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ABSTRACT
By means of density functional theory based first-principles calculations, the structural, vibrational, and electronic properties of 1H- and 1T-
phases of single-layer CaX2 (X = F, Cl, Br, or I) structures are investigated. Our results reveal that both the 1H- and 1T-phases are dynamically
stable in terms of their phonon band dispersions with the latter being the energetically favorable phase for all single-layers. In both phases of
single-layer CaX2 structures, significant phonon softening occurs as the atomic radius increases. In addition, each structural phase exhibits
distinctive Raman active modes that enable one to characterize either the phase or the structure via Raman spectroscopy. The electronic band
dispersions of single-layer CaX2 structures reveal that all structures are indirect bandgap insulators with a decrease in bandgaps from fluorite
to iodide crystals. Furthermore, the calculated linear elastic constants, in-plane stiffness, and Poisson ratio indicate the ultra-soft nature of
CaX2 single-layers, which is quite important for their nanoelastic applications. Overall, our study reveals that with their dynamically stable
1T- and 1H-phases, single-layers of CaX2 crystals can be alternative ultra-thin insulators.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006011., s

I. INTRODUCTION

The discovery of graphene sparked great interest in two-
dimensional (2D) ultra-thin materials.1,2 Following graphene,
many novel 2D materials such as transition metal dichalcogens
(TMDs),3–12 Xenes (X = Si, Ge, Sn, and Pb),13–20 magnetic monolay-
ers,21–26 and hexagonal boron nitride (h-BN)27 have been extensively
studied as important members of the 2D family and have been uti-
lized in various nanoscale device applications. Among 2D materials,
h-BN is a well-known insulator that has been widely used as a sepa-
rator in van der Waals heterostructures.28 As a heterojunction diode
was fabricated using h-BN as the insulating layer, its performance
was reported to be comparable to the classical p–n junction diodes.29

In addition, the use of h-BN in the development of atomically thin
integrated circuits has brought a new approach for novel low dimen-
sional electronics.30 Moreover, using h-BN as an encapsulating agent
was reported to efficiently enhance the stability of TMDs.31

Calcium halides are inorganic materials possessing great poten-
tial in various applications. Among calcium halides, CaF2 is known

as the fundamental source for the synthesis of hydrofluoric acid.32

CaF2 has been widely used in dental practice in order to cover dental
cavities33–37 and has also been used in high-power diode pumps and
ceramic lasers.38–42 On the other hand, due to its insulating property,
CaF2 has been an appealing material in micro- and nano-electronics.
In our previous study, a single-layer CaF2 in the 1T structure was
investigated and substantial properties were presented and com-
pared to the well-known single-layer insulator h-BN.43 CaCl2 is
another important member of Ca-halides, which has been exten-
sively used in electrolyte solutions.44 In addition, CaCl2 was reported
to increase the capture performance of CO2, making it an impor-
tant candidate for reducing the energy consumption and increasing
the capture capacity.45,46 Moreover, CaCl2 plays an important role in
extending the shelf life of fruits and vegetables, making it suitable for
applications in agricultural and food chemistry.47–49 Furthermore,
mixing of CaCl2 with another calcium halide, CaBr2, was shown to
be a good process for ammonia storage.50,51 CaBr2 was used in alter-
ation of the vapor–liquid equilibrium of the acetone and methanol
system, resulting in elimination of the azeotropic point of the
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system completely and granting it for obtaining ideal gas behavior.52

Moreover, CaBr2 was reported as an instant and renewable bromi-
nating agent for substituted aromatics, which increases the demand
in industrial and pharmaceutical fields.53 Likewise the other calcium
halide, CaI2, was shown to have applications in numerous areas such
as to be an excellent catalytic agent for the synthesis of carbonates
from epoxides.54–56 Additionally, laser excitation of CaI2 in ethanol
solution revealed the formation of cluster ions in mass spectrometric
analysis. Due to the layered structure, CaI2 is reported as a material
that can be exfoliated into a single-layer with a relatively low cleavage
energy.57,58 Apparently, bulk calcium halides have various important
application fields. However, investigation of ultra-thin structures of
calcium halides is quite important for their nanodevice applications,
which have been mainly ignored in previous studies.

In this study, the structural, vibrational, electronic, and
mechanical properties of single-layer calcium halide (CaX2) struc-
tures are investigated using first-principles calculations. CaX2s in 1T
and 1H structures are found to be dynamically stable. Raman active
modes are predicted by the characteristics of the vibrational modes
in phonon calculations. Raman spectra are shown to exhibit rich
information for the characterization of structural phases of a single-
layer CaX2 and even for the distinguishing of the structures having
the same phase. In addition, the insulating behavior of all single-
layer CaX2 is shown to make them alternative materials to the well-
known ultra-thin insulator h-BN. Moreover, the trends between cal-
cium halide structures and their charge transfer, in-plane stiffness,
cohesive energy, and work function are discussed.

II. COMPUTATIONAL METHODOLOGY
First-principles calculations within density functional theory

(DFT) were performed to investigate the structural, vibrational, and
electronic properties of single-layer CaX2s in 1T and 1H structures
using the Vienna ab initio Simulation Package (VASP).59,60 Plane-
wave projector-augmented wave (PAW)61 potentials were used in
the calculations. For the exchange–correlation functional, the gen-
eralized gradient approximation (GGA) form of Perdew–Burke–
Ernzerhof (PBE)62 was used. The DFT-D2 method of Grimme
was employed as the van der Waals corrections.63 The Heyd–
Scuseria–Ernzerhof (HSE06) functional was employed in order to
increase the accuracy of electronic structure calculations.64 The
Bader technique was used to determine the charge transfer in the
system.65

The kinetic energy cutoff of the plane-wave basis set was taken
to be 500 eV, and the Gaussian broadening width was taken to be
0.05 eV for the structural optimizations and the electronic proper-
ties. The convergence criteria between consequent steps were set to
be 10−5 eV. In order to prevent any interactions in the non-periodic
direction, a 15 Å of vacuum spacing was inserted between the adja-
cent layers. A Γ centered k-point mesh was taken to be 7 × 7 × 1
for structural optimizations. A 13 × 13 × 1 k-mesh was taken for
calculation of charge density eigenvalues, which were employed in
calculating the electronic band structures. Geometric relaxation of
atoms within the primitive cells was allowed until pressures became
less than 1 kB in all directions. Additionally, a small displacement
method implemented within the PHON code was used to calculate
the phonon band dispersions.66

III. RESULTS AND DISCUSSION
A. Structural, vibrational, and elastic properties

Single-layer CaX2 structures can be formed either in 1H or 1T
phases by truncation from their bulk or by growing in a different
orientation on a substance. In this study, the 1H and 1T phases of
CaX2 single-layers are investigated, and their dynamical stabilities
are examined via phonon band dispersions through the whole Bril-
louin zone (BZ). The 1T-phase structure [see Fig. 1(a)] is composed
of a Ca layer sandwiched between two halogen atom layers leading
to the P3m2 space-group-symmetry. On the other hand, the 1H-
phase [see Fig. 1(b)] in which a Ca atom is sandwiched between
two halogen atom layers, which are separated symmetrically with
respect to the Ca layer, exhibits P6/m2 space-group-symmetry. For
all CaX2 structures, the 1T-phase is found to be energetically more
favorable as compared to the 1H-phase. The total energy differ-
ences per primitive unit cell are calculated to be 0.73 eV, 0.43 eV,
0.35 eV, and 0.28 eV for structures of F, Cl, Br, and I, respectively.
As listed in Table I, the optimized in-plane lattice parameters of 1T-
CaX2 vary between 3.58 Å and 4.47 Å as the halogen atom changes
from F to I. On the other hand, those for the 1H-phase are quite
smaller from those of the 1T-phase and are found to vary between
3.40 Å and 4.32 Å. Notably, as the atomic radius of the halogen atom
increases, the corresponding in-plane lattice parameters increase in
both phases accordingly. The Bader charge analysis reveals that in
1T-CaX2 structures, each Ca donates its 1.6 e to halogens. Similarly,
in 1H structures, each Ca atom donates its 1.5 e to halogen atoms in
1H-CaX2. Moreover, as listed in Table I, the cohesive energies per
atom decrease as the atomic radius increases in both phases of CaX2
structures. In addition, cohesive energies of the bulk CaX2 struc-
tures are calculated. Bulk CaF2, which possesses Fm3m space-group-
symmetry, has a cohesive energy of 5.62 eV/atom. Bulk CaCl2 and
CaBr2 structures with Pnnm and P42/mnm space-group-symmetries
have cohesive energies per atom of 4.20 eV/atom and 3.79 eV/atom,
respectively. Bulk CaI2 with a layered structure (P3m1 space-group)
has a cohesive energy of 3.42 eV/atom.

FIG. 1. Crystal structures of (a) 1T-CaX2 and (b) 1H-CaX2 (X = F, Cl, Br, and I).
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TABLE I. Calculated parameters for single-layer CaX2s: optimized in-plane lattice constants (a = b), bond length between a Ca atom and the halogen (dCa–X), distance between
X atoms (dX–X), the X–Ca–X bond angle (θ), donated electron by per Ca (ρCa), cohesive energy per atom in the unit cell (Ec), work function (Φ), energy bandgaps calculated
within GGA (EGGA

gap ) and within HSE06 on top of GGA (EHSE06
gap ), in plane stiffness (C), Poisson ratio (ν), and the frequencies of the Raman active modes.

R-active modes
Phase a (Å) dCa–X (Å) dX–X (Å) θ (○) ρCa (e−) Ec (eV/atom) Φ (eV) EGGA

gap (eV) EHSE06
gap (eV) C (N/m) ν (cm−1)

CaF2
1T 3.58 2.29 2.84 76.88 1.6 5.42 8.67 7.17 9.49 44 0.24 281, 299
1H 3.40 2.31 2.43 63.56 1.6 5.17 10.13 6.34 8.73 38 0.49 134, 268, 414

CaCl2
1T 4.10 2.76 3.70 84.09 1.6 4.17 7.98 5.79 7.57 22 0.21 149, 183
1H 3.90 2.78 3.27 72.03 1.5 4.03 8.10 4.82 6.46 24 0.42 86, 180, 233

CaBr2
1T 4.24 2.92 4.02 86.92 1.5 3.77 7.39 4.95 6.55 18 0.22 87, 114
1H 4.06 2.95 3.58 74.67 1.5 3.65 7.46 4.19 5.65 22 0.40 52, 143, 147

CaI2
1T 4.47 3.15 4.45 89.71 1.5 3.36 6.46 3.79 5.11 16 0.24 62, 84
1H 4.32 3.19 3.97 77.07 1.5 3.26 6.42 3.19 4.38 21 0.37 40, 105, 132

The dynamical stabilities of the 1T and 1H phases are also veri-
fied by calculating their phonon band dispersions through the whole
BZ. As presented in Fig. 2, both 1T and 1H phases of the single-layer
CaX2 are free from imaginary frequencies in the whole BZ, indicat-
ing their dynamical stability. In both phases, there are six optical
phonon branches whose vibrational characteristics are shown on the
right panel of the phonon band dispersions in Fig. 2. As a result of
the in-plane isotropy of the structures, there exist two doubly degen-
erate in-plane and two non-degenerate out-of-plane phonon modes
in both phases of single-layer CaX2 structures. 1T-CaX2 crystals pos-
sess C3v symmetry, and the corresponding Raman active modes are
denoted as A1g and Eg . In both phonon modes, the Ca atom has
no contribution to the vibration, while the halogen atoms vibrate
out-of-phase against each other in the out-of-plane and in-plane

directions, respectively. In all single-layer 1T-CaX2, the frequency
of A1g is calculated to be higher than that of Eg , and both phonon
modes display phonon softening as the atomic mass of halogen
increases. For the 1H-CaX2 structures, there are two doubly degen-
erate in-plane (E′ and E′′) and a non-degenerate out-of-plane (A1)
Raman active modes. The E′′ mode is attributed to the in-plane
vibration of halogens against each other, and it has the lowest fre-
quency in each single-layer structure. In E′ phonon mode, the Ca
atom and the two halogen atoms vibrate out-of-phase in lateral
directions. The other Raman active mode, A1, is originated from the
out-of-plane vibration of two halogen atoms against each other. In
1H-phases of CaF2 and CaCl2, A1 has a higher frequency than the
E′ mode, indicating that the vertical component of the force con-
stant between Ca–F and Ca–Cl is larger than the lateral component.

FIG. 2. Phonon dispersions of (a) 1T-CaF2, (b) 1T-CaCl2, (c) 1T-CaBr2, (d) 1T-CaI2, (e) 1H-CaF2, (f) 1H-CaCl2, (g) 1H-CaBr2, and (h) 1H-CaI2. The corresponding vibrational
modes are presented in the inset.
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FIG. 3. Graph of (a) CaX2s vs charge
transfer, (b) CaX2 vs in-plane stiffness,
(c) CaX2 vs cohesive energy, and (d)
CaX2 vs work function.

However, as the atomic mass increases, the lateral component of
the force constant between Ca–Br and Ca–I becomes dominant to
that of the vertical component. Therefore, in CaBr2 and CaI2, the E′

phonon mode has a higher frequency than that of the A1 mode.

The in-plane stiffness, C, which is a measure of the rigidity of
a material, and the Poisson ratio, ν, which is the ratio of the trans-
verse contraction strain to the longitudinal extension, describe the
linear elastic properties of 2D materials. In order to determine the

FIG. 4. Electronic band structure of (a) 1T-CaF2, (b) 1T-CaCl2, (c) 1T-CaBr2, (d) 1T-CaI2, (e) 1H-CaF2, (f) 1H-CaCl2, (g) 1H-CaBr2, and (h) 1H-CaI2.
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linear-elastic constants, the elastic strain tensor elements,Cij, are cal-
culated and the corresponding C and ν values, which are isotropic
for all directions in the structures, are calculated and the results are
listed in Table I. The in-plane stiffness and the Poisson ratio are
calculated using the formula

C = (C11C22 − C2
12)

C22
, (1)

ν = C12

C22
. (2)

As listed in Table I, the calculated in-plane stiffness values indi-
cate the ultra-soft nature of the CaX2 structures in both phases.
As compared to the planar single-layers of graphene (330 N/m)67,68

and h-BN (273 N/m),68 the single-layers of both 1T- and 1H-CaX2
structures are very soft materials. Among the non-planar single-
layers such as MoS2 (122 N/m)67,68 and WS2 (122 N/m),68 the Ca–X
bonds are weak due to the much smaller in-plane stiffness of the
CaX2 structures. In contrast, the single-layers of CaX2 have in-plane
stiffness that is comparable to those for silicene (54 N/m)68 and ger-
manene (34 N/m).68 Moreover, the calculated in-plane stiffness val-
ues are almost close to each other for the 1T- and 1H-phases of each
CaX2, indicating similar bonding characteristics in both phases. On
the other hand, the Poisson ratios are calculated to be much larger
for 1H-CaX2 structures as compared to their values for 1T-phases.
Such relatively large Poisson ratios of 1H-CaX2 single-layers suggest
a more sensitive structural response to external loads, which can be
beneficial for nanoelastic applications.

The properties of 1T and 1H phases of CaX2 single-layers are
compared by means of the charge transfer between Ca–X atoms,
in-plane stiffness, cohesive energy, and work function, as shown in
Fig. 3. The charge donated by a Ca atom in both phases of all single-
layers exhibits a decreasing trend as the atomic radius increases
[see Fig. 3(a)]. The in-plane stiffness of 1H and 1T phases shows
a decreasing trend from F to I structures; however, the relation
between 1H and 1T phases for in-plane stiffness changes for CaF2
arising from slightly smaller charge donation in 1H-CaF2. The cohe-
sive energies of the halide structures show a decreasing trend with
an increase in the atomic radius, and in all structures, the 1T phase is
found to be energetically favorable. A decreasing trend for the work
functions of CaX2 single-layers is shown in accordance with elec-
tronegativity of the halogen atoms that is related to atom positions
in the Periodic Table. Related to the slightly different charge transfer
to the F atom in its 1T and 1H phases, the differences between their
work functions are the higher for CaF2 structures.

B. Electronic properties
The electronic properties of single-layer CaX2 phases are inves-

tigated in terms of their electronic band dispersions, and they are
presented in Fig. 4. Bare-GGA and HSE06 approximations reveal
that both 1T- or 1H-CaX2 structures are insulators. The calculated
bandgap values are found to be 9.49 eV, 7.57 eV, 6.55 eV, and 5.11 eV
for 1T-CaX2 such that a decreasing trend is found as the halogen
atom changes from F to I. A similar trend is found for the single-
layers of 1H-CaX2 such that the bandgap is 8.73 eV for CaF2 and
decreases to 4.38 eV for CaI2.

The location of the valence and conduction band edges indi-
cates that all eight single-layer structures of CaX2 are indirect
bandgap insulators. For the single-layers of 1H-CaF2 and 1H-CaCl2,
the valence band maximum (VBM) is located in between the M
and the K points, while it shifts to the Γ point as the halogen atom
changes to Br and I. On the other hand, the conduction band min-
imum (CBM) is found to reside at the Γ point for 1H-CaF2, and it
resides at the M point in the other three 1H-phase single-layers. Note
that the top valence band is more dispersive in 1H-CaBr2 and 1H-
CaI2 single-layers. In the case of 1T-CaX2 single-layers, the CBM
resides at the same points as 1H structures. However, for 1T-CaF2
and 1T-CaCl2, the VBM is found to reside in between the K and
the Γ points, while it is located at the Γ point for the other two 1T
single-layers.

For the modification of the electronic properties of ultra-thin
materials, construction of heterostructures is quite important. In a
typical vdW heterostructure, the band alignment comparison was
shown to be an important method.69–73 Three types of band align-
ments exist in heterojunctions: straddling gap, staggered gap, and
broken gap heterojunctions are referred to as type-I, type-II, and
type-III, respectively.74 Band alignment of CaX2 in 1T and 1H

FIG. 5. (a) Comparative band alignment of MoS2, WS2, h-BN, 1T-CaF2, 1T-CaCl2,
1T-CaBr2, 1T-CaI2, 1H-CaF2, 1H-CaCl2, 1H-CaBr2, and 1H-CaI2 where vacuum
energies are set to zero. (b) Table for the type of heterojunctions. Blue and red
bars represent the valence and conduction bands of GGA results, while orange
and green bars represent the valence and conduction bands of the HSE06 approx-
imation. The crystals investigated in this article are displayed with darker color. On
each bar, the location of VBM and CBM are also given. Red and green boxes in
the table are for type-I and type-II, respectively.
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structures along with well-known semiconducting single-layer
materials MoS2 and WS2 and single-layer insulator h-BN is pre-
sented in Fig. 5(a), and the heterojunction types of these crystals are
displayed in Fig. 5(b). The results show that all the 1T- and 1H- CaX2
structures reported in this study form type-I heterojunction with the
semiconducting materials such as MoS2 and WS2, while they form
type-II heterojunction with h-BN. In addition, the HSE06 approx-
imation is also used to determine the types of band alignments.
Calculations reveal that the alignment between WS2/1H-CaF2 and
h-BN/1T-CaF2 structures switches to type-I. The rest of the band
alignments remain the same alignment type.

IV. CONCLUSIONS
In this study, the structural, vibrational, and electronic prop-

erties of 1H- and 1T-phases of single-layer CaX2 (X = F, Cl, Br,
or I) structures were investigated. Our results revealed that the
1T-phase of CaX2 is energetically favorable for all halogen atoms
and both 1T- and 1H-phases were found to be dynamically sta-
ble in terms of their phonon band dispersions. Either in the 1H-
or in the 1T-phase, significant phonon softening was found as the
atomic radius increases from the F to I structure. In addition, 1T-
CaX2 exhibit one doubly degenerate in-plane Raman active mode
and one non-degenerate out-of-plane Raman active mode, while
for 1H structures, there are three Raman active modes (two dou-
bly degenerate and one non-degenerate) arising from the differ-
ent symmetries in the structures. Moreover, the electronic band
dispersions of single-layer CaX2 structures indicated the indirect
bandgap insulating nature of all single-layers with a decrease in
bandgaps from F to I crystals. Furthermore, the calculated linear
elastic constants, in-plane stiffness, and Poisson ratio showed the
ultra-soft nature of CaX2 single-layers, which is quite important for
their nanoelastic applications. Overall, our study revealed that with
their dynamically stable 1T- and 1H-phases, single-layers of CaX2
crystals can be alternative insulators to the well-known single-layer
h-BN.
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