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A B S T R A C T   

This work is carried out to investigate the structural, electronic and transport properties of InTeCl in bulk and 
slab periodicities using Density Functional Theory (DFT). The analysis of the structural parameters including 
bond length, lattice constants and bond angles of the materials was carried out in detail. The band gap of the 
material for the bulk and monolayer was found as 1.57 eV and 1.33 eV respectively. The direct to indirect 
transition of band gap is observed when the material is downscaled from bulk to the slab. Transport properties of 
the materials were computed using DFT based tight-binding method combined with non-equilibrium green 
functions (NEGF) formalism. The nano device Au–InTeCl–Au with fixed length of the central region was simu
lated to study IV-characteristics, transmission spectra and Hamiltonian states. Moreover, to check the diffusion 
properties of the material Nudged Elastic Band (NEB) calculations were carried out which revealed minimum 
transition barrier for bulk, slab and bilayer as 1.32 eV, 1.67 eV and 1.70 eV respectively. The current-voltage (IV) 
characteristic curves and transmission spectra for the materials were also studied to investigate the conductivity 
trend.   

1. Introduction 

During past few years, the formation of binary compounds having 
two different anions has gained a lot of research interest in order to 
design new compounds offering improved properties in comparison to 
the compounds with a single type of anions. To date, hundreds of binary 
compounds have been synthesized experimentally and predicted theo
retically including sulfide silicates, oxychloride borates, oxide halides 
etc [1–10]. 

Metal chalcogenide halides (MCH) are ternary compounds, con
taining three different types of elements. These kinds of ternary com
pounds are synthesized by choosing different metals from the main and 
subgroups and then combing them with chalcogenides from oxygen to 
tellurium and halides from fluorine to iodine. The MCHs behave 
differently with individual anions while they exhibit completely 
different properties in the form of ternary compounds. In recent times, 
hundreds of MCHs have been investigated belonging to different classes 
of compounds including transition metal chalcogenides halides, rare 
earth metal chalcogenides halides. The major groups are further classi
fied into sub-groups depending upon their properties, chemical 
composition and commonalities among them have been found at greater 

extent [3]. For example, niobium forms a large number of chalcogenide 
halide compounds with a different chemical composition of elements i.e. 
NbS2Cl2 [4], Nb2Te2I6 [5]. However, group 8 elements (Mo, Cr and W) 
developed good chemistry with halide selenides, halide sulfides and 
halide oxides. The trivalent nature of chromium helps formation of MCH 
compounds like CrOBr [4,6], CrOCl [7] and CrSBr [8] that contain 
FeOCl-type structures [4]. Similarly, tungsten forms several halide ox
ides and halide sulfides which have been investigated for many potential 
applications. Hexavalent tungsten forms an isotopic series of MCH 
compounds in which different halogens and chalcogens crystallize in 
same symmetry by replacing each other. MCH have been studied at a 
larger scale for applications in the optics, thermoelectricity and elec
trochemistry. Due to their transportation properties, they are employed 
as solid-state electrolytes in batteries and as nonlinear optical materials. 

Chalcogens and halogens have similar covalent radii but halogens 
are more electronegative which introduces diverse bonding. The addi
tion of X (where X = F, Cl, Br, I) in chalcogenides results in increase of 
their optical band gap, by making their coordination polyhedra distorted 
while changes in densities are very small. These kinds of structural 
changes make metal chalcogenides halides a favorable candidate to fine- 
tune the structural and physical properties of halogens and halide-based 
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compounds [3]. Moreover, another polar compound BiTeI is important 
due to its spintronic character that helps introduce interesting effects 
including Rashba-type splitting [9] and pressure-induced topological 
phase [10,11]. The pressure-induced superconductivity in BiTeI and 
BiTeBr has been found [12]. The structural and electronic properties of 
AuTeI and PdTeI have been theoretically investigated [13]. The exper
imental results shows that InTeI undergoes phase transition as well as 
band gap transition from direct to indirect at about 15 GPa pressure 
[14]. The MCHs (M = Rh, Ga, C––Te, H––Cl) compounds have been 
predicted utilizing first-principles calculations and these compounds 
possess hole and electron mobilities up 4710 cm2V− 1s− 1 and 1.5 × 104 

cm2V− 1s− 1 respectively [15,16]. These materials motivated researchers 
to explore more metal telluro-halide compounds for optoelectronic ap
plications [13]. Metal telluro-halides have also been found attractive for 
applications in quantum computing due to the coexistence of topological 
states and superconductivity [17]. 

This work was carried out to theoretically investigate a moderate 
band gap semiconductor InTeCl belonging to space group P21/c per 
crystal structure database [18] whereas it had been successfully syn
thesized in early 1980s [19,20]. Theoretically, 2D indium-based tellur
o-halides are predicted to be attractive materials owing to tunable 
electronic properties and anisotropic carrier mobility [21]. To our best 
knowledge, no data is present on structural, electronic and transport 
properties of InTeCl in bulk and slab periodicities. The present work is 
aimed at investigating and analyzing the structural, electronic and 
transport properties of bulk and 2D InTeCl using DFT based methodol
ogy. This investigation makes a substantial advancement in the field 
while also advancing our grasp of InTeCl’s essential properties. The 
uniqueness of this research is found in the multidimensional analysis it 
employs to examine the properties of the material comprehensively. 
This study includes not only structural properties but also electronic and 
transport behaviour which will be helpful in realization of the material 
in nano electronic devices. This study opens the door to a better un
derstanding of InTeCl’s possible uses in electronic and optoelectronic 
applications by illuminating the intricate relationships between these 
features. 

2. Computational details 

The comprehensive investigation of the structural, electronic and 
transport properties of InTeCl in 2D and 3D were carried out using DFT. 
The linear combination of atomic orbitals (LCAO) technique imple
mented in BAND module of ADF (Amsterdam Density functional) 
package was used to perform the calculations [22]. The graphical user 
interface (GUI) of the code was used to set up the input files and pa
rameters. BAND possesses the feature offering the choice of periodicity 
/dimensions (1D for chain, 2D for slab and 3D for bulk) to introduce the 
periodic boundary conditions on the structures. The monoclinic unit cell 
of InTeCl was taken as starting point and was simulated in bulk and slab 
periodicities to compute the properties of the material in 3D and 2D 
respectively. 

Geometry optimization of the structures was performed without any 
constraints. The exchange correlation functional as Generalized 
Gradient Approximation with Perdew Burke Ernzerhof (GGA-PBE) was 
utilized for the calculations [23]. In the case of bilayer and 2D slab, 
GGA-PBE-D3 was also used to include Van der Waals (VdWs) in
teractions. The Slater type orbitals basis functions are implanted in 
ADF-BAND that are well-known for accurate prediction of electron 
interaction closer to the nucleus. In these calculations, we used TZP basis 
set with all electron calculations without freezing the core [24,25]. The 
relativistic effects become dominant with the increase in atomic number 
Z so relativistic effects within ZORA Hamiltonian were taken into ac
count while performing these calculations [26]. The numerical inte
gration was accomplished with convergence criteria of 1 × 10− 6 eV. The 
structures were fully relaxed to get the geometrically optimized pa
rameters during SCF cycles. The gradient convergence criterion was 

taken as 10− 3 Hartree/Å for both periodicities and step convergence was 
10− 3 Hartree/Å for InTeCl bulk and 10− 1 Hartree/Å for the slab. The 
entire calculations were ensured to be fully self-consistent. The elec
tronic properties were studied by using different parameters. To calcu
late the electronic properties of optimized structures, single point (SP) 
calculations were carried out to calculate the nuclear gradients and 
derivatives of Hessian of the optimized geometry. The band structure of 
InTeCl (Bulk) was also calculated by using TB-mBJ functional as it is 
known to produce band structures comparable to experimental results 
[27,28]. 

To check the thermal stability we performed molecular dynamics 
(MD) simulations within the framework of the NVT ensemble with the 
time steps of 0.25 fs at temperature 300K. NHC (Nose Hoover Chain) 
thermostat was utilized to keep the temperature constant. The 2 × 2 × 2 
supercell of InTeCl was equilibrated for time 6 ps using 25000 steps. 

The calculation of the electronic transport properties was performed 
using DFT and employing Non-Equilibrium Green Function (NEGF) 
approach. NEGF helps in the development of a quantitative quantum 
transport model. Poisson equation-based self-consistency via real space 
is utilized to treat the electrostatics. The expression of current (I) in the 
form of integral over voltage and energy-dependent magnitudes is given 
in equation (1) [29,30]. 

I=
2e
h

∫

dE Tr {ΓL(E,V)Gr(E,V)ΓR(E,V)Ga(E,V)}× fL(E,Vb)

− fR(E,Vb)………. (1)  

Here Ga and Gr are retarded green functions and Γ is the spectral density 
of electrodes and f represents the Fermi-Dirac distribution of electrodes 
from left to right. The transmission function is represented as given in 
equation (2), 

T(E,Vb)= Trace
[
ΓLVb GR(E,Vb)ΓRVb GA(E,Vb)

]
(2) 

The equilibrium conductance for two terminal devices calculated 
utilizing transmission coefficients is given in equation (3), 

G=
2e2

h
T
(
Ef ,Vb = 0V

)
(3) 

DFTB module was used to model Hamiltonian and overlap matrices 
of electrode/channel regions and to compute the Fermi energies at 
equilibrium. In this approach, periodic boundary conditions within Γ 
point approximation are utilized to represent crystals for transport cal
culations [31,32]. 

The variation in coupling surface distances for Au–In, Au–Te, and 
Au–Cl was set in range from 1.5 Å to 3.5 Å with step size of 0.3 Å, that 
was chosen on the basis of following considerations; (i) The chosen 
range of coupling distances encompasses a spectrum of interaction re
gimes, from short to long distances. (ii) The simulations ensure nu
merical convergence while capturing the coupling effects accurately. 
The choice of extremely short distances may lead to rapid convergence 
issues due to high interaction strengths, while excessively long distances 
can result in negligible coupling. Hence, the selected range strikes a 
balance to mitigate these challenges. 

The nudged elastic band (NEB) method was employed to investigate 
the transition states in slab, bulk and bilayer forms of InTeCl along 
different sites. This method involves dividing the reaction pathway into 
a series of discrete intermediates and then optimizing the geometry of 
each considered image using a combination of energy minimization and 
constrained dynamics [33,34]. In the NEB method, a path along with 
starting and terminal states as well as a series of intermediate structures, 
or "images", are placed along this path. The energy of each image is 
minimized subject to a set of constraints that ensure that the path re
mains continuous and that the images remain evenly spaced. The energy 
barrier for the reaction is then calculated as the difference between the 
highest-energy image and the lowest-energy image. The method can 
provide detailed insights into the mechanisms of chemical reactions and 
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can help guide the design of new catalysts and materials [35,36]. The 
total force on the ith image is given using equation (4).  

Fi = |Fi 
S ||| − |∇E (Ri)|⊥ … ….                                                        (4) 

Where Fi is the summation of all forces on the considered image, |Fi 
S ||| 

represents spring restoring force and |∇E (Ri)|⊥ shows true force. The 
maximum value of the energy of the considered image is calculated by 
equation (5).  

Fi max=∇E (R i max) + 2∇E |R i max ||| … ….                                       (5) 

In the calculations, three paths are taken into account: the first one is for 
InTeCl slab along Y-axis, the second is for InTeCl bulk along the y-axis 
and the last one is for InTeCl along the y-axis. 

3. Results and discussion 

The geometry of the materials was fully relaxed to obtained opti
mized structure prior to computing the structural, electronic and 
transport properties. The computed results and discussion on the find
ings to exhibit the properties of the materials are described below. 

3.1. Structural properties 

The structural properties of a material determined upon full relaxa
tion are examined by analyzing the lattice parameters including bond 
lengths, lattice constants and angles. InTeCl belongs to the chalcogenide 
halides of group IIIA having the general formula MYX (M = B, Al, In, Ti; 
X = S, Se, Te and Y––I, Br, Cl). The complete series of its chalcogenides 
halides compounds for indium are known out of which InTeCl is found to 
be more stable and appeared in form of monoclinic structure with space 
group P21/c. The electronic configuration for In, Te and Cl is [[Kr], 4d10, 
5s2, 5p1], [[Kr], 4d10, 5s2, 5p4] and [[Ne], 3s2, 3p5] respectively. The 
coordination number for Te is found to be 4 only due to the greater 
covalency of In–Te bonding and the size of Te atom. The structure of 
InTeCl is found in such a way that the edges of the tetrahedron are 
occupied by Te atoms and the coordination number for chlorine is one 
for each tetrahedron and Cl does not show significant probability to 
produce layered structure [37]. In a layer, three Te atoms and one Cl 
atom surround In atoms, as shown in Fig. 1. The neighboring tetrahe
drons share the connecting Te–Te edges to form dimeric units of 

tetrahedron while Cl atoms are occupied by trans-terminal positions 
[20,38,39]. There are two nonequivalent In3⁺ sites. In the first In3⁺ site, 
In3⁺ is bonded to three Te2⁻ and one Cl1− atom to form distorted 
edge-sharing InTeCl tetrahedra. There is a spread of In–Te bond dis
tances ranging from 2.83–2.89 Å. The In–Cl bond length is 2.44 Å. In the 
second In3⁺site, In3⁺ is bonded in a 5-coordinate geometry to three Te2⁻ 
and two equivalent Cl1⁻ atoms. There is a spread of In–Te bond distances 
ranging from 2.83–2.94 Å. There is one shorter (2.43 Å) and one longer 
(3.95 Å) In–Cl bond length. There are two nonequivalent Te2⁻ sites. In 
the first Te2⁻ site; Te2⁻ is bonded in a 3-coordinate geometry to three In3⁺ 
atoms. In the second Te2⁻ site; Te2⁻ is bonded in a 4-coordinate geometry 
to three In3⁺ and one Cl1⁻ atom. The Te–Cl bond length is 3.70 Å. There 
are two nonequivalent Cl1⁻ sites. In the first Cl1⁻ site, Cl1⁻ is bonded in a 
distorted single-bond geometry to two equivalent In3⁺ atoms. In the 
second Cl1⁻ site, Cl1⁻ is bonded in a distorted single-bond geometry to 
one In3⁺ and one Te2⁻ atom. The lattice constants are a = 14.38 Å, b =
7.34 Å and c = 7.77 Å which agree well with the reported values a =
7.20 Aͦ, b = 14.29 Å and c = 7.61 Å [19]. The average inter-atomic 
distance between In–Te (2.85 Å), In–Te (2.84 Å), In–Te (2.90 Å), 
In–Te (2.93 Å) and for Cl–In (2.44 Å) Cl–Te (3.95 Å) and the value of α =

87.19◦ and all these calculated values accord with the relevant literature 
[19,40]. 

The optimized structure of 2D slab of InTeCl having 22 atoms is 
depicted in Fig. 2. The lattice constants are a = 7.20 Å and b = 14.29 Å 
with α = β = γ = 90̊ which shows that 2D InTeCl follows rectangular 
crystal structure with glide plane symmetry. The average interatomic 
distances for 2D InTeCl are In–Te (2.86 Å), Te–In (2.75 Å), Cl–In (2.38 
Å), and In–Cl (2.61 Å). The bond lengths in 2D are shorter in range as 
compared to the bulk InTeCl indicating that 2D layers have tendency to 
come closer to achieve local minima and maximum overlap of the or
bitals [41]. 

The geometry optimization of two formula units of InTeCl was car
ried out to obtain a bilayer by keeping them apart at a distance of 2.34 Å 
with both in-plane and out-of-plane anisotropy to check the possibility 
of layeredness in InTeCl. The in-plane anisotropy is found more stable 
than the out-of-plane anisotropy of the InTeCl bilayer. 

Fig. 1. The optimized structure of bulk InTeCl. (a) Viewed along the x-axis, (b) viewed y-axis, (c) viewed along z-axis. The unit cell is marked as squared box. Here 
orange, blue and purple colored spheres are representing indium, tellurium and chlorine atoms respectively. 

H. Batool et al.                                                                                                                                                                                                                                  



Materials Science in Semiconductor Processing 168 (2023) 107842

4

3.2. Charge analysis 

3.2.1. Electron localization function (ELF) 
To study electron localization in solids, the ELF helps to understand 

the bonding and formation of compounds [42]. The values of the ELF 
function lie in the range of 0–1 which indicates electron delocalization 
and electron localization respectively whereas an ELF value of 0.5 cor
responds to the equal distribution of localized and delocalized electronic 
densities in the material [43]. As shown in Fig. 3(a) there are two 
electron localization regions in InTeCl bulk, one around Te and the other 
around Cl atoms while the ELF value for In is 0.5 which indicates equal 
distribution of electron densities. It points to covalent bonding between 
In–Te and In–Cl bonds. Therefore, the electronegativity differences be
tween the In–Te and In–Cl bonds calculated from the Pauling scale are 
0.32 and 1.38 which also supported the covalent characteristics of these 
bonds [44]. The ELF plot for InTeCl slab is shown in Fig. 4(a) where 
there is no charge density near 0 ELF value and there are well-defined 
localization regions around Te and Cl atoms. While In has equally 
localized and delocalized densities and charge densities as in bulk which 
represents polar covalent characteristics between In–Te and In–Cl 
bonds. 

3.2.2. Hirshfeld charges 
Hirshfeld charge analysis was carried out to examine the charge 

transfer between In, Te and Cl atoms in bulk InTeCl [45]. The computed 
values of charges (in units e) are In(1) = In(2) = In(3) = In(4) = 0.231, 
In(5) = In(6), In(7) = In(8) = 0.234, Te(1) = Te(2) = Te(3) = Te(4) =
− 0.006, Te(5) = Te(6) = Te(7) = Te(8) = − 0.18, Cl(1) = Cl(2) = Cl(3) 
= Cl(4) = − 0.204, Cl(6) = Cl(7) = Cl(8) = − 0.238. The overall values of 
Hirshfeld charges on In, Te, and Cl in bulk InTeCl are 1.904 e, − 0.076 e 
and − 1.824 e respectively. Here, In carries a positive charge while Cl 
and Te carry negative charges to transfer charge from In to Cl and Te 
upon bond formation in bulk InTeCl. The Hirshfeld analysis of bulk 
InTeCl is shown in Fig. 3(b) where blue (red) color on the scale repre
sents positive (negative) charge. In atoms at the edges carry less charge 
and transfer maximum charge to Cl atoms only while the central atoms 
carry more charge and transfer charge to both Cl and Te atoms. 

Similarly, the Hirshfeld analysis for InTeCl slab is shown in Fig. 4(b). 
The overall behavior of charge transfer is same as in bulk compound i.e. 
more charge is transferred from In at edges to Cl atoms while central In 
atoms transfer charge to both Te and Cl atoms. 

3.2.3. Electronegativity consideration 
The electronegativity differences between In–Te, In–Cl and In–Te are 

0.32, 1.38 and 1.06 respectively which suggest polar covalent bonding. 
The bonding character is usually determined utilizing ionic, covalent 
and van der Waal radii. The covalent radii of In, Te and Cl are 1.42 Å, 
1.38 Å and 1.02 Å and the sum of covalent radii of In–Te, In–Cl and 
Te–Cl are 2.74 Å, 2.44 Å and 2.4 Å [46]. Similarly, the ionic radii of In, 
Te and Cl are 0.94 Å, 2.07 Å and 1.81 Å and the sum of ionic radii in 
In–Te, In–Cl and Te–Cl are 3.01 Å, 2.75 Å and 3.88 Å respectively [47]. 
The computed bond lengths of In–Te (2.85–2.93 Å), Cl–In (2.44 Å) and 
Cl–Te (3.95 Å) in bulk showing that the sum of covalent radii is smaller 
than computed bond lengths while the sum of ionic radii is greater than 
the computed bond lengths which clearly exhibits the covalent char
acter. Similarly, the bond lengths in In–Te (2.86 Å), Te–In (2.75 Å), Cl–In 
(2.38 Å), and In–Cl (2.61 Å) in slab that shows that the sum of covalent 
radii is smaller than the computed bond lengths in case In–Te and for 
In–Cl bonds in the center of layer while In–Cl at edges shows opposite 
behavior showing its tendency to become ionic in case of the slab due to 
redistribution of charge in 2D periodicity. 

The electronegativity of InTeCl compound is calculated by the for
mula [48] given in equation (6). 

X =
[
x (A)ax(B)bx(C)c

]1
/a+b+c (6) 

Here, X represents electronegativity whereas a, b and c are the 
number of atoms in a compound. The calculated electronegativity of 
InTeCl compound is 2.28 which is greater than 1.7 depicting that it has a 
dominant ionic character as a whole. The percentage ionic character is 
determined by the Pauling formula given in equation (7). 

% Percentage ionic character=
ΔE
1.7

x 50 (7) 

Fig. 2. The optimized structure of InTeCl slab (a) viewed along the x-axis, (b) viewed y-axis, (c) viewed along z-axis.  

Fig. 3. The charge analysis of InTeCl bulk (a) Plot of electron localization function in which red color represents low charge density while blue color is associated 
with electron localization. (b) Hirshfeld charge analysis where blue (red) color represents positive (negative) charge. 
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The percentage ionic character is 67% hence InTeCl bulk has a 
dominant ionic character that agrees with ELF analysis in Fig. 3. 

3.2.4. Stability 
The structural, dynamical and thermal stability of the materials are 

determined on the basis of calculated findings. To analyse the structural 
stability of InTeCl in bulk and slab, the formation energy is calculated 
which is defined in equation (8), 

Eform=
xEIn − yETe − zEcl− EInTeCl

x+ y+ z
(8)  

EIn,ETe,ECl, and EInTeCl are respective total energies of In, Te, Cl atoms and 
InTeCl compound whereas x, y and z are the total number of atoms in a 
unit cell [49]. The entire materials studied herein correspond to the 
exothermic reactions with the value of the formation energy for InTeCl 
bulk as 0.95 eV and for InTeCl slab as 0.84 eV per formula unit. The 
phonon dispersion helps to explore the dynamic stability of a compound. 
The computed phonon band structure of InTeCl in bulk and slab are 
shown in Fig. 5 (a) & (b) respectively. The analysis indicates the absence 
of soft phonon modes in the entire Brillouin zone which show that both 
bulk and 2D InTeCl are kinetically stable. 

In order to achieve true stability of the materials, both phonon and 

MD simulations were performed with 2 × 2 × 2 large super cells. The 
molecular dynamics simulations were performed at 300 K with the time 
evolution of 6 ps. There was no deformation and bond breakage in 
structure which indicates that InTeCl possess good thermal stability as 
well. In Fig. 6 (a) & (b), the temperature and energy are plotted with the 
mentioned time steps and Fig. 7 which displays the snapshots obtained 
after time steps of 6 ps. The data indicates that after 2 ps the structure’s 
overall energy almost stays constant. It is thus concluded that structure 
of InTeCl in bulk is well-maintained at 300 K which points to the ma
terial’s thermal stability at room temperature. 

3.3. Electronic properties 

The electronic properties of the materials were examined to check 
the conductivity and electronic transport character for applications in 
nanoscale electronic devices. In what follows, the electronic properties 
of InTeCl bulk, slab and bilayer are described. Figs. 8 and 9 depict the 
band diagram and total density of states (DOS) of InTeCl bulk which 
reveals its direct band gap semi-conductor nature with the band gap 
value of 1.57 eV which is larger than reported band gap of InTeI (i.e. 
1.29 eV) [14]. 

As PBE functional underestimate band gaps, the band gap was also 

Fig. 4. The charge analysis of InTeCl slab (a) Plot of the Electron Localization Function (b) Hirshfeld charge analysis in which blue color represents positive charge 
and red color represents negative charge. 

Fig. 5. The calculated Phonon Band structure of (a) InTeCl Bulk (b) InTeCl Slab.  
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calculated by TB-mBJ level of theory which is known to provide accurate 
electron correlational energies in several solids. The TB-mBJ calculated 
band diagram of InTeCl bulk is shown in Fig. 9(b) that exhibits band gap 
of 2.56 eV. InTeCl has a direct band gap as Conduction Band Minima 
(CBM) and Valence Band maxima (VBM) lie at the Γ point. The calcu
lated total and partial density of states (PDOS) of InTeCl are shown in 
Fig. 8 (a) & (b), according to which Te and Cl show major contribution in 
VB due to Te-p and Cl-p orbitals while in the CB, the major contribution 
emerges from In-p orbitals with a small contribution of In-s orbitals. 

The analysis of PDOS reveals hybridization between states of In, Te 
and Cl atoms due to strong interaction between In-p, In-s, Cl-p and Te-p 
orbitals as shown in Fig. 8(b). It is found that p-states are found in the 
majority at band edges and these play major role in determining the 
electronic conductivity of InTeCl. The band structure of 2D InTeCl also 
revealed a semiconductor nature with an indirect gap of 1.33 eV. It 

means that there is a direct to indirect transition of band gap when the 
material is downscaled from bulk to the slab. The total and partial DOS 
are also calculated for the 2D slab which revealed a major contribution 
of Te and Cl relate states in the VB and In related states in the CB. 

A major contribution of Te-p and Cl-p in the VB and a significant 
contribution of In-s orbitals is observed in the CB near the Fermi level as 
shown in Fig. 11. The top of the VB is located at X-point and VB is found 
closer to the Fermi level (EF) as plotted in Fig. 10 (b). The band structure 
of InTeCl bilayer also shows its semiconducting nature with the indirect 
band gap of 0.56 eV, per Fig. 10 (a), satisfying the fact that an increase in 
thickness or the number of layers decreases the band gap. The band gap 
of bilayer is comparable to germanium making it a promising candidate 
for many potential applications. 

3.4. Electronic transport properties 

The calculated electronic transport properties of the materials are 
described in this section. The transport properties of 2D InTeCl were 
investigated using NEGF methodology. The flow of tunneling current 
could be simulated over the state of open boundaries and non- 
equilibrium states between the two contacts. We successfully imple
mented NEGF to investigate the transport properties of the mentioned 
material in line with the established methodology [50]. By keeping in 
mind the usage in transistors, the external field was applied along the 
z-direction i.e. perpendicular to the surface of the material and thus we 
attempted to study the IV characteristics and mobility of electrons [51]. 

The system under consideration is two probe device comprised of left 
electrode, the central region and the right electrode [52]. The central 
region contains InTeCl in Bulk and slab form with different lengths along 
with an electrode extension to make sure a smooth conduction between 
the electrodes and central region potential. The device named as 
Au–InTeCl–Au is shown in Fig. 12 and length of the central region is 
labeled by the number of InTeCl unit cells (UC) [53]. The distance be
tween electrodes and the central region was fixed for all Au–InTeCl–Au 

Fig. 6. The changes in temperature and unrestricted energy of the super cell of 
the InTeCl (Bulk) as a function of time as determined from MD simulations. 

Fig. 7. Snapshots of structural changes in the super cell of the InTeCl (Bulk) after 6 ps (a) along y –axis (b) along z-axis.  

Fig. 8. (a) Total electronic density of states (DOS) computed for InTeCl in bulk and (b) PDOS of InTeCl in bulk. Fermi level is shifted to 0 eV and is shown by red 
vertical line. 
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devices. The left and right electrodes directly couple the In, Te and Cl 
atoms and the coupling distance between respective atoms as Au–In, 
Au–Te and Au–Cl were 2.89 Å, 3.11 Å and 2.46 Å respectively at right 
electrode. On the other hand, at left electrode the coupling distances 
between Au–In, Au–Te and Au–Cl were 2.6 Å, 1.67 Å and 2.34 Å 
respectively. The binding energy formula was used to determine the 
values of coupling distance between electrodes as per equation (9), 

EBinding =ETotal[InTeCl+Au] − ETotal[InTeCl] − ETotal[Au] (9) 

The coupling surfaces distance of Au–In, Au–Te and Au–Cl varied 
from 1.5 Å - 3.5 Å with a minimum step rate of 0.3 Å. Then we deter
mined the value of coupling surface distance using principle of energy 

Fig. 9. The band structure of InTeCl (Bulk) calculated using (a) GGA-PBE-D3 (b) TB-mBJ. Fermi level is shifted to 0 eV and is shown by horizontal line.  

Fig. 10. The band diagram calculated for InTeCl in (a) Bilayer (b) Slab. The position of Fermi level is shifted to 0 eV and is shown by horizontal line.  

Fig. 11. (a) Total DOS of InTeCl slab (b) PDOS of InTeCl slab. The position of Fermi level is shifted to 0 eV and is shown by vertical line.  

Fig. 12. Schematic diagram of two-probe nano device. The yellow color is 
representing Gold electrodes whereas the scattering region comprised of 
InTeCl compound. 
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minimization. The method was adopted to determine the coupling dis
tance of electrodes in nanodevices including zinc oxide (ZnO) nano-rods 
[54], ZnO nanotubes [55] and boron nitride nanotubes [56,57]. The 
channel lengths bulk-UC, bulk-2x2, slab-UC and slab-2x2 are 1.5 nm, 2.9 
nm 1.15 nm and 2.7 nm respectively. 

First, the transport properties of n-InTeCl nanodevices at equilibrium 
will be described. The transmission spectra of InTeCl in bulk UC and 2 ×
2 supercell (SC) and 2D UC and 2 × 2 SC by varying the channel lengths 
at 0 V are shown in Fig. 13. It can be observed that there are multiple 
peaks in the energy range and these peaks are associated with the ex
istence of multiple transmission channels in that region. Near the EF, 
transmission spectrum showed different behavior, transmission is about 
zero, as per Fig. 13 (d), around the EF but non-zero in Fig. 13 (a), (b) & 
(c). This phenomena could be explained with the fact that there is direct 
tunneling from one electrode to other that caused transmission near the 
EF. The existence of broad resonance around the EF is distinctive feature 
of these transmission spectra, given particularly in Fig. 14 (a) & (b). The 
strong transmission spectra should possess two features [58], (i) It 
should have broad resonances so that the current induced effects of 
interface geometry could be reduced. (ii) It should have larger trans
mission probability around the Fermi energy of electrode to create a 
good conduction from nanowire junctions. 

To check the effects of the interface between Au electrodes and 
InTeCl the DOS of n-InTeCl nanodevices including Au atoms and PDOS 
of InTeCl without Au atoms are calculated at equilibrium [59]. Fig. 15 
shows that the shapes of DOS for Au–InTeCl nanodevices are the same as 
PDOS of InTeCl. However, near the EF peaks in the DOS are higher due to 
the interfaces states which means that these states are responsible for 
transmission spectrum around the EF [60]. For n-Au-InTeCl nano
devices, the interface states seem to overlap each other, and create a 
transmission channel near the Fermi level. 

Transmission Eigen State (TES) values near the EF were also calcu
lated and shown in Fig. 14. The TES are a group of eigen states in the 
NEGF approach which explain the system’s transport characteristics 
[61]. The coherent electronic transport modes via a scattering region 
linked to two or more leads are represented by these eigen states [62]. 
TES exhibit larger amplitude at the center of the scattering region as 
shown in Fig. 14(a). The TES on the leftmost side represents both 
reflective and incident states and hence these both states interfere 
constructively or destructively. The amplitude of the eigen states around 
indium atoms is almost zero confirming destructive interference 
whereas in the region around Te and Cl atoms the eigen states are 
interfering constructively, as shown in Fig. 14 (a). Similarly, Fig. 14 (b) 

shows the maximum amplitude of TES at right which means most of the 
eigen states are transmitted. These results showed that there is a gradual 
change in TES from localized to delocalized states in the channel/scat
tering region towards one electrode by increasing channel length [62, 
63]. 

Besides the transmission spectra that are not quite sufficient to 
describe transport properties at equilibrium, we calculated the current- 
Voltage (IV) characteristic curve for n-Au-InTeCl nanodevices as shown 
in Fig. 16. There is strong nonlinear behavior in the nanodevices which 
seem to possess Schottky-type electronic structure. In the same biasing 
range i.e. − 3 V–3 V, the value of current was decreased by increasing 
channel length. There IV curve was linear in the regions (− 0.24 V, 0.24 
V), (− 0.4 V, 0.4 V), (− 0.4 V, 0.4 V), (− 0.56 V, 0.5 6 V) for bulk-UC, bulk- 
2x2, slab-UC, slab-2x2 respectively and showed metallic behavior. The 
current increased linearly at first but later it increased exponentially as 
in Schottky-diodes which is consistent with the fact that current is driven 
by the electrochemical potential in ballistic conductors which is why it 
goes up at first and then drops and so on [64]. The InTeCl-bulk exhibits 
better rectification characteristics in n-InTeCl nanodevices. 

To understand the rectification characteristics the transmission 
spectra of n-InTeCl bulk (n = 1, 2) were calculated under different 
biasing voltages. The total current is contributed by electronic states 
present in biasing window [ μL(Vb), μR(Vb)] region. Here, the EF, the 
chemical potential of the left electrode μL and right electrode μR are set 
to zero [65]. In order to explain the variation in current, Fig. 17 shows 

Fig. 13. The calculated transmission spectra of n-InTeCl nano devices at 0 V. 
(a) n = 1 for bulk, (b) n = 2 for bulk, (c) n = 1 for slab, (d) n = 2 for slab. The EF 
is set to zero and is represented by vertical line. 

Fig. 14. The calculated transmission eigenstates for n-InTeCl slab based de
vices at EF. 

Fig. 15. The calculated Density of states for the scattering region of the 
nanodevices and Projected density of states for InTeCl nanodevices including 
Au electrodes at equilibrium whereas EF is set to zero. 
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the NEGF transmission spectrum calculated for Au–InTeCl bulk unitcell 
(a-e panels) and Au–InTeCl bulk-2x2 supercell (f-j panels). In case of the 
device containing unitcell, a small transmission peak detected in the 
biasing window − 0.2 V–0.2 V (panel a) which explains small current in 
the start. Later, with increase in the biasing voltage, more transmission 
peaks occurred in the biasing window (panels b to e) which indicates an 
increase in the current. In case of the device containing supercell, few 
transmission peaks appear in the window (panel g) pointing to small 
current in the start. Later, more transmission peaks appeared in the 
biasing window (panels g to j) that indicates a linear increase in the 
current. In contrast to the supercell based device (panels f to j), more and 
higher transmission peaks appeared outside the window in case of 
unitcell based device (panels a to f) which is reason behind compara
tively higher currents in it. 

The spatial distribution of the frontier molecular orbitals can also be 
used to examine the characteristics of electron transport. The highest 
occupied molecular orbital (HUMO) is the one that corresponds to the 
first transmission peak below the EF. The lowest unoccupied molecular 
orbital (LUMO) corresponds to the first transmission peak above the EF. 

The molecular-projected self-consistent Hamiltonian (MPSH) offers 
rectification properties in the form of HOMO and LUMO. The trans
mission peak, which is connected to the poles of the Green’s function, is 
determined by the MPSH eigenstates [58]. These are relevant to the bias 
window of the transmission spectra [65]. The HUMO and LUMO 
calculated for 2-Au-InTeCl bulk device show four MPSH states as given 
in Fig. 18. The transmission peaks given in Fig. 18 correspond to these 
MPSH states showing notable densities around atoms. At biasing volt
ages 0.8 V and 1.2 V, the orbitals were delocalized and offered no dif
ficulty in the formation of the transmission channel that resulted in large 
circuit in these devices. 

As electrons flow from the electrodes into the central region, their 
densities redistribute around the nuclei. This redistribution affects the 
local electronic structure, altering energy levels and creating energy- 
dependent transmission probabilities. Transmission peaks in the 
spectra correspond to energy levels where resonance occurs. The 
coupling of electronic states causes electrons to be efficiently trans
mitted through the central region. These peaks are influenced by the 
arrangement of atoms, their electronic orbitals, and the modulation of 
electron densities due to the presence of the central region. The energy 
levels of the central region orbitals may align with those of the electrode 
orbitals, leading to enhanced electron tunneling. The MPSH captures 
these interactions, and the transmission spectra reveal the energy levels 
at which these hybridization effects lead to transmission peaks. 

3.5. Diffusion path study 

The energy barrier in nudged elastic band (NEB) simulation helps 
finding the energy to overcome the transition state between the re
actants and products. This energy barrier can be calculated from the 
energy profile obtained from the NEB simulation and is typically re
ported as the maximum energy along the reaction path. The value of the 
energy barrier is an important property that determines the rate of a 
reaction or process. The results with minimum transition barrier en
ergies are studied here [66]. 

To shed light on the diffusion properties of InTeCl the investigation 
of the migration pathways is crucial. InTeCl offers the transition energy 
barrier during the diffusion of an external atom which has to be 
measured. CI-NEB simulations were performed to find energy barriers 
faced by Li in InTeCl slab, bulk and bilayer with energy calculated for 
different images as shown in Fig. 19. The transition pathway for 2D 
InTeCl slab shown in Fig. 19 (a) points out the minimum energy barrier 

Fig. 16. The NEGF Current-Voltage curves calculated for n-Au-InTeCl nano
devices. UC means unit cell whereas 2 × 2 referes to supercell. 

Fig. 17. The NEGF transmission spectrum calculated for Au–InTeCl-Bulk-UC (a–e) and Au–InTeCl-Bulk-2x2 (f–j). A biasing window is represented by dotted lines 
and the EF is set to zero. 
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of 1.67 eV for Li along the x-axis which is a bit smaller than that of 
InTeCl bilayer as shown in Fig. 19 (b) and significantly higher than the 
bulk as shown in Fig. 19 (c). The value of the energy barrier is an 
important property that determines the rate of a reaction or process. The 
understanding and controlling the energy barrier is critical for designing 
materials with desired properties. Here InTeCl bilayer offers more op
position during the diffusion of Li rather than the slab. This is possibly 
due to the higher probability of the interaction of Li with the host atoms 
in the bilayer in comparison to the monolayer. 

The value of transition barrier for InTeCl bilayer along the y-axis is 
1.7eV as shown in Fig. 19 (b) which is higher than the InTeCl slab and 
bulk periodicity. It points out that the bilayer offers the maximum op
position to the diffusion atom within the structure and hence slower the 
reaction. Fig. 19 (c) shows the diffusion pathway for the bulk InTeCl 
which is more suitable than the 2D InTeCl because it offers less energy 
barrier of 1.32 eV which is significantly lower than the slab and the 
bilayer. Hence, the diffusion rate is much higher and the reaction will be 
fast in comparison with the other two periodicities. 

4. Summary 

A detailed theoretical study was carried out to investigate the 

structural, electronic and transport properties of InTeCl in bulk and slab 
periodicities. The structural, dynamical and thermal stability of the 
materials were studied. The structures were optimized and lattice pa
rameters were computed. The single-point calculations were performed 
to determine the electronic properties of materials. The NEGF technique 
was used to determine the ballistic transport properties of the nano
devices based on the InTeCl based materials. The IV characteristics and 
transmission spectra were determined to check electronic transmission 
through electrodes towards the scattering region. The Au-contacts 
appeared to play essential role in current-voltage behavior. It is found 
that an increase in the channel length affected the transport properties of 
InTeCl and it resulted in rectification characteristics which are deter
mined using transmission spectra at various applied bias voltages and 
with the help of MPSH states. The diffusion pathways simulations were 
carried out using NEB which revealed that the bulk InTeCl offers the 
minimum transition barrier of 1.32 eV to the diffusing Li atoms. The 
reported findings will help designing the field-effect transistor nano
devices based on InTeCl. 
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