric sensors. 

ZnIn2S4 is a ternary metal sulfide, which has been 
widely used in various fields due to its advantages such 
as suitable band gap, non-toxic and easy preparation 
[2-9]. In the field of photocatalysis: Researchers can 
achieve better photocatalytic performance by designing 
its morphology and structure, and implementing 
modulation strategies such as vacancy engineering 
and doping engineering. For instance, highlighting the 
Pt unit point on the hexagonal ZnIn2S4 can accelerate 
photocatalytic hydrogen evolution, significantly 
increasing the hydrogen evolution rate; In the field of 
electronic devices: ZnIn2S4 has a high electrical 
conductivity and good thermal stability, and can be 
used as a semiconductor material to prepare electronic 
devices such as field-effect transistors and solar cells; 
In the field of energy conversion: ZnIn2S4 can also be 
used in piezoelectric conversion devices to convert 
mechanical energy into electrical energy; In the field of 
batteries: ZnIn2S4 can be used in lithium-sulfur 
batteries as a catalyst to promote the REDOX reaction 
of sulfur. For instance, the series REDOX reaction of S8 
and Li2S was achieved through the sandwich structure 
of ZnIn2S4-In2O3-ZnIn2S4, enhancing the rate capacity, 
cycle stability and high area capacity of lithium-sulfur 
batteries, etc. However, the rapid recombination of its 
photogenic vectors has hindered its further application. 
To solve this problem, it needs to be coupled to other 
semiconductor materials. Therefore, the construction of 
a novel layered core-shell composite photocatalytic 
material which can effectively promote the separation 
and transport of photogenerated charge is the focus of 
current research. For example, Feng et al. constructed 
a 1D/2D CoS1.097@ZnIn2S4 heterostructure. This 
unique structure can improve the utilization rate of 
visible light spectrum, provide more sites for 
photoelectron-hole separation and transport, improve 
the separation and transport efficiency of 
photoelectron-hole separation and transport. At the 
same time, the material also has good hydrogen 
evolution performance [10]. Tan et al. constructed the 
MIL-68(In)@ZnIn2S4 heterostructure to reduce the 
charge transfer resistance of high-performance 
photocatalytic hydrogen evolution [11]. The Z-type 
TiO2-x@ZnIn2S4 heterojunction photocatalyst 
discoverby Zhang et al. can achieve the visible light 
photocatalytic oxidation of TC and tofuranoin. This new 
photocatalytic material has good performance of 
photogenerated carrier separation and transport [12]. 
In addition to metal oxides and sulfides, CdIn2S4, as an 
alternative ternary metal sulfide, has attracted much 
attention due to its application in the preparation of 
heterojunctions with ZnIn2S4, which aims to improve 
the separation efficiency of photogenerated charges. 

Copper indium sulfide (CuInS2) stands out as a 
quintessential P-type semiconductor, characterized by 
its minuscule band gap, approximately 1.45 eV, and 
exceptional capability for capturing light [13, 14]. It has 
piqued the curiosity of numerous scholars within the 
sphere of material science. Take, for instance, the 
creation of a CuInS2/m-BiVO4 photocatalyst featuring 
p-n heterojunctions by Kaowphong and his research 
team [15]. The accelerator demonstrated proficient 
surface charge transfer capabilities during the 
photo-decomposition of colored organic compounds 
and the neutralization of microbial entities, showcasing 
outstanding performance.  

Despite the fact that p-n junction semiconductor 
recombination processes can boost the division of 
electron-hole pairs, the oxidative-reductive potential for 
the photo-produced electrons and holes remains 
constrained. The conventional type II heterojunction is 
capable of accomplishing charge carrier segregation 
solely within a spatial context, and its capacity for 
enhancing catalytic efficacy is constrained. The 
innovative S-scheme heterojunction architecture 
enhances the movement of photogenerated charge 
carriers, maintaining the robust REDOX capabilities of 
the electron-hole pairs. The research team led by 
Wang employed a solvothermal process to fabricate 
CuInS2 nanosheets directly onto WO3 nanoplates, 
creating an S-scheme hybrid catalyst that significantly 
accelerated the photofenton process for the elimination 
of TC from aquatic resources. The research team led 
by Guan crafted an innovative 2D/2D hybrid 
CuInS2/ZnIn2S4 nanoscale sheet to enhance the 
process of hydrogen generation via solar energy [16]. 
The analysis of the structure reveals that the 
CuInS2/ZnIn2S4 two-dimensional heterojunction, 
featuring a compatible lattice structure, is constructed 
from minute nanoscale sheets that exhibit an extensive 
area of interface contact. This configuration facilitates 
enhanced charge migration and partitioning. The 
utilization of 2D/2D phase heterogeneity offers a 
promising strategy for markedly enhancing the 
efficiency of solar hydrogen generation utilizing ZnIn2S4. 
Xiang and his colleagues developed an innovative 
S-scheme heterojunction structure composed of 
CuInS2 and ZnIn2S4 (denoted as CIS/ZIS) through a 
one-pot solvothermal synthesis approach [17]. The 
results showed that the photocatalytic removal rates of 
antibiotics and Cr(VI) were significantly improved by 
CIS/ZIS heteroconjugate, and the removal rates of 
tetracycline (TC) (20 mg/L) and Cr(VI) (20 mg/L) were 
both above 90% under visible light irradiation. Bozhko 
et al. prepared CuInS2-ZnIn2S4 solid alloys by liquid 
deposition and investigated the temperature 
dependence of their conductivity and thermal 
stimulation current in the temperature range of 27-300 
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K. Their photoconductive spectrum distribution was 
analyzed at t~30k. The results show that induced light 
conduction is observed in the crystal [18]. Li et al. 
successfully prepared CuInS2/ZnIn2S4 heterojunction 
with Z-type structure by hydrothermal synthesis 
method. The structural characterization shows that the 
interfacial contact area of CuInS2/ZnIn2S4 
heterojunction with lattice matching is increased, which 
is favorable for photogenic charge transfer and 
separation. Minute examination reveals that the 
CuInS2/ZnIn2S4 amalgam boasts an intricately 
intertwined boundary and assumes a shape 
reminiscent of a diminutive sugar cube. The spectral 
analysis via photochemical means reveals that the 
utilization of a heterojunction configuration significantly 
enhances the capture of visible light and the efficacy of 
charge separation, thereby boosting the photocatalytic 
performance. The research indicates that the 
CuInS2/ZnIn2S4 heterojunction photocatalyst with a 
Z-scheme configuration demonstrates improved 
hydrogen generation performance, offering an effective 
structural blueprint for harnessing solar energy to 
produce hydrogen as a fuel. Therefore, this 
heterojunction photocatalyst has a good application 
prospect in solar hydrogen production [19]. 

In addition, CuInS2 can also be combined with 
ZnIn2S4 to form a 2D type I ZnIn2S4/CuInS2 
heterostructure, which can effectively solve the 
problems faced by high-performance light-emitting 
devices and photoelectric sensors. In this study, 
several ZnIn2S4/CuInS2 two-dimensional type I 
heterostructures with different terminations are 
systematically studied by using density functional 
theory (DFT) combined with tight binding 
approximation. The structural stability, interfacial 

electron transfer properties, band structure and 
effective mass are calculated, and the specific 
calculation process is as follows. 

2. COMPUTATIONAL METHODS	
  

This paper adopts the first principles calculation 
Simulation software VASP (Vienna Ab-initio Simulation 
Package) based on density functional theory [20-22]. 
The OTFG Ultrasoft pseudo-potential was adopted to 
treat the electron-ion interactions, while the generalized 
gradient approximation (GGA) with the scheme of 
Perdew-Burke-Ernzerhof (PBE) was applied to dispose 
the exchange-correlation term [23]. The zero damping 
DFT-D3 method of Grimme is used to correct the van 
der Waals forces between layers. All K grid points in 
Brillouin region are selected to be 5×5×1, and the plane 
wave truncation energy is set to 400 eV, and all atoms 
in the cell are completely relaxed. The convergence 
accuracy of relaxation is set to 2×10-5 eV/atom. The 
calculated lattice constants of CuInS2 are a= 5.52Å,b= 
5.52Å,c= 11.11Å, which are close to the experimental 
values [24]. The lattice constants of ZnIn2S4 are a= 
10.63Å, b= 10.63Å, and c= 10.63Å, which are close to 
the experimental values. This shows that our 
calculation method is reliable. Because the lattice 
mismatch between CuInS2's section and ZnIn2S4's 
section is to be less than 5%, this study mainly 
considers six different interface heterostructures 
constructed between CuInS2's (100) (010) (100) 
surface and ZnIn2S4's (001) (010) surface. By surface 
energy testing, the four-layer CuInS2 structure and the 
four-layer ZnIn2S4 structure are sufficient to calculate 
the properties of the constructed heterojunction. Of the 
six structures built, only two are stable, and the 
optimized structure model is shown in Figure 1. 

 
       (a)       (b) 

Figure 1: Two stable structures after optimization.  
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3. RESULTS AND DISCUSSION	
  

3.1. Structure Stability 

Binding Energy, also known as cohesion energy, 
refers to the energy required to pull atoms (or ions, or 
molecules) in a crystal from their equilibrium position to 
infinity (or the crystal surface) [25, 26]. Or you can think 
of it as the energy released when you combine free 
atoms into crystals. In simulation calculations, the 
stability of different structures can be compared by 
calculating their binding energies. Generally, when the 
associative energy is negative, it means that the 
structure is stable, and when the associative power 
registers a positive value, it indicates that the 
configuration is susceptible to change. Conversely, a 
structure exhibits enhanced stability as the binding 
energy dips further into the negative range. The 
formula for calculating binding energy is: 

Eb = Etotal !EC !Ez        (1) 

where, Eb represents the binding energy of the 
structure, Etotal represents the total energy of the 
ZnIn2S4/CuInS2 heterostructure, Ec and Ez represent 
the energy of the isolated CuInS2 and ZnIn2S4 system 
after full relaxation. The binding energies of the six 
structures constructed were calculated, and the 
calculation results were shown in Table 1. The results 
show that the binding energy of only a and b of the six 
structures is negative, while that of the remaining four 
structures is positive. According to the definition of 
binding energy, it is evident that a structure exhibits 
stability when its binding energy drops below zero, 
whereas an unstable structure is indicated by a binding 
energy that surpasses zero. Additionally, a lower 
binding energy signifies a higher degree of stability for 
the structure. The binding energy of structure a is 

-1.05eV, and that of structure b is -4.47eV. Therefore, 
of the six structural models constructed, only two 
structures, a and b, are stable, and structure b is more 
stable than structure a. Therefore, in the following 
research, we mainly study the electronic properties of 
these two stable structures. 

3.2. Interfacial Electronic Properties 

3.2.1. Work Function 

The threshold energy necessary for electrons to 
break free from the metallic interior and reach the 
vacuum state is termed the work function [27], typically 
equating to roughly half the energy needed to ionize 
the metal's isolated atoms. This value of the work 
function indicates the degree of electron binding within 
the metal, with higher values signifying greater 
resistance for electrons to the metallic surface. The 
work function is calculated as follows: 

W = !e! !EFermi         (2) 

where, -e!
 
is the energy of the electrons at rest in the 

vacuum near the surface, EFermi is the electrostatic 

potential energy. It's Fermi energy. W is the work 
function. The work functions of heterostructure a and b 
are shown in Table 2. 

The computed work function values indicate the 
formation of an internal electric field at the juncture 
between CuInS2 and ZnIn2S4, and the electron transfer 
at the interface of ZnIn2S4/CuInS2 heterogeneous 
structure can be determined by the value of the work 
function. For heterostructure a, the work function of the 
CuInS2 material is 5.23 eV, and the work function of the 
ZnIn2S4 material is 4.45 eV, so for heterostructure a, 
electrons flow from ZnIn2S4 material to the CuInS2 
material at the interface. For heterostructure b, the 

Table 1: Binding Energy of Six Structures 

 Section（CuInS2/ZnIn2S4）  Lattice Mismatch Rate Binding Energy（eV）  

a (100)/(001) 3.87% -1.05 

b (100)/(010) 4.47% -4.47 

c (001)/(001) 3.87% 8.03 

d (001)/(010) 3.87% 3.91 

e (010)/(010) 4.47% 3.91 

f (110)/(011) 4.47% 1.62 

 
Table 2: The Work Function of Structures a and b 

Structure 
a b 

CuInS2 ZnIn2S4 CuInS2 ZnIn2S4 

W(eV) 5.23 4.45 5.31 5.41 
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work function of the CuInS2 material is 5.31 eV, and the 
work function of the ZnIn2S4 material is 4.45 eV, so for 
heterostructure b, electrons flow from the CuInS2 
material to the ZnIn2S4 material at the interface. 

The results of work function calculation show that 
the internal electric field is generated at the interface of 
ZnIn2S4/CuInS2 heterostructure and the direction of 
electron transfer of heterostructure a at the interface is 
different from that of heterostructure b. 

3.2.2. Differential Charge Density and Electron 
Localization Function 

The calculation of the work function can determine 
whether an internal electric field is generated at the 
interface of the heterostructure and the direction of 
electron transfer at the interface. The differential 
charge density and electron localization function can 
help us understand more clearly at the microscopic 
level the electron transfer direction, bonding type, 
search for catalytic reaction active sites and material 
surface adsorption sites at the interface of 
heterogeneous structures, etc. The specific 

introduction of differential charge density and electron 
local function is as follows: 

The charge density difference [28-30] pertains to 
the variation in charge density following the bonding 
process as opposed to the charge density of the atomic 
structure at that particular location. It is one of the 
important indexes of electronic structure and chemical 
reaction of materials. By meticulously evaluating the 
differential charge distribution, it is feasible to discern 
the migration of charges and the orientation of 
polarization in the bonds during the interaction of 
bonding electrons with other bonding electrons. 
Differential charge density can reflect the polarity of 
chemical bond, reactivity and distribution of electron 
cloud, which is of great significance for studying the 
electronic structure and chemical reaction of materials. 

Electron Localization Function (ELF) [31-34] serves 
as a technique for examining the electronic 
configuration. This approach is employed to depict the 
likelihood of encountering an electron with matching 
spin in proximity to another electron situated at a 

   
        (a) 

   
        (b) 

Figure 2: Differential charge-density maps of structures a and b (yellow for electrons, cyan for electrons lost). 
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designated spot, functioning as a benchmark. It 
quantifies the extent of localization for the benchmark 
electron and also provides a means to illustrate the 
probability distribution of electron pairs within a system 
containing multiple electrons. ELF ranges from 0 to 1, 
with ELF=1 indicating complete localization of the 
electron, shown in red. ELF=0.5 corresponds to the 
pairwise probability of the electron-like gas type, shown 
in yellow. ELF=0 represents the complete 
delocalization of the electron, shown in blue. This 
function can effectively analyze the degree of electron 
localization, such as the analysis of the electron shell 
configuration of heavy elements. In molecules, ELF 
can clearly distinguish the nuclear and valence states, 
and can also show covalent bonds and unshared 
electron pairs. 

In order to further study the electron transfer at the 
ZnIn2S4/CuInS2 heterostructural interface and whether 
chemical interaction or van der Waals interaction 
occurs at the heterostructural interface, the differential 
charge density and electron localization function of the 
two structures were calculated, as shown in Figure 2 
and Figure 3. From the calculation results, it can be 
seen that for structure a, In in ZnIn2S4 in the upper 
structure loses electrons, while S in CuInS2 in the lower 
structure gains electrons. When the contour line of the 
electron localization function is 0.85, it can be seen 
from the electron localization function diagram that the 
electron localization is around the S atom, and when 
the value of the contour line is changed, the electron 
still resides firmly around the S atom. For structure b, 
Cu and In in the lower CuInS2 structure lose electrons, 
while S in ZnIn2S4 above gains electrons. When the 
contour line of the electron localization function is 0.85, 
it can be seen from the electron localization function 

diagram that the electron localization is around the S 
atom, and when the value of the contour line is 
changed, the electron still resides firmly around the S 
atom. 

3.2.3. Bader Charge Population Analysis	
  

 Bader charge population [35-37] analysis is a 
topology-based method for calculating the charge 
distribution of atoms in a molecule or solid. This 
method, developed by Richard F.W. Bader, defines the 
volume of an atom by identifying the zero-flux plane of 
the charge density and assigning the charge within 
these volumes to the corresponding atom. Bader 
charge analysis can provide important information 
about the transfer and localization of electrons between 
atoms [38, 39], which is very useful in materials 
science and chemistry. 

The work function, differential charge density and 
electron local function are all qualitative analyses of 
electron transfer at the interface of heterogeneous 
structures. When the electron transfer at the interface 
is very complicated, it cannot be analyzed effectively by 
calculating the differential charge density and electron 
local function. The Bader charge layout analysis can 
quantitatively analyze the charge transfer at the 
interface of heterogeneous structures. In this study, 
Bader charge analysis was performed on some atoms 
at the interface, shown in Figure 4. The calculation 
results show that for heterostructure a, the In atom in 
ZnIn2S4 material lost electrons, and a part of its lost 
electrons were transferred to the S atom in ZnIn2S4, 
while the other part of electrons were likely transferred 
to the S atom in CuInS2 material. As for heterostructure 
b, it can be seen from the Bader charge that the In 
atom In ZnIn2S4 loses electrons, and some of the lost 

 

      (a)         (b) 

Figure 3: Electron local function diagram of structure a and b. 
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electrons are transferred to the S atom in ZnIn2S4, 
while the electrons lost by Cu and In in CuInS2 material 
are also likely to be partially transferred to the S atom 
in ZnIn2S4 material. The other part is transferred to the 
S atom in the CuInS2 material. By analyzing the 
differential charge density, electron local function and 
Bader charge of the structure, the results show that 
when the contact interface is different, the atoms 
exposed at the contact interface, the internal electric 
field generated and the electron transfer direction will 
be different, and the chemical bond is likely to be 
formed at the interface and the chemical action will be 
produced. 

3.3. Band Structure 

The band types of two-dimensional (2D) 
heterostructures are mainly divided into type I 

(straddling type), type II (staggered type) and type III 
(broken type), and their structural characteristics are as 
follows: 

Type I band structure: The two materials that make 
up the heterogeneous structure have overlapping 
conduction band minimum and valence band maximum. 
This means that electrons and holes can form 
electron-hole pairs in the same material layer, which 
facilitates the recombination and transport of charge 
carriers. 

Type II band structure: The valence band maximum 
and conduction band minimum of one material are 
higher than that of another material respectively, and 
the valence band and conduction band of the two 
materials overlap respectively. In this structure, 
electrons and holes are confined to separate layers of 

 
atom In10 In12 In14 In16 S1 S7 S11 S13 

 
        (a) 

 
atom In6 In9 In14 In16 In18 In20 S18 S20 S22 

Bader(eV) -1.30 -1.30 -0.69 -0.63 -0.69 -0.63 0.71 0.70 0.81 
atom S24 S26 S28 S30 S32 Cu3 Cu6 Cu9 Cu12 

Bader(eV) 0.83 0.71 0.70 0.80 0.82 -0.57 -0.54 -0.54 -0.57 
 
       (b) 

Figure 4: The Bader charge of some atoms at the interface of structure a and b. 
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the material, which helps to improve the efficiency of 
carrier separation and reduce non-radiation. 

Type III band structure: The valence band minimum 
of one material is higher than the conduction band 
maximum of the other material, and there is no overlap 
between the two. This structure is often metallic in 
nature. The band structure of type III heterostructures 
can be regulated by external conditions such as strain 
or chemical modification, which makes them have 
application potential in multi-functional devices. 

The above three different types of heterojunction 
have different advantages and application potential in 
the field of electronics and optoelectronics.  

In this study, the band edges of two 2D 
heterostructures were calculated by simulation 
software VASP (Vienna Ab-initio Simulation Package) 
based on density functional theory combined with the 
calculation results of the work function [40-42], as 
shown in Figure 5. 

It can be seen from the band distribution that the 
valence band top of ZnIn2S4 material is lower than that 
of CuInS2 material in structure a and b, while the 
conduction band bottom of ZnIn2S4 material is higher 
than that of CuInS2 material. Therefore, both a and b 
belong to type I (straddling) heterostructures. For the 
heterostructure a, the energy required for electrons to 
transition from the valence band top of the ZnIn2S4 
material to the conduction band bottom of the CuInS2 
material is 0.62eV. For heterostructure a, the energy 
released by the combination of ZnIn2S4 and CuInS2 at 
the interface is 1.05eV, and 1.05eV is much larger than 
0.6eV. Therefore, chemical bonds are most likely 
formed and chemical effects occur at the interface of 
heterostructure a. For heterostructure b, the energy 

required for electrons to transition from the valence 
band top of ZnIn2S4 material to the conduction band 
bottom of CuInS2 material is 1.05eV, and the energy 
required for electrons to transition from the valence 
band top of CuInS2 material to the conduction band 
bottom of ZnIn2S4 material is 1.33eV. The energy 
released by ZnIn2S4 material and CuInS2 material when 
combined at the interface is 4.47eV, which is much 
larger than 1.05eV and 1.33eV. Similarly, at the 
interface of heterostructure b, chemical bonds are most 
likely formed and chemical effects are generated. 

Through the analysis of differential charge density, 
electron local function, Bader charge and band 
distribution of heterostructures a and b, the results 
show that chemical bond is formed at the interface of 
heterostructures a and b, and chemical interaction is 
generated, but not the interaction of van der Waals 
forces. This is because In structure a, the interface is 
exposed to the In atom In the ZnIn2S4 material and the 
S atom in the CuInS2 material, and the S atom is very 
electronegative, so the electrons are transferred from 
the In atom in the ZnIn2S4 material to the S atom in the 
CuInS2 material, and the In-S chemical bond is formed. 
For heterostructure b, the S atom In the material of 
ZnIn2S4 and the In and Cu atoms in the material of 
CuInS2 are exposed at the interface. The 
electronegativity of the S atom is still very strong, so 
electrons are transferred from the In atom and Cu atom 
in the material of CuInS2 to the S atom in the material 
of ZnIn2S4, and formed In-S and Cu-S bonds. 
According to the electron local function, the chemical 
bonds formed between heterostructures a and b are 
ionic bonds. The contact between the ZnIn2S4 material 
and the CuInS2 material creates a chemical interaction 
at the interface, and the chemical interaction at the 
interface causes the electrons inside the two materials 

 
       (a)       (b) 

Figure 5: Band distribution of a and b structures. 
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to move. In addition, both a and b belong to type I 
(straddle) heterostructures, which makes 
heterostructures a and b form a quantum well at the 
interface, in which electrons and holes are confined to 
materials with lower energy bands and have 
advantages such as efficient luminescence 
characteristics, stronger carrier limitations, and tunable 
band structures. These advantages make 
heterostructures a and b of great application value in 
modern optoelectronics and microelectronics, 
especially in the development of high-performance 
light-emitting devices and photoelectric sensors. 

3.4. Effective Mass 

Effective mass refers to the inertial mass that a 
carrier exhibits as it moves through a solid, and is an 
equivalent concept used to describe the behavior of a 
carrier in an electromagnetic field. The effective mass 
[33] is the reciprocal of the radius of curvature of the 
carrier in the band structure, usually expressed by 
symbol m! , the unit is kg or m0 (mass of a free 
electron). 

In this study, the effective mass is calculated using 
the un-weighted least square method by analyzing the 
dispersion relationship of the electron, that is, the 
relationship between the electron energy and the wave 
vector. In general, the dispersion relation of the band 
can be approximated by a quadratic polynomial near its 
minimum or maximum point, and the effective mass is 
directly related to the curvature of this quadratic 
polynomial [44]. The band structures of 
heterostructures a and b are calculated by band folding. 
In the calculation process, two high symmetric paths 
M→G and M→X are selected, and 9 points near the 
high symmetric point M are selected for fitting. The 
calculation formula is as follows: 

E k( ) = E0 +
!2

2m*
k2        (3) 

where E0 is the energy offset, m* is the effective mass, 
!  is the reduced Planck constant, k is the wave vector. 
The calculated results are shown in Table 3, where 
M→G and M→X represent the effective mass of the 
carrier calculated along these two highly symmetric 

directions, and a and b represent heterostructure a and 
heterostructure b. All the calculated results are based 
on the mass mo of the free electron. 

The computed effective masses of electrons 
indicate a considerable discrepancy along the two 
symmetric routes, M→G and M→X, within the 
heterostructure a, and the effective mass of electrons 
in the highly symmetric path M→G is three times that in 
the highly symmetric path M→X, while the effective 
mass of holes in the two highly symmetric paths M→G 
and M→X is about the same. In the heterostructure b, 
the effective masses of electrons and holes in the two 
highly symmetric paths M→G and M→X are not very 
different. Moreover, both heterostructure a and 
heterostructure b have very small effective masses. 

The migration of charge carriers, such as electrons 
or holes, within a semiconductor substance when 
subjected to an electrical field is termed carrier mobility. 
It is an important parameter to measure the electrical 
properties of semiconductor materials. It is usually 
represented by the symbol µ  and the unit is cm²/(V·s). 
The higher the carrier mobility, the better the 
conductivity of the material. The relationship between 
carrier mobility and effective mass can be described 
by the classical drift diffusion equation as follows: 

µ =
q!
m*          (4) 

where q  is the charge of the carrier ( q = e  for the 
electron and q = !e  for the hole). !  is the mean 
relaxation time of the carrier, that is, the average time 
for the carrier to move between the two collisions. m!

is the effective mass of the carrier. The formula shows 
that the carrier mobility is inversely proportional to the 
effective mass, and the smaller the effective mass, the 
higher the carrier mobility. 

Therefore, the carriers in heterostructures a and b 
have high mobility and strong conductivity, so they are 
expected to become potential high-performance 
electronic devices, optoelectronic devices, 
thermoelectric materials, photocatalysis and energy 
storage materials.	
  

Table 3: Carrier Effective Mass of Heterostructure a and b in M→G, M→X Direction 

M→G M→X 

a b a b 

Electron(eV) Hole(eV) Electron(eV) Hole(eV) Electron(eV) Hole(eV) Electron(eV) Hole(eV) 

0.27 0.12 0.26 0.32 0.09 0.08 0.34 0.32 
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4. CONCLUSION	
  

The basic physical properties of ZnIn2S4/CuInS2 
with different terminating heterostructures are 
calculated by first principles. The calculation results 
show that the binding energies of heterostructures a 
and b are -1.05eV and -4.47eV respectively, which 
indicates that both heterostructures a and b are stable 
and structure b is more stable. The calculated work 
function, differential charge density, electron 
localization function and bader charge show that for the 
heterostructure a, electrons are transferred from the In 
atom in the ZnIn2S4 material to the S atom in the 
CuInS2 material. For heterostructure b, electrons are 
transferred from the In and Cu atoms in the CuInS2 
material to the S atoms in the ZnIn2S4 material. This 
shows that for 2D/2D heterostructures, the electron 
transfer direction will be different when the atoms 
exposed at the interface are different. Further 
calculation results of band structure show that both 
heterostructures a and b belong to type I (straddle) 
heterostructures, and heterostructure a forms In-S ionic 
bonds at the interface, and heterostructure b forms In-S 
ionic bonds and Cu-S ionic bonds at the interface. The 
results show that the carrier effective mass of 
heterostructures a and b is very small, which indicates 
that they are expected to be potential materials for 
high-performance electronic devices, optoelectronics, 
thermoelectric materials, photocatalysis and energy 
storage. 

This study not only deepen the understanding of the 
basic physical properties of two-dimensional type I 
heterostructures, but also provides theoretical 
guidance for the optimal design of optoelectronic 
devices. The heterostructures revealed have important 
application value in the fields of high-performance 
light-emitting devices and photoelectric sensors. It is 
expected to inject new vitality into the research of 
two-dimensional materials. 
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