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ABSTRACT: Transition metal halides (TMHs) have recently
emerged as a promising class of two-dimensional (2D) materials for
optoelectronic applications. However, a deep atomistic under-
standing of excitonic effects, arising in TMHs from the interplay
between quantum confinement and diminished dielectric screening,
is required for the design of future technological applications. In
this work, we investigate 2D TMHs by combining density
functional theory atomistic simulations, tight-binding models, and
the solution of the Bethe−Salpeter equation. The selected 2D
TMHs were obtained from the computational 2D materials
database (C2DB) based on specific criteria to identify compounds
with promising potential for optoelectronic applications. Our
calculated lattice parameters are in agreement with those reported
in both the C2DB database and the literature. However, deviations in electronic properties are observed for a few systems due to
particularities in the implementation of spin−orbit coupling and hybrid functionals. We also predict exciton binding energies ranging
from 0.23 to 0.81 eV, with TiI2 in the space group P6̅m2 exhibiting unusual excitonic insulator behavior. Excitons significantly impact
optical absorption by reducing the maximum absorption coefficient and shifting the absorption peak, all of which were quantified
throughout the manuscript. Furthermore, when evaluating potential heterojunctions using Anderson’s rule, we find that excitonic
effects modify 90 out of 276 possible heterojunctions, decreasing the number of type II heterojunctions, which are particularly
relevant for optoelectronic applications.
KEYWORDS: transition metal halides, excitons, two-dimensional materials, excitonic insulator, density functional theory, tight-binding,
Bethe−Salpeter equation

1. INTRODUCTION
The research domain of two-dimensional (2D) materials has
experienced significant advancements following the seminal
work of Geim and Novoselov on graphene isolation, in which a
single graphene monolayer was effectively separated from
graphite using the Scotch tape exfoliation technique.1 Over the
years, numerous characterization techniques have showcased
the unprecedented properties of graphene, such as high
electrical and thermal conductivities, and exceptional mechan-
ical properties,2 however, it lacks an electronic band gap, which
is a limiting factor for eventual optoelectronic applications.
Thus, motivated by the successful isolation of graphene,
researchers have turned their efforts to obtaining alternative
2D materials with semiconductor behavior, which show
promise for a wide range of applications, including
optoelectronics and microelectronics.
In this context, transition metal dichalcogenide (TMD)

monolayers have emerged as strong candidates among other
2D materials due to their intriguing optoelectronic character-
istics. For example, the 2H phase of TMDs such as MoS2,
MoSe2, WS2, and WSe2 has attracted significant interest for its

easy synthesis and remarkable optical properties.3 Specifically,
TMDs based on tungsten (W) and molybdenum (Mo) are the
most investigated and exhibit notable photoluminescence (PL)
effects, the intensity of PL being dependent on the number of
layers.4 Moreover, TMDs have demonstrated potential for
various optoelectronics applications, including transistors,
memory devices, valleytronics, and photovoltaics.5−7 It is
worth noting that some monolayers of TMDs exhibit PL
orders of magnitude stronger than their bulk counterparts,4

demonstrating the peculiar optical properties of 2D materials.
The distinct optoelectronic properties of two-dimensional

materials can be ascribed to excitons, which are electron−hole
pairs bound together and have been a subject of interest within
semiconductor physics since the 1930s.8 Furthermore, recent
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investigations into 2D materials have renewed interest due to
the effects of quantum confinement and weak dielectric
screening, thereby resulting in the formation of strongly
bound excitons.9 These excitons demonstrate binding energies
that are one to 2 orders of magnitude greater than those
encountered in three-dimensional (3D) semiconductors.10

Excitons in TMDs can be classified into bright excitons
(optically accessible) and dark excitons (optically inaccessible),
the latter being further classified as spin-forbidden or
momentum-forbidden transitions. Studies on TMDs have
also revealed additional types of excitons, such as localized and
interlayer excitons.11

Motivated by advancements in the 2D materials research
field, 2D transition metal halides (TMHs) are regarded as a
promising family of materials for various applications, such as
photocatalysis and quantum cutting,12 photovoltaics,13 photo-
detectors,14 thermoelectric applications,15 and ultrafast pho-
tonics.16 Our work aims to provide a perspective on
optoelectronic applications for this less explored class of
layered materials, offering insights into future applications
involving excitonic effects. These materials comprise transition
metal (A) and halide (B = Cl, Br, and I) elements, being
represented by the following chemical formula AmBn. The
literature reports various stoichiometries for TMHs, with most
experimental studies focusing on AB2 and AB3,

17 including
RhI3, PbI2, and BiI3. Additionally, AB TMHs, such as CuBr and
gadolinium monohalides, have also been investigated exper-
imentally.18,19

TMHs are often synthesized via mechanical exfoliation,
facilitated by their layered structure in which the layers are held
together by van der Waals (vdW) forces, similar to those found
in graphene and TMDs. For example, exfoliated RhI3 flakes
obtained from the vdW-bonded bulk structure remain stable
under ambient conditions for up to two months.20 Theoretical
calculations also reveal lower exfoliation energy for monolayers
of GeI2 than for graphite, highlighting the feasibility of
mechanical exfoliation for producing monolayers.21 Additional
methods, including liquid phase and vapor phase deposition,
have also been extensively reported for TMH synthe-
sis.14,16,18,22

Furthermore, research on excitonic properties in TMHs has
revealed intriguing phenomena, including the coupling
between excitonic and magnetic properties, layer-dependent

properties, and excitonic effects in Janus and heterostruc-
tures,23,24 however, consideration of those effects remains
unaddressed for many compositions. Moreover, semiconduct-
ing TMH compounds have shown potential for integrating
photovoltaic devices12,13,25,26 as the presence of chemical
halide species should facilitate their integration with halide
perovskites (HPVK), which have recently shown promise for
use in photovoltaic applications with the advantages of low
cost and high efficiency27 despite stability improvements when
exposed to operational conditions of moisture and heat is still a
demand. The strategy of combining HPVKs and 2D
materials28 has the potential to overcome these instability
issues, and the excitonic properties of 2D TMHs should be
relevant in this context.
In this work, we explore 2D TMHs with various crystal

structures, compositions, and stoichiometries, selecting the
most promising candidates for optical applications while
accounting for excitonic effects. Initially, the compositions
for examination were chosen after a systematic search of the
Computational 2D Materials Database (C2DB). Subsequently,
24 selected materials were investigated employing a combina-
tion of Density Functional Theory (DFT) simulations, the
Tight-Binding (TB) approach, and the Bethe−Salpeter
Equation (BSE) to scrutinize the significance of excitonic
effects on their optoelectronic properties. Despite good
agreement between our results for the equilibrium lattice
parameters and electronic spectra compared to those reported
in the C2DB data set, we found significant deviations in the
electronic properties of particular compositions. These
discrepancies arise primarily from spin−orbit coupling
(SOC) and hybrid exchange−correlation calculations using
the HSE06 functional, which we attribute to implementation
differences among the computational codes.
We found that excitonic effects significantly impact

optoelectronic properties; our results reveal exciton binding
energies ranging from 0.23 to 0.81 eV. In particular, TiI2 in the
P6̅m2 space group emerges as a potential excitonic insulator
(EI).29 Furthermore, the presence of excitons influences the
absorption spectra, systematically reducing the maximum
absorption coefficient for all systems. This reduction affects
transitions across the infrared, visible, and ultraviolet regions,
depending on the composition. Finally, we classified all
possible heterojunctions using Anderson’s rule and observed

Figure 1. Flowchart illustrating the procedures implemented for the screening of the 2D TMHs (left panel) compounds alongside the framework
(right panel) to investigate their optical and excitonic properties.
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changes in the heterojunction type when comparing the
independent particle approximation (IPA) against BSE
simulations, including a reduction in the number of type II
heterojunctions. These findings highlight the critical role of
excitonic effects in evaluating the optical potential of TMHs.

2. THEORETICAL APPROACH AND COMPUTATIONAL
DETAILS

To fulfill our goals, the selection of potential 2D TMH
materials was carried out using the C2DB,30 with a focus on
their electronic properties. The selected 2D TMHs were
characterized by DFT calculations, e.g., equilibrium lattice
parameters, electronic structure evaluation, work function, etc.
Furthermore, the optical properties of these systems were
evaluated through the computation of real and imaginary
dielectric functions, while excitonic properties were ascertained
using Hamiltonian parametrization within the TB framework,
utilizing maximally localized Wannier function techniques.
Subsequently, the BSE was solved to examine the excitonic
properties. The integration of all these techniques is depicted
in Figure 1, where the workflow is also explicitly defined. The
following subsections provide a summary of the theoretical
approach and the computational details of the principal steps.

2.1. Total Energy Calculations. Our calculations are
based on the DFT framework,31,32 as implemented in the
Vienna Ab initio Simulation Package (VASP), version
5.4.4.33−35 In this framework, interactions between valence
and core electrons are described using the Projector
Augmented Wave (PAW) method,36 while plane waves expand
the single particle Kohn−Sham wave functions.
All equilibrium structures were obtained using the semilocal

formulation Perdew−Burke−Ernzerhof (PBE)37 for the
exchange−correlation energy functional (EXC), which produces
results consistent with experimental studies.38 Due to the
presence of heavy elements, our simulations include SOC
effects for the valence states to improve the description of the
electronic states, which affects the evaluation of the density of
states, electronic band structure, and the entire TB para-
metrization procedure, including decomposition of states in
the valence and conduction bands. Furthermore, improved
electronic band gap values were obtained by incorporating the
Heyd−Scuseria−Ernzerhof (HSE06) hybrid exchange-correla-
tion functional39 within the scissor operator approach. This
evaluation of electronic structure provides band gap values
close to the experimental results due to minimizing self−
interaction errors40 while incorporating electronic band
splittings resulting from SOC.
Due to the high computational cost of using the hybrid

HSE06 functional in conjunction with SOC, we employed the
scissor operator (χ) approach to correct the electronic band
gap values (Eg) and adjust the entire electronic band structure.
This correction was applied by rigidly shifting all electronic
states in the conduction band by χ, calculated using the
following equation

E E E E( )g g
PBE SOC,dir

g
HSE06,dir

g
PBE,dir= ++

(1)

Here, Egx,dir, where x = PBE+SOC, HSE06, or PBE, represents
the optical band gap evaluated using the PBE+SOC, HSE06,
and PBE approximations, respectively.
While the scissor operator methodology provides a

computationally affordable way to correct band gap values, it

does not extend to the Kohn−Sham wave functions. This
limitation poses a challenge for accurately modeling band
dispersion (or effective masses) and heterostructures, where
charge redistribution and the emergence of an electric dipole
between monolayers may occur. More sophisticated ap-
proaches, such as the GW approximation, can yield accurate
band structures. However, GW methods are sensitive to several
factors, including the specific variant used (e.g., treatment of
the Coulomb potential, self-consistency schemes),41,42 the
inclusion of spin−orbit coupling,43 and the choice of the
starting point for quasiparticle calculations.44 Despite these
complexities, the scissor operator remains a valuable tool for
identifying trends in excitonic and optical properties, and for
evaluating the role of exciton binding energies in band gap
classification at a manageable computational cost.

2.2. Optimization Procedures and Computational
Parameters. The equilibrium 2D structures were obtained
by optimizing the stress tensor within the xy plane while
keeping the vacuum thickness frozen to those from C2DB, and
the atomic forces in all directions, using a cutoff energy of
2×ENMAXmax for truncate the plane wave expansion in order
to minimize the Pulay stress. Here, ENMAXmax is the maximum
cutoff energy recommended for the atomic species contained
in the selected TMHs (Cl, Br, I, Ti, Co, Zr, Mo, Rh, Pd, Hf, W
and Hg) within each PAW projector (i.e., 262.472, 216.285,
175.647, 383.774, 323.400, 346.364, 344.914, 247.408,
250.925, 282.964, 317.132, and 312.028 eV). The equilibrium
structures were obtained once the atomic force in each atom
was smaller than 0.01 eV/Å, with an electronic self−
consistency total energy criterion of 10−6 eV.
We employed the Monkhorst−Pack scheme45 for Brillouin

zone integration, determining the number of subdivisions in
the in−plane reciprocal space using a k-point length of Rk = 25
Å and a Gaussian smearing of 0.05 eV for structural
optimizations and for generating the overlap and hoping
parameter for expansion in terms of Maximally Localized
Wannier Functions (Section 2.3). For the remaining proper-
ties, a cutoff energy of 1.125×ENMAXmax was used, while Rk
was increased to 50 Å, and the Gaussian smearing was reduced
to 0.01 eV. The Section S3.3. Supporting Information (SI)
includes the plane-wave cutoff energies and k-point grids used
for each system in this work.

2.3. Optical and Excitonic Properties. We employ the
Maximally Localized Wannier Function (MLWF)46 method, as
implemented in the Wannier90 software,47,48 to parametrize
the electronic Hamiltonian to study the optical and excitonic
properties. The resulting TB Hamiltonian is expressed as
follows

H H e HRk)
i

N
i

i
ik R

R0
1

= +
=

·

(2)

where H0 represents the TB Hamiltonian matrix elements
between orbitals in the unit cell, containing hopping and on-
site parameters; and HR di

includes hopping parameters between
the unit cell and neighboring cells indexed by translational
vectors Ri.
From the parametrized TB Hamiltonian, the WanTiBEXOS

(a Wannier-based tight-binding code for electronic band
structures),49 calculates the optical and excitonic properties
by solving the BSE. Previous reports have successfully applied
the same methodology to investigate various 2D materials50
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and low-dimensional perovskites.51 The solution of the BSE, as
depicted in eq 3, provides excitonic properties.

E E A
N

W A

E A

( )
1

c v c v
n

v c
v c v c c v

n

n
c v
n

k k k
k k

k k k

k

, , , ,
, ,

( , , ),( , , ) , ,

, ,

+ ×

= (3)

where c (v) represents conduction (valence) states, Ec,k (Ev,k)
denotes the single−particle energies at each k−point for
conduction (valence) bands, Ac,v,kn stands for the exciton
wavevector, En indicates the n−th exciton energy, Ω signifies
the volume of the unit cell, and Nk denotes the number of k−
points. W(k, v, c), (k′, v′, c′) represents the 2D truncated Coulomb
matrix, as proposed by Rozzi et al.52 The optical properties in
both IPA and BSE were calculated from the dielectric tensor,
as shown in Section S3.8 of the SI.

2.4. Screening Procedure to Select 2D Transition
Metal Halides from the C2DB Data Set. The selection of
2D TMHs was conducted through a systematic examination of
specific properties within the C2DB database, utilizing a four-
step methodology, see Table 1: (i) identification of structures
with stoichiometries AB, AB2, or AB3, where A denotes
transition metals and B corresponds to Cl, Br, or I; (ii) analysis
of structures with band gaps determined via the HSE06 XC
functional, incorporating SOC, within the range of 0.65 to 2.13
eV, thereby ensuring the efficiency of materials for p−n
junctions exceeding the Shockley−Queisser (SQ) limit of 20%;
(iii) selection of materials demonstrating high phonon
stability; and (iv) preference for nonmagnetic systems, owing
to the inadequacies of the scissors operator correction in
magnetic systems, attributed to disparate spin channel
corrections,53 and its lack of consideration for interactions
between spin channels. Thus, a total of 24 two-dimensional
compounds were identified, representing a broad spectrum of
TMH compounds, which includes compounds with stoichio-
metries of AB (1), AB2 (18), and AB3 (5), wherein the
numerals within parentheses signify the respective counts of
identified compounds.

3. RESULTS AND DISCUSSION
For clarity in the discourse of our results, this section is
systematically arranged as follows: Section 3.1 initially
addresses the initial structures derived from C2DB, which
subsequently underwent optimization within the framework of
DFT calculations, as elucidated in Section 3.2. Sections 3.3, 3.4
and 3.5 expounds on the ground state electronic structures,
encompassing the density of states, the influence of SOC on
electronic properties, and the adjustment of the band gap.
Sections 3.6 and 3.7 elucidates the optical and excitonic
properties related to the TB Hamiltonian and the resolution of
the BSE. Finally, in Section 3.8 we present the bands alignment

and the heterojunction classification, including the role of
excitonic effect.

3.1. Structural and Compositional Characterization
of Transition-Metal Halides. Figure 2 presents a stick-and-

ball representation of the crystalline structures, along with the
chemical formulas and the number of unit cells for each species
listed per space group (SG). As mentioned, a total of 24
materials were identified, each exhibiting a range of crystalline
structures and compositions. Notably, one material is
characterized by the AB stoichiometry within the P3̅m1
space group, while 18 are categorized as AB2 with SGs P21|
m, P6̅m2, P21|c, and P3̅m1. Furthermore, five materials
manifest the AB3 stoichiometry within SGs P3̅1m and P6̅2m.
Mercury-based TMHs exhibit structures within the same space
group regardless of their stoichiometries; these are denoted
HgI2 and Hg2I2 by P3̅m1-α and P3̅m1-β, respectively. The
selected structures possess either hexagonal or tetragonal

Table 1. Step−by−step Summary of the Screening Procedure Used to Select 2D Transition-metal Halide Compounds from the
C2DB Data Set (16905 Compounds)

AB AB2 AB3

step Cl Br I Cl Br I Cl Br I total

step 1: TMH composition 55 57 54 97 95 99 49 45 46 597
step 2: SQ over 20% 1 2 3 15 13 14 9 5 6 68
step 3: strong phonon stability 0 0 1 14 12 10 8 3 5 53
step 4: non−magnetic 0 0 1 6 5 7 3 0 2 24

Figure 2. Summary of the selected structures in this work provided in
both top and side views, along with their respective compositions.
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Bravais lattices, all of which exhibit point-inversion symmetry.
Consequently, dipole corrections are not required due to the
negligible net dipole moment in the systems studied. On the
other hand, symmetry-breaking effects may serve as a useful
avenue for probing novel electronic or structural phenomena in
future investigations.
The selected TMHs encompass a broad spectrum of TM

species, incorporating groups 4, 6, 9, 10, and 12 of the periodic
table, as illustrated in Figure 2. Additionally, given that halides
generally possess an oxidation number (NOX) of −1, the
titanium- and palladium-based TMHs exhibit a NOX of +2 for
the AB2 stoichiometry. Similarly, Co2I6 shows a NOX of +3.
Mercury-based TMHs are characterized by NOX values of +1
and +2 for Hg2I2 and HgI2, respectively, which are the
predominant oxidation states for these metals. In contrast,
zirconium-based TMHs have NOX of +2, Mo2Cl6 is associated
with NOX of +3, while hafnium- and tungsten-based TMHs
have NOX values of +2 and +3, respectively, which are atypical
oxidation states.
Nonetheless, it is important to note that our approach may

overlook materials with potentially interesting properties, as we
excluded those with small and large band gaps and magnetic
characteristics. However, since our focus is on high-perform-
ance materials for optoelectronic applications, we target those
with high maximum efficiencies under the Shockley−Queisser
(SQ) limit and exclude magnetic materials, as their properties
can be sensitive to environmental conditions such as external
magnetic fields.

3.2. Equilibrium Lattice Parameters and Structural
Trends. Table 2 summarizes the optimized in-plane lattice
parameters (a0 and b0) for all selected TMH compounds,
comparing our calculated parameters with data from the C2DB
database and additional theoretical results for validation. Our
optimized geometric parameters demonstrate excellent con-
cordance with the C2DB, exhibiting a maximum deviation
from the lattice parameter of merely 0.07 Å (or 0.8%). This
robust consistency extends to the structural angles and space
groups, underscoring the reliability of our optimization
methodology. Compared to other studies in the literature,
most of our lattice parameters show deviations of less than 0.03
Å (or 0.49%). Slightly larger deviations were observed for Pd4I8
(up to 0.09 Å or 1.34%) compared to Yekta et al.,55 and for
Co2I6 (up to 0.08 Å or 0.88%) compared to Zhang et al.57 This
high degree of agreement across multiple sources substantiates
the validity of our equilibrium geometry calculations. For all
subsequent calculations, the structures remain fixed in these
optimized equilibrium geometries.
Furthermore, the examination of the equilibrium lattice

parameters uncovers several significant trends. A direct
correlation with halogen size emerges consistently: the lattice
parameters typically increase as the halogen atom’s size
increases for a given transition metal. This phenomenon is
evident in the Titanium series (TiCl2, TiBr2, TiI2), where a0
for P6̅m2 structures expands from approximately 3.28 Å (Cl)
to 3.77 Å (I). The space group symmetry also significantly
influences the lattice parameters. In particular, materials within
the P6̅m2 space group (e.g., TiCl2, ZrCl2) demonstrate nearly
identical in-plane lattice parameters (a0 ≈ b0), a feature
indicative of hexagonal symmetry. In contrast, structures
belonging to the P21|m space group (e.g., Ti2Cl4, Zr2Cl4)
exhibit distinctly different lattice parameters (a0 ≠ b0), with b0
being substantially larger than a0, a mark of lower (monoclinic)
symmetry.

Moreover, the identity of the TM species also affects the
lattice parameters. In the evaluation of TMHs that possess
identical halogens and analogous space groups (as exemplified
by TiCl2, ZrCl2, HfCl2 in P6̅m2), it is observed that the lattice
parameters generally increase as one moves down the
transition metal group (as noted in the series from Ti to Zr
to Hf), which aligns with the trend of increasing atomic radii.
In addition, stoichiometry also plays a role. Compounds
exhibiting varied stoichiometries, including the A2B6 series (for
instance, Mo2Cl6, W2Cl6) as well as mercury-based TMH (e.g.,
Hg2I2 and HgI2), exhibit larger lattice parameters in
comparison to the AB2 compounds, thereby reflecting their
unique structural configurations and bonding properties.
Together, these observations underscore the complex relation-
ship between the chemical composition, crystal structure, and
fundamental lattice dimensions inherent in these transition-
metal halides.

3.3. Orbital Contributions from Density of States. An
in-depth characterization of the electronic states was
performed through analysis of both total and local densities
of states (DOS and LDOS, respectively) for all selected 2D
compounds. The DOS selected for examination are presented
in Figure 3, with the remaining results compiled in the
Supporting Information. Most of the systems investigated
exhibit predominant contributions from the d-states associated
with the transition metals (TM) and the p-states of the halide
atoms proximal to the maximum valence band, as depicted in

Table 2. In−Plane Lattice Parameters (a0 and b0) of
Optimized Structure, from C2DB and Results Presented in
the Literaturea

composition this work C2DB literature

space group
a0
(Å)

b0
(Å)

a0
(Å)

b0
(Å) refs

a0
(Å)

b0
(Å)

Ti2Cl4 (P21|m) 3.25 5.91 3.25 5.91 13 3.24 5.90
TiCl2 (P6̅m2) 3.28 3.28 3.28 3.28 54 3.29 3.29
TiBr2 (P6̅m2) 3.47 3.47 3.47 3.47
TiI2 (P6̅m2) 3.76 3.77 3.77 3.76
Co2I6 (P3̅1m) 6.72 6.74 6.74 6.72 55 6.81 6.81
Zr2Cl4 (P21|m) 3.33 6.23 3.33 6.24 26 3.34 6.23
ZrCl2 (P6̅m2) 3.41 3.41 3.41 3.41
Zr2Br4 (P21|m) 3.49 6.50 3.49 6.50 26 3.49 6.48
ZrBr2 (P6̅m2) 3.56 3.56 3.56 3.56
Zr2I4 (P21|m) 3.76 6.91 3.77 6.91 26 3.76 6.91
ZrI2 (P6̅m2) 3.82 3.83 3.83 3.82
Mo2Cl6 (P6̅2m) 5.59 5.59 5.59 5.59
Rh2I6 (P3̅1m) 6.90 6.93 6.93 6.90 56 6.92 6.92
Pd4I8 (P21|c) 7.13 9.10 7.17 9.03 57 7.14 9.02
Hf2Cl4(P21|m) 3.27 6.16 3.28 6.16 58 3.26 6.13

25 3.27 6.14
HfCl2 (P6̅m2) 3.35 3.35 3.35 3.35
Hf2Br4 (P21|m) 3.43 6.43 3.44 6.42 25 3.43 6.42

15 3.43 6.41
HfBr2 (P6̅m2) 3.49 3.50 3.50 3.49
Hf2I4 (P21|m) 3.70 6.83 3.72 6.81 25 3.71 6.81
HfI2 (P6̅m2) 3.76 3.77 3.77 3.76
W2Cl6 (P3̅1m) 5.56 5.56 5.56 5.56
W2Cl6 (P6̅2m) 5.52 5.52 5.52 5.52
Hg2I2 (P3̅m1) 4.46 4.48 4.46 4.47
HgI2 (P3̅m1) 4.37 4.39 4.39 4.37
aThe formula is shown with the total number of atoms. SG stands for
space group.
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the left panel of Figure 3. Notable exceptions are observed for
mercury-based TMHs. For example, as referenced in HgI2, the
primary contributions emerge from the states s- and p-states,
while in Hg2I2, the p-states of both TM and the halides
predominate, as illustrated in the middle and right panels of
Figure 3.
In addition to our computational findings, previous research

has corroborated significant contributions from the halide p-
states and the TM d-states. For example, Tang et al.59

identified significant p-orbital contributions in TiCl2 utilizing
the HSE06 functional, while Huang et al.13,26 and Zhang et
al.57 reported analogous results for titanium-, zirconium-,
hafnium-, and palladium-based TMHs.

The representation of the electronic states using maximally
localized Wannier functions (MLWFs) was performed based
on PBE+SOC results and atomic state characterization derived
from density of states calculations. Comparisons between the
results obtained from the PBE and PBE+SOC approximations,
as elaborated in Section 3.4, revealed only minor variations in
DOS and orbital composition near the maximum of the
valence band. Further analysis of the DOS suggests that
accurate construction of MLWFs generally requires the
inclusion of s-, p-, and d-orbitals for both transition metals
and halides. However, there are exceptions for compounds
such as TiI2, Mo2Cl6, and W2Cl6 within the P6̅2m space group,
where only p- and d-orbitals were considered for halide atoms.

Figure 3. Total and local density of states (DOS and LDOS, respectively) for the 2D Zr2Br4, HgI2, and Hg2I2 compounds calculated with the DFT-
PBE+SOC framework. The total (local) DOS, is denoted as T(L)DOS, whereas A(s, p, d) and B(s, p, d) represent the decomposition of the local
DOS transition metals (A) and halides (B) species, respectively. The vertical dashed line indicates the valence band maximum.

Figure 4. Top panel: PBE (black solid lines) and PBE+SOC (blue dashed lines) bands structures for Ti2Cl4 (P21|m), Co2I6 (P3̅1m) and Zr2I4 (P21|
m) showcase the bands’ structures where (i) the SOC effect not change the band structure, (ii) changes in the band gap and (iii) changes in states
apart from VBM and CBM in states between −4 and 4 eV. Low panel: spin-projection in up and down components (σz) close to direct band gap of
these materials.
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Furthermore, in the case of W2Cl6 within the P3̅1m space
group, s-, p-, d- and f-orbitals were incorporated.

3.4. Role of Spin−Orbit Coupling in the Electronic
Structure. This section highlights the main changes in the
electronic structure resulting from the inclusion of spin−orbit
coupling (SOC). The first row of Figure 4 illustrates three
distinct behaviors observed in calculations performed using
PBE and PBE+SOC, across an energy range of 4 eV above and
below the VBM level. First, some systems show only minor
changes within this energy window, as demonstrated by the left
panel in the first row of Figure 4 for Ti2Cl4. This behavior is
also observed in TiCl2, Zr2Cl4, ZrCl2 (within the space groups
P21/m and P6̅m2, respectively), and Mo2Cl6.
In other systems, the SOC causes breaks in the valence (VB)

and conduction (CB) bands and alters the band gap value, as
exemplified by Co2I6 in the middle panel (first row) of Figure
4. This behavior was also observed for Rh2I6, Pd4I8, tungsten−
based, and mercury−based TMHs. The SOC induces changes
up to 0.38 eV in both the fundamental and direct band gaps for
W2Cl6 (P31̅m), for example. For Co2I6, the conduction band
minimum (CBM) shifts from the Γ−K path to the Γ point
when SOC is included in the PBE calculations (that is, from
PBE to PBE+SOC). Furthermore, a significant change in
electronic states is observed along the K−M direction.;
conversely, the opposite holds for the valence band maximum
(VBM), while the band gap value of this material remains
indirect. The same was observed for Rh2I6. For Pd4I8 and
tungsten-based TMHs, we observed band splits at some points
and a reduction in the band gap; however, without changes to
the VBM or CBM points. In contrast, mercury-based TMHs
exhibited no significant alterations in the shape of the bands
but suffered a reduction in the band gap. Finally, in the
remaining systems, there is no change in the band gap;
however, changes occur in states apart from VB and CB, as
shown in the right panel (top row) of Figure 4 for Zr2I4 as an
example. In particular, we found that the effect of SOC
becomes stronger as the atomic numbers of species in the
structure increase, consistent with the expectation that
relativistic effects grow stronger for heavier elements with
more electronic shells. For example, when comparing the SOC
effects for TiCl2, TiBr2, and TiI2, we observe an increase in
SOC-induced splits as the halogen atoms become heavier. This
trend can also be observed in other structures.
Finally, in the bottom row of Figure 4 we showcase the σz

spin projection for the same sampling systems as highlighted
above near the direct band gap. We observed that for Ti2Cl4,
the direct band gap includes a spin-forbidden transition which
can impact the optical spectra. It is worthwhile to include SOC
effects, as it changes the bands’ dispersion which can impact its
properties, mainly in heavy atoms. For instance, the SOC can
introduce spin-forbidden optical transitions, as discussed
below, splits in bands dispersion which alter the material’s
optical response, as observed for TMDs,60 changes in bands
edges, which can impact the bands alignment and hetero-
junction types, and finally changes in fundamental gap
character (direct or indirect) as in indirect band gap materials
the selection rules introduce some momentum-forbidden
transitions.

3.5. Electronic Band Gaps: Correction, Validation,
and Functional Dependence. Although the PBE calculation
provides good results for structural parameters, as discussed in
Section 3.2, it underestimates the band gap, which impacts the
correct description of electronic transitions in optical and

excitonic calculations. Consequently, this section outlines the
band gap correction performed using the scissors operator
methodology, as described in Section 2.1. Figure 5 presents the

direct band gaps of our calculations using the PBE, PBE+SOC,
and HSE06 functionals along with the corrected band gap for
comparison with the values PBE, PBE+SOC, and HSE06+-
SOC obtained from C2DB.
The corrected band gaps range from 0.59 up to 2.39 eV.

Here, the scissors operator in our systems corrects the band
gaps from −0.04 for TiI2 up to 0.97 eV, as is the case with
Pd4I8. The corrected band gap shows some differences from
those calculated by C2DB. Specifically, the discrepancies in
Ti2Cl4 and ZrCl2 are less than 1%. In contrast, the deviations
for Zr2Br4, ZrBr2, Zr2I4, ZrI2, Rh2I6, Pd4I8, Hafnium, and
mercury−based TMHs range from 1 to 5%. Meanwhile, the
remaining systems exhibit deviations above 5%. The differ-
ences are more pronounced (above 10%) for TiCl2 (11.3%),
TiBr2 (19.9 eV), TiI2 (39.6%), Co2I6 (18.1%), and Mo2Cl6
(24.8%). Consequently, although our optimized structures
align with those of C2DB, the electronic properties display
significant deviations, primarily due to the hybrid functional
calculations, as the discrepancies observed are larger than those
seen in PBE and PBE+SOC calculations.
Several theoretical works also investigated band gaps with

various levels of approximation. For example, according to
Huang et al.13 the monolayer Ti2Cl4 features a fundamental
band gap of 0.99 eV within the HSE06 functional while our
simulations deliver 0.98 eV. For zirconium−based TMHs in
P21|m SG, Huang et al.26 calculated band gaps using the
HSE06 functional of 1.15, 1.14, and 0.85 eV for Zr2Cl4, Zr2Br4,
and Zr2I4 while our results are 1.19, 1.15, and 0.87 eV,
respectively. For Zr2Cl4, Wang et al.61 calculated a direct
fundamental band gap of 0.62 eV with the PBE functional
along the Γ−X points, which aligns with our findings.
However, discrepancies arise for HSE06 band gaps; that is,
while we obtained an indirect fundamental band gap of 1.19
eV, they reported a direct fundamental gap of 1.27 eV. For
Rh2I6, Wu et al.56 calculated a band gap of 1.33 eV with the
PBE functional, which aligns well with our value of 1.34 eV.
For Pd4I8, Zhang et al.

57 obtained band gaps of 1.18 eV (PBE)
and 2.15 eV (HSE06), which are close to our values of 1.19 eV
(PBE), and 2.14 eV (HSE06). For hafnium−based TMHs

Figure 5. Optical electronic band gaps using several approximations:
PBE, PBE+SOC, HSE06, and PBE+SOC+χ (HSE06+SOC) with the
scissors operator. The PBE, PBE+SOC, and HSE06+SOC values
reported within the C2DB database30 are reported for comparison.
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within the SG P21|m (Hf2Cl4, Hf2Br4, and Hf2I4), Huang et
al.25 calculated band gaps of 1.47, 1.34, and 1.03 eV, while our
results are 1.52, 1.35, and 1.04 eV, respectively, all using the
HSE06 functional. Li et al.58 also studied the Hf2Cl4 reporting
band gaps of 0.87 (PBE) and 1.48 eV (HSE06), which is in
agreement with our findings of 0.88 (PBE) and 1.52 eV
(HSE06) for Hf2Cl4. Lastly, Fan et al.

15 reported a band gap of
1.31 eV for Hf2Br4 using the HSE06 functional.
However, it is well-known that the HSE06 functional

underestimates the band gaps in wide band gap semi-
conductors62 and for two-dimensional materials63 compared
to the GW method. For example, comparing our corrected
band gaps with those obtained using the G0W0 method from
C2DB, we observed that our calculations underestimated the
band gaps by an average of 0.41 eV, as presented in Table S9 of
the SI. Despite that, the computations of electronic structure
using GW methods can also be challenging as they depend on
several factors, as discussed in Section 2.1.

3.6. Exciton Binding Energy, Ground State, Bright
State, and Trends. Table 3 summarizes the calculated

exciton ground-state energy (EXGS), binding energy (Eb), and
bright-state energy (EXbr) for all selected 24 2D TMH materials.
A bright state is defined here as one with an absorption
coefficient greater than 1 × 10−3 cm−1. The exciton binding
energies, which represent the differences between the
electronic band gaps and the first excitonic states, range from
0.23 to 0.81 eV. These values are comparable or larger to other
2D materials such as WS2 (0.32 eV)10 and MoS2 (0.24 eV),64

black phosphorus (ranging from 0.213 to 0.106 eV for 2 to 6
layers),65 and PdSeO3 (0.6 eV).66

For most systems, EXGS is identical to EXbr, implying that the
lowest-energy exciton is often bright or the energy difference is

negligible. However, titanium-halide series, i.e., Ti2Cl4, TiCl2,
TiBr2, and TiI2 are exceptions. Specifically, Ti2Cl4 exhibits an
optically inactive (dark) excitonic ground state, differing from
its bright state by 0.15 eV. This is likely due to a spin-forbidden
transition, as the VBM has a major spin-down projection and
the CBM a major spin-up projection as pointed out in Section
3.4. All remaining systems, except Ti2Cl4 and TiI2 (discussed
below), show ground states brightly active.
A consistent trend observed across titanium-, zirconium-,

and hafnium-based halide systems is a decrease in both EXGS
and EXbr as the halogen is varied from Cl to Br to I. This trend
suggests that heavier halides promote exciton formation at
lower energies. For example, in the TiX2 series, EXGS drops from
0.65 eV for TiCl2 to 0.34 eV for TiBr2, reaching a notably low
value of − 0.01 eV for TiI2. A similar decreasing trend is
observed in the ZrX2 and HfX2 series. In contrast, the trend in
Eb values as a function of halogen species is more complex. For
Zr and Ti halides, Eb slightly decreases or remains nearly
constant. In contrast, for Hf halides, Eb exhibits either a slight
increase in the Hf2X4 compounds or a decrease in the HfX2
compounds.
Generally, as the atomic number of the metal increases (Ti

→ Zr → Hf), EXGS and EXbr tend to increase for comparable
stoichiometries and halogens. This indicates larger band gaps
or higher exciton excitation energies in materials with heavier
metal centers. For example, EXGS increases from 0.65 eV for
TiCl2 to 1.43 eV for ZrCl2 and 1.67 eV for HfCl2. The trend
for Eb with changes in metals is less consistent, varying with
halogen. However, for the M2X4 series, Eb appears to decrease
from Ti to Zr to Hf. Furthermore, MX2 compounds generally
exhibit higher EXGS and EXbr values compared to their M2X4
counterparts, indicating a larger excitonic energy gap in the
MX2 stoichiometry. For example, TiCl2 has an EXGS of 0.65 eV
versus 0.25 eV for Ti2Cl4. The Eb also follows this trend; i.e.,
MX2 compounds have higher values compared to M2X4 in the
Ti, Zr, and Hf TMHs series.
The most striking observation is the negative value EXGS of

−0.01 eV for TiI2, which is very unusual for an exciton ground
state. This could suggest a unique property of the material,
such as an EI, where the exciton binding energy exceeds the
material’s band gap.29 However, the effect is weak as the
exciton ground state is close to the VBM and could change to
the forbidden region by thermal effects or dielectric screening.
Nevertheless, several mechanisms, such as strain can be
explored to enhance this effect. Many other systems have Eb
values typically between 0.5 and 0.8 eV, suggesting a common
range of interaction strengths. Finally, the table highlights how
polymorphism affects excitonic properties. For W2Cl6, phase
P6̅2m shows a higher EXGS and EXbr but a lower Eb than phase
P3̅1m. Similarly, in HgI2, the P3̅m1-α phase has a higher Eb
than the P3̅m1-β phase, even with similar values of EXGS and EXbr.
These variations emphasize the sensitivity of excitonic behavior
to subtle differences in the crystal structure. It is important to
acknowledge that the exciton energies obtained in this work
may deviate by approximately 100 meV from those calculated
with more stringent computational settings. This level of
variation is expected given the trade-off between computa-
tional cost and accuracy, and remains within an acceptable
range for the present analysis. This deviation aligns with our
expectations based on the employed methodology, as
elucidated in Section S6.1 of the SI.

3.7. Optical Absorption Coefficient. Figure 6 presents
the optical absorption coefficient for all systems studied in IPA

Table 3. Exciton Ground State (EX
GS), Exciton Binding

Energy (Eb), and Bright Exciton State (EX
br) Energy

EXGS Eb EXbr

system (eV) (eV) (eV)

Ti2Cl4 (P21|m) 0.25 0.78 0.40
TiCl2 (P6̅m2) 0.65 0.81 0.65
TiBr2 (P6̅m2) 0.34 0.73 0.34
TiI2 (P6̅m2) −0.01 0.62 0.03
Co2I6 (P3̅1m) 0.90 0.73 0.90
Zr2Cl4 (P21|m) 0.67 0.55 0.67
ZrCl2 (P6 m2) 1.43 0.74 1.43
Zr2Br4 (P21|m) 0.63 0.59 0.63
ZrBr2 (P6̅m2) 1.30 0.75 1.30
Zr2I4 (P21|m) 0.30 0.58 0.30
ZrI2 (P6̅m2) 0.96 0.68 0.96
Mo2Cl6 (P6̅2m) 0.36 0.29 0.36
Rh2I6 (P3̅1m) 1.26 0.74 1.26
Pd4I8 (P21|c) 1.62 0.47 1.62
Hf2Cl4 (P21|m) 1.05 0.45 1.05
HfCl2 (P6̅m2) 1.67 0.73 1.67
Hf2Br4 (P21|m) 0.92 0.52 0.92
HfBr2 (P6̅m2) 1.44 0.71 1.44
Hf2I4 (P21|m) 0.53 0.51 0.53
HfI2 (P6̅m2) 1.19 0.64 1.19
W2Cl6 (P3̅1m) 0.59 0.36 0.59
W2Cl6 (P6̅2m) 0.84 0.23 0.84
HgI2 (P3̅m1−α) 1.59 0.65 1.59
Hg2I2 (P3̅m1−β) 1.69 0.28 1.69
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and by the solution of BSE alongside the parallel directions of
the monolayers.

3.7.1. Isotropic and Nonisotropic Light Absorption. First,
all tetragonal structures exhibit nonisotropic light absorption.
In contrast, hexagonal structures, including those with space
groups P3̅1m and P6̅2m, as well as structures with space group
P6̅m2 and HgI2 within the P3̅m1−α space group, display
isotropic light absorption spectra in both IPA and BSE
calculations. Although BSE calculations introduce some
differences in the optical absorption spectra, they do not
alter the isotropic or non−isotropic behavior, as observed in
other 2D materials.50

3.7.2. Role of Excitonic Effects. Given that the exciton
bright state lies in the forbidden band, the consideration of
excitons results in lowering the optical offset up to 0.81 eV, as
depicted by the green dotted lines in Figure 6. Some systems
have a clear excitonic signature with isolated peaks below the
band gap, as in the case of TMH based on TiCl2, TiCl2,
zirconium- and hafnium-based TMHs where, in these systems,
we observed that the excitonic peak presents an absorption

coefficient at least 1/3 the maximum absorption coefficient in
both the IPA and BSE calculations. Specifically, in the case of
ZrBr2 and HfCl2, the peak is almost the maximum absorption
peak of IPA, both in the P6̅m2 space group. However, the
opposite holds for Co2I6, Rh2I6, Pd4I8, Hg2I2 and for the TMH
based on Tungsten.

3.7.3. Trends in Maximum Absorption Coefficient. This
section focuses on the analysis of the maximum absorption
coefficient, which provides information on the maximum
interaction of the material with sunlight. It is calculated within
a photon energy range from 0 up to 4 eV, representing an
energy interval that covers the infrared to ultraviolet spectrum
of sunlight. Figure 7 presents the maximum absorption
coefficient (top panel) as its correspondent photon energy
(bottom panel). For all systems, the IPA absorption coefficient
exceeds the BSE ones, where we observed differences 3.1 × 106
cm−1 for ZrCl2. The maximum absorption coefficient
considering the excitons is close to or larger than those
experimentally observed for other 2D materials, such as
MoS2

67 (2.8 × 106 cm−1).

Figure 6. Absorption coefficient (α) as a function of photon energy (Ephoton) considering the IPA (BSE) calculations in the x and y directions
parallel to the monolayer, IPAx,y (BSEx,y). The vertical dashed red line is the excitonic ground state, the vertical green dotted the exciton bright state
(calculated as states with absorption coefficient above 103 cm−1), and the direct band gap (red dotted and dashed line).
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The photon energy of the maximum absorption coefficient
also varies in behavior, as it covers a wide range of light spectra,
from infrared, as in the case of TiBr2 from IPA calculations up
to ultraviolet spectra, for most materials in both the IPA and
BSE frameworks. The photon energy also differs from IPA to
BSE calculations for almost all systems, except for TiI2. For
example, the most notable case is the W2Cl6 (P31̅m) where the
maximum absorption changes from the ultraviolet spectrum
(IPA) to the visible spectra (BSE), while the opposite holds for
HfI2 and ZrI2. For TiBr2, it changes from infrared in IPA to
visible spectra for BSE calculations.

3.8. Band Alignment and Heterojunction Classifica-
tion: The Role of Excitonic Effects. To investigate the
feasibility of these materials for device applications, the
electronic structure of potential bilayer heterojunctions was
assessed under conditions of low interlayer binding, as
illustrated in Figure 8. The upper panel shows the CBM, the
VBM, and the bright state of the exciton results, using the
vacuum level as the reference zero energy, derived by
calculating the Hartree potential within the vacuum region,
as discussed in the Section S4.6 of SI. The lower panel
categorizes the potential heterojunctions within the frame-
works of the independent particle approximation (IPA) and
the BSE framework based on Anderson’s rule,68 culminating in
a total of 276 possible heterojunctions.
Our analysis elucidates distinct patterns in band alignment.

With respect to the VBM, as the halogen transitions from Cl to
Br to I (descending the group), the VBM exhibits an upward
shift (becoming less negative, or approaching the vacuum
level) for a specific metal and stoichiometry, signifying a
reduction in the ionization potential of the material. Similarly,
as the metal increases in atomic mass (Ti → Zr → Hf), the
VBM also tends to shift upward.
Additionally, MX2 compounds typically feature a higher

VBM (less negative) relative to M2X4 compounds composed of
the same metal and halogen. Analogous trends are identified

for the CBM: it generally shifts upward (becomes less
negative) as the halogen atomic mass increases from Cl →
Br, indicating a decline in electron affinity, however, it
decreases from Br → I. We also observe that the CBM and
upward (becomes less negative) as the metal becomes heavier,
suggesting an decrease of electron affinity. MX2 compounds
also generally possess a higher CBM than M2X4 compounds.
The bright exciton state, represented by the gray bars (EXbr),
corresponding to the energy gap between the CBM and the
bright exciton state, exhibits significant variability between the
systems, aligning with the varied exciton binding energies
documented in Table 3. The total electronic band gap, as
represented by the energy difference between VBM and CBM,
typically increases with heavier metals (Ti → Zr → Hf) and
contracts with heavier halogens (Cl → Br → I), with MX2
compounds generally exhibiting larger gaps than M2X4
compounds.
Based on IPA calculations, the identification of 39 potential

type I, 183 type II, and 54 type III heterojunctions was
achieved. This classification is illustrated in detail in the lower

Figure 7. Maximum absorption coefficient (upper panel) and
corresponding photon energy (bottom panel) for IPA (dashed line)
and BSE (solid line) calculations. The red solid lines on the horizontal
in the bottom panel delimit the energies of the visible spectrum.

Figure 8. Top panel presents the alignment of the electronic VBM,
CBM, and the excitonic bright state (EXbr) with respect to the vacuum
level. The lower panel shows the possible heterojunctions evaluated
from Anderson’s rule within both IPA and BSE frameworks. The
squares in the intersection between the materials in the axis represent
the character of the heterojunction, where the upper part represents
the character considering IPA and the lower part the BSE calculations.
Also, the blue color represents type I, the green represents type II, and
the red type III heterojunctions.
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panel of Figure 8. Type I heterojunctions (dark blue),
characterized by the VBM and CBM of one material being
enclosed by those of another, frequently occur, particularly in
cases involving Ti2Cl4 and TiI2, which implies relatively
elevated energy alignments. Type II heterojunctions (green)
are the most common, underscoring their extensive potential
for facilitating charge separation across material interfaces. In
contrast, type III heterojunctions (red), with their distinct
overlapping band gaps, are observed less frequently, but are
present, particularly in combinations involving Mo2Cl6 and
W2Cl6 as well as selected iodide compounds.
On the contrary to the results derived from IPA, the BSE

calculations reveal changes in the classification of hetero-
junctions, specifically to 133 type I, 100 type II, and 43 type III
categories. The incorporation of excitonic effects within the
BSE framework precipitates the reclassification of 90
heterostructures into various types (I, II, or III). In particular,
3 systems transition from type I to type II, 8 systems shift from
type II to type I, and 78 systems are reclassified from type II to
type III as they progress from IPA to BSE calculations. In
contrast, 35, 97, and 54 heterostructures persist in their
classifications as type I, type II, and type III, respectively,
across both IPA and BSE computational approaches. These
marked reclassifications, especially the numerous transitions
from type II to type III, underscore the critical importance of
excitonic effects in the precise determination of heterojunction
types and their subsequent implications for device develop-
ment. The marked presence of type II heterojunctions within
both IPA and BSE frameworks, albeit with varying specific
numbers, highlights the intrinsic suitability of these materials
for applications that advantageously exploit the spatially
separated electron and hole populations.
The origin of these changes when excitonic effects are

included can be summarized as follows: (i) Type I to II: In the
IPA, both the valence band maximum (VBM) and conduction
band minimum (CBM) are localized in the same layer of the
heterostructure, characterizing a Type I alignment. However,
when excitonic effects are included, the bright exciton localized
in the other layer may shift in energy and cross above the CBM
or below the EXbr of the other layer, resulting in a transition to
Type II alignment. (ii) Type II to I: Initially, the VBM is
localized in one layer and the CBM in the other, indicating a
staggered (Type II) band alignment. Upon inclusion of
excitonic effects, both the bright exciton transition and the
VBM wave function localize within the same layer, and the
exciton energy EXbr becomes enclosed by the band edges of that
layer, giving rise to a Type I alignment. (iii) Type II to III: In
this case, excitonic corrections shift the bright exciton energy
of one material into the valence band of the other, producing a
broken-gap (Type III) alignment, even though the IPA
indicates a staggered configuration.

4. KEY INSIGHTS FROM EXCITON ANALYSIS
Given the relevance of excitonic effects in 2D materials−
characterized by larger exciton binding energies than their
three-dimensional (3D) counterparts due to quantum confine-
ment−an extended analysis of these effects in transition metal
halides, a less-explored class of 2D materials, remains
unprecedented. However, exciton properties are sensitive to
both temperature and dielectric screening, which are not
considered in the present study, introducing a quantitative
limitation when assessing performance under device-relevant
conditions. For example, it has been shown that as the

dielectric screening increases, the exciton binding energy
decreases. Furthermore, temperature induces phonon screen-
ing and originates nonradiative decay paths, causing a redshift
of exciton energies and an increase in absorption line widths
for certain excitonic states.69,70

In our study, we observed that the exciton binding energy
ranges from 0.23 to 0.81 eV, a value closer to and higher than
the exciton binding energy typically observed in 2D materials,
such as transition metal dichalcogenides, black phosphorus and
PdSeO3. Among these, we observed three distinct behaviors:
(i) Materials that have a fundamental state dark, which means
that the state cannot be accessed by optical excitations.
Specifically, the case of Ti2Cl4 where the exciton binding
energy is 0.78 eV, while the difference between the electronic
band gap and the fist excitonic bright state (optically
accessible) is 0.63 eV. (ii) The EI, where the excitonic ground
state lies in the valence band, specifically the case of TiI2, with
possess an exciton bright state energy 0.03 eV. (iii) Systems
with the exciton ground state bright, as the case of the
remaining materials.
This implies that when the IPA is compared with the BSE,

consideration of the excitonic effects is crucial for an accurate
description of the optical band gaps of these materials. Apart
from changes in the optical band gap, the consideration of
excitonic effects also alters the light absorption spectra. For
instance, the shape of the absorption coefficient spectra is
changed and the maximum absorption coefficient is decreased
for all systems. We also observed changes in photon energy
corresponding to the maximum absorption coefficient. These
changes are of particular importance for some systems,
specifically TiBr2, ZrI2, HfI2, and W2Cl6 within the spacegroup
P3̅1m, where changes in spectra were observed between the
infrared, visible, and ultraviolet regions.
Finally, when possible heterojunctions are evaluated,

excitonic effects must be taken into account, which alters the
evaluated type of heterojunction between two semiconductors.
Of the 276 possible heterojunctions in total, 90 altered their
character with the inclusion of excitonic effects, in contrast to
calculations based on IPA. Given our interest in photovoltaic
applications, we focus here on type -II heterojunctions. In
particular, the number of type II heterojunctions decreases
when contrasting the IPA and BSE methodologies, with eight
structures changing from type II to I and 78 from type II to III,
while 97 remains the same.
Thus, the excitonic effects observed here are noteworthy,

including the (i) large exciton binding energy; (ii) changes in
the optical absorption coefficient, the maximum absorption
coefficient, and the corresponding photon energy; and (iii)
variations in possible heterojunctions, emphasizing the
importance of considering excitonic properties when evaluating
the optical properties of the TMH family of 2D materials.

5. CONCLUSIONS
In conclusion, this article explores the 2D TMHs, including an
analysis of structural, electronic, optical, and excitonic
properties, as well as band alignment for optical applications,
particularly photovoltaics. Based on the structures collected
from C2DB, in our simulations, we observed a good agreement
concerning structural parameters, consistent with C2DB and
other works in the literature. However, significant deviations
were noted in electronic properties, primarily due to spin−
orbit coupling and hybrid functional calculations, specifically
the HSE06 functional.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.5c00610
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

K



Our calculations reveal that the excitonic effects play a major
role in determining the optical properties of the 2D TMHs
studied here, aligning with the findings for other 2D materials.
Specifically, we observed an exciton binding energy ranging
from 0.23 to 0.81 eV, where TiI2 within the space group P6̅m2
features an excitonic insulator behavior, while the remaining
materials feature a fundamental excitonic state that is optically
accessible (bright), except Ti2Cl4 within the space group P21|m
which has a fundamental excitonic state that is optically
inaccessible (dark).
The excitonic effects also play an important role in optical

absorption, where we observe changes in the spectra and in the
maximum absorption spectra, accompanied by a corresponding
change in photon energy. We observed that the maximum
absorption coefficient decreases for all systems, while the
corresponding photon energy also changes; some systems
exhibit a shift in the corresponding spectrum region between
infrared, visible, and ultraviolet when comparing the BSE and
IPA frameworks. Finally, consideration of excitonic effects is
also relevant for calculating possible heterojunctions for optical
applications, as several possible heterojunctions change their
character between IPA and BSE calculations.
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github.com/ac-dias/wantibexos. Furthermore, additional de-
tails are provided within the electronic Supporting Informa-
tion, while additional input and output of all data can be
obtained under the url https://data.mendeley.com/ and all the
crude data can be obtained directly with the authors under
request.
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Rösner, M.; Grüning, M.; van Schilfgaarde, M.; Katsnelson, M. I.
Electronic structure of chromium trihalides beyond density functional
theory. Phys. Rev. B 2021, 104, No. 155109.
(43) Mohebpour, M. A.; Tagani, M. B. First-Principles Study on the
Electronic and Optical Properties of AlSb Monolayer. Sci. Rep. 2023,
13, No. 9925.
(44) Pela, R. R.; Vona, C.; Lubeck, S.; Alex, B.; Gonzalez Oliva, I.;
Draxl, C. Critical Assessment of G0W0 Calculations for 2D Materials:
The Example of Monolayer MoS2. npj Comput. Mater. 2024, 10,
No. 77.
(45) Monkhorst, H. J.; Pack, J. D. Special points for Brillouin-zone
integrations. Phys. Rev. B 1976, 13, 5188.
(46) Marzari, N.; Mostofi, A. A.; Yates, J. R.; Souza, I.; Vanderbilt,
D. Maximally localized Wannier functions: Theory and applications.
Rev. Mod. Phys. 2012, 84, 1419−1475.
(47) Mostofi, A. A.; Yates, J. R.; Pizzi, G.; Lee, Y.-S.; Souza, I.;
Vanderbilt, D.; Marzari, N. An updated version of wannier90: A tool
for obtaining maximally-localised Wannier functions. Comput. Phys.
Commun. 2014, 185, 2309−2310.
(48) Pizzi, G.; Vitale, V.; Arita, R.; Blügel, S.; Freimuth, F.;
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