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cium fluoride (CaF;) are investigated. Dynamical stability of 1T-CaF; is confirmed by the phonon

dispersions. Raman active vibrational modes of 1T-CaF; enable its characterization via Raman spec-

troscopy. In addition, the calculated electronic properties of 1T-CaF, confirmed insulating behavior

with an indirect wide band gap which is larger than that of well-known single-layer insulator, h-BN.

Moreover, one-dimensional nanoribbons of CaF, are investigated for two main edge orientations,

namely zigzag and armchair, and it is revealed that both structures maintain the 1T nature of CaF,

without any structural edge reconstructions. Electronically, both types of CaF, nanoribbons display
robust insulating behavior with respect to the nanoribbon width. Results show that both 2D and
1D form of 1T-CaF; show potential in nanoelectronics as an alternative to the widely-used insulator
h-BN with its similar properties and wider electronic band gap.

1 Introduction

CaF, is a material with wide range of applications owing to its
significant properties. In dentistry, CaF, is used as an effective
agent for preventing dental decay and increasing microbial resis-
tance.T* Due to the transparency in the infrared region, CaF, is
found in useful in infrared spectroscopy. " In addition, CaF, is
widely used to build lasers.® 13 With the increasing demand in
new two-dimensional (2D) materials thin films have been grown
by numerous methods. Thin films of CaF, started gaining atten-
tion in nanoelectronic applications. Number of studies relating
to grow ultrathin CaF; films are continues with increasing trend.

2D materials gained massive interest since discovery of
graphene due to their distinctive properties. Graphene,
atomically thick honeycomb structure of carbon with Dirac
point, 17 is studied extensively because of its semimetallicity.
However, lack of band gap limits its usage in applications. Other
2D materials are examined in order to overcome this problem and
find new possible materials for devices. Materials such as tran-
sition metal dichalcogens (TMDs), Xenes (X= Si, Ge, Sn,
Pb) are found to have semiconducting or semimetallic elec-
tronic structure, used in many device applications.2#3% Magnetic
members of family of 2D materials show promising applications
in spintronics. Moreover, the advances in nanoelectronics,
insulating materials in nanoscale are required.
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Most of the applications in nanoscale that have been demon-
strated so far, have used h-BN as an insulating layer. It is re-
ported to have band gap of 5.765 eV#¥ It is shown to lower the
work function of the covered material. Utilizing its insulating
characteristic, h-BN is reported to be sandwiched between two
semiconductors, MoS, and GaN, a new diode is fabricated.®% A
method called “patterned regrowth" is reported by Levendorf et
al., 8 which allows spatial control over graphene and h-BN which
provides a new approach for new low dimensional electronics.
Reports indicate that h-BN have significant properties other than
its insulating character. One of the important properties of h-BN
is its thermal stability. h-BN is reported to remain stable up to
850°C.47 Thermal stability at high temperatures makes h-BN a
beneficial material in nanodevices which tend to operate at high
temperatures. In addition to that, being an inert crystal, coating
a surface with h-BN prevents surface degradation.48

Low dimensional crystals of CaF, is grown epitaxially even be-
fore the discovery of graphene.#? However, in our best knowl-
edge, studies about 2D CaF, in 1T structure are limited. Ultra-
thin CaF, recently epitaxially grown on bilayer MoS, to be used
in building a field effect transistor (FET) as it is reported by Illar-
ionov et al..®¥ This FET is found to have low subthreshold swings
of 90mV dec™! and up to 107 on/off current ratios. Based on
these results, CaF, is believed to have particular potential in 2D
electronics. In this study, motivated by the potential hold by CaF,
in nanotechnology, properties of 2D and 1D CaF, structures are
predicted by performing ab initio calculations. Phonon and elec-
tronic band structures are presented for the dynamically stable
CaF, monolayer. Results are compared with the well-known 2D
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insulator h-BN.

The paper is organized as follows: details of computational
methodology are given in section Structural, vibrational, and
electronic properties of pristine CaF, with 1T structure are pre-
sented in section [3] Nanoribbons of CaF, are examined by means
of width dependency in section |4 Results are concluded in sec-
tion[5

2 Computational Methodology

First-principles calculations within density functional theory
(DFT) were carried out in order to determine structural, vi-
brational and electronic properties of monolayer CaF, by using
Vienna ab-initio Simulation Package (VASP) with the im-
plemented plane-wave projector-augmented wave (PAW)>3 po-
tentials. For the exchange-correlation functional, the general-
ized gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) was used. The van der Waals corrections were imple-
mented by the DFT-D2 method of Grimme.5? The kinetic en-
ergy cutoff of the plane-wave basis set was 500 €V in all calcu-
lations. Total energy difference of 107> eV between consequent
steps was taken as convergence criteria. Gaussian smearing width
of 0.05 eV was set for the density of states (DOS) calculations.
At least 15 A of vacuum spacing was taken in all calculations in
order to prevent any interactions between adjacent layers. I" cen-
tered k-point mesh for the primitive cell with the size of 7x7x1
was used for calculating structural and vibrational properties and
13x13x1 was used for density of states (DOS) calculations. In or-
der to increase the accuracy of electronic band calculations, Heyd-
Scuseria-Ernzerhof (HSE) functional was used.5857 Geometric
relaxation of atoms were allowed until pressures in all directions
were less than 1 kB. The vibrational properties of the structure
were investigated by the small displacement method that used
to calculate the phonon dispersion curves as implemented in the
PHON code.58 The charge transfer analysis was carried out by
effective charge difference on atoms that was obtained by Bader
technique.>?

3 Results

Truncation of the bulk, face-centered-cubic (FCC) fluorite struc-
tured CaF,, or epitaxial growth of calcium fluorite crystal in (111)
direction as a single layer leads to the formation of CaF, in 1T
structure. Crystal structure of 1T-CaF,, consisting of one Ca atom
sandwiched between two trigonally arranged F atoms in its primi-
tive cell, is shown in Figure[I[(@). The primitive cell of the 1T-CaF,
has a hexagonal symmetry, with the optimized lattice parameters
of 3.58 A. Bond legth between Ca and F atoms is 2.29 A. The
Bader analysis results reveal that each Ca atom in unit cell do-
nates 1.6 ¢ while each F atom receives 0.8 e¢. Cohesive energy
per atom in the unit cell of single layer CaF, is calculated to be
5.42 eV. In comparison with other 2D materials, cohesive energy
of CaF, is higher than MoS,, which is reported as 5.05 eV per
atom,®¥ lower than graphene and h-BN, which are reported to be
10.04 eVl and 7.01 evi62 per atom, respectively.

Vibrational properties of CaF, crystal in 1T phase are stud-
ied through their phonon dispersions. Dynamical stability is
confirmed by all real eigenvalues in the phonon band diagram.
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Fig. 1 (a) Top and side views of 1T-CaF,. (b) Phonon dispersion of
1T-CaF,. Modes with corresponding frequencies are shown in the inset.

Phonon bands and characteristics of each optical mode are pre-
sented in Figure b). Unit cell of 1T-CaF, has one Ca and two F
atoms, which displays 9 phonon modes in total; 3 acoustical and
6 optical. In optical modes there are 2 single degenerate modes,
at 299 and 372 cm!, and 2 double degenerate modes, at 281 and
292 cm!. Due to hexagonal symmetry of the unit cell, phonon
band crossing appears at K point in the Brillouin zone. Decompo-
sition of optical modes at I point gives I' = 2E’ +2E" + A} + A7,
where E’, E”, A}, and A] are Raman active modes and have fre-
quency of 281, 292, 299, and 372 cm™~!, respectively. In com-
parison with h-BN, the phonon bands of 1T-CaF, have lower fre-
quency. Highest phonon band frequency at I'" point of h-BN is
reported to be at 1345 cm~!, which is 973 em~! higher than the
highest phonon band frequency of CaF, that is observed to be
at 372 cm~!. This difference indicates that 1T-CaF, is a softer
2D structure than h-BN. In addition, mechanical properties such
as in-plane stiffness and Poisson ratio are calculated as 44 N/m
and 0.24, respectively. In order to determine the thermal stability
of 1T-CaF,, ab-initio Molecular Dynamics simulations are carried
out. For the MD simulations NVE ensemble is used. K-point sam-
pling is taken 2x2x1 for 5x5x1 supercell. The temperature is
increased from 0 K to 1000 K in 10 ps with 2 fs between conse-
quent steps. Results of the simulations reveal that CaF, mono-
layer is able to withstand such high temperatures.

Electronic band dispersions clearly indicate that 1T-CaF; is a
wide band gap insulator as it is presented in Figure |2| (a). Band
gap of the single layer CaF, is calculated to be 7.17 eV. major con-
tributions to the valence and conduction bands arise from the F-p
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Table 1 Properties of 2D CaF, and h-BN are as follows: lattice constant of primitive unit cell, (a); bond length between adjacent atoms, (d); bond

angle, (6); donated electron by per Ca/B, (p); cohesive energy per atom in the unit cell, (E.); energy band gap calculated within GGA-PBE, (

EPBE)

’

energy band gap calculated within GGA-PBE+HSEO06, (EPBEHHSE); experimentally observed band gap, (E“”?) work function, (®); in-plane stiffness,

(C); Poisson ratio, (v); Raman active modes.

a d 0 p E. EPPE EPBEFHSE Rexp ) C v R-active modes

(A) (A) (°) (e7)  (V/aom) (V) (eV) (ev) (V) (N/m) (cm™!)
1T-CaF,  3.58 229 76.88 1.64 5.42 7.17 9.49 - 8.67 44 0.24 281, 292, 299, 372
h-BN 25180 145 120 213  7.0162 4.65 5.77 5563 562 27364 2204 1365
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Fig. 2 (a)Electronic band structure and PDOS of 1T-CaF;, (b) com-
parative band alignment of MoS;, h-BN, black phosphorous (bp), WS,,
and 1T-CaF, where vacuum energies are set to zero.

and Ca-d orbitals, respectively. However, near conduction band
minimum, the Ca-s orbitals exhibit higher density. In addition
to GGA-PBE calculations, GGA-PBA + HSE06 functional is used
in order to increase the accuracy of the electronic band calcula-
tions. As result monolayer CaF, retains its insulating behavior.
PBE+HSE bands around Fermi level completely match the PBE
bands however, PBE+HSE and PBE bands near conduction band
do not match. Band gap of the 2D insulator widens to 9.49 eV.
Wide band gap of 1T-CaF,; is estimated to be higher than well-
known insulator h-BN with band gap about ~5.5 eV,%3 which
makes 1T-CaF, an appealing insulator.

Band alignment comparison is an important method that is
used to predict band modification in a heterostructure in vari-
ous studies.©>72 There are three types of heterojunctions; type
I (straddling gap), type II (staggered gap), and type III (broken
gap) heterojunction.”% Band alignment of 1T-CaF, is compared
with well-known monolayers such as semiconducting MoS,, black
phosphorous (bp), WS,, and insulating h-BN by setting their vac-
uum energies to zero, presented in the Figure |2| (b). Valence
band maximum (VBM) and conduction band minimum (CBM)
are shown in the corresponding bars. 1T-CaF, has high lattice
mismatch value with the given crystals. However, band gap align-
ment gives information about which type of heterojunction 1T
CaF, can form. In case of a heterostructure of 1T-CaF, and a

semiconducting material such as MoS,, black phosphorous, or
WS, with suitable lattice constant, type I heterojunction is pre-
dicted to be formed. Contrarily, in case of a heterostructure of
1T-CaF, and h-BN like crystal with suitable lattice constant, type
I heterojunction is predicted to be formed. Thus, stable ultra-thin
CaF, with its wide electronic band gap is a suitable material for
nanoscale heterojunction and substrate applications.

4 Nanoribbons of CaF,: Width-Independent Band
Gap

Nanoribbons of 2D materials have been drawing attention due to
the unique properties and potential nanoscale applications they
present. 71l In this section, nanoribbons (NRs) of CaF, are stud-
ied. Depending on the edge orientation of CaF, NRs, two dif-
ferent types are investigated, zigzag NRs and armchair NRs. An
illustration of the NR structure is given in Figure[3p. The width of
the NRs is indicated by the number N of Ca atoms in the unit cell.
Note that for both types of NRs, the ratio between Ca and F atoms
is stoichiometric, i.e., there are N Ca atoms and 2N F atoms in the
unit cell. To study the width dependence of the electronic struc-
ture, for zigzag NRs,the NR width ranging from 4 to 10 and for
armchair NRs, the NR width ranging from 5 to 15 are considered.
It is found that for both type of NRs, there is no remarkable struc-
tural reconstruction, and the 1T structure is well maintained, as
shown in Figure[3p. The edge energy of different NRs is shown in
Figure [3p. For a NR with width N, the edge energy is defined as
(ENr —NE>p)/(2L), where Eyp is the total energy of the NR unit
cell, E;p is the total energy of the unit cell of monolayer CaF,, and
L is the lattice constant of the NR. It describes how much extra
energy is needed to create a new edge from the 2D layer. Ac-
cording to Figure[3p, for both zigzag and armchair NRs, the edge
energy decreases as the width increases. Moreover, it is seen that
the edge energy of zigzag CaF, NRs is smaller than that of arm-
chair CaF, NRs when their widths are comparable (e.g., N=6 for
zigzag NR and N=10 for armchair NR). A possible origin is that
there are more dangling bonds at the armchair edge than at the
zigzag edge. Overall, the magnitude of the edge energy is 0.2-0.4
eV/A. In contrast, for NRs of typical transition-metal dichalco-
genides like MoS, and WS,, the edge energy is about 0.6 eV/A72,
Thus, the formation of CaF; NRs is relatively easier.

Next, the electronic properties of the NRs in terms of their
width-dependent electronic band structures are investigated. Due
to the quantum confinement effect, usually the band gap of a NR
is larger than that in a 2D layer, and decreases as the width in-
creases. In Figure 4p the band gap of different CaF, NRs is pre-
sented. It is interesting to see that the band gap is smaller than
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Fig. 3 (a) Structure of zigzag and armchair CaF, NRs. The dashed
lines indicate the unit cells. (b) Edge energy of the NRs as a function of
ribbon width.

the monolayer, and almost independent to the ribbon width. For
zigzag NRs, the band gap is about 6.5 €V, and for armchair NRs,
the gap is about 6.3 €V. In Figure [@p-c the band structures of se-
lected NRs are given. For zigzag NRs, the CBM is located at the
I' point, whereas the VBM is at ~ 2/3 between I' and X. On the
other hand, both CBM and VBM are at the I" point for armchair
NRs. To further understand the width-independent band gap, one
can analyze the character of the VBM and CBM states, as shown
in Figure [4}d. It appears that, all these states are mainly localized
at the edge of the NRs, indicating strong edge effects in CaF, NRs.
Because of the highly localized character, the transverse confine-
ment effect to the CBM and VBM is quite small, leading to the
width-independent band gap. Although the band gap is insensi-
tive to the NR width, it can be more sensitive to the number of
layers because the edge states can be affected by the out-of-plane
confinement.

5 Conclusions

In this study, investigation on 1T-CaF, and its nanoribbons are
carried out. Structural, vibrational, electronic properties are pre-
sented. Vibrational calculations revealed that monolayer CaF,
has four Raman active modes. Having lower frequency phonon
bands compare to h-BN revealed that 1T-CaF, is relatively softer
material. In spite of having softer structure than h-BN, it is pre-
dicted to possess wider band gap of 7.17 eV by PBE and 9.49 €V by
PBE+HSEO6 functionals. Additionally, work function of 1T-CaF,
is calculated to be much higher than h-BN while having lower co-
hesion between atoms in the unit cell by 1.58 eV/atom. In addi-
tion to the 2D structure of 1T-CaF,, nanoribbons of CaF, are stud-
ied. Both in zigzag NRs and armchair NRs of CaF,, 1T structure
is maintained without reconstructions. Width dependent edge
energy calculations revealed that edge energy decreases in both
zigzag and armchair NRs with increasing width. With compara-
ble widths, zigzag NRs of CaF, are found to have less edge energy
than armchair NRs of CaF,. Calculated edge energy showed that
formation of CaF, NRs is easier compared to typical TMDs. In
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Fig. 4 (a) Band gap of the NRs as a function of ribbon width. (b)
Band structure and PDOS of selected zigzag NRs. (c) Band structure
and PDOS of selected armchair NRs. (d) The CBM and VBM states for
the 7-zigzag NR and the 10-armchair NR.

the electronic band structures of NRs, band gap of NRs is found
almost-independent to the width, and interestingly smaller than
the monolayer CaF,. Band decomposed charge densities of va-
lence and conduction bands are examined and it is seen that
states are localized at the edges of NRs. In conclusion, 1T-CaF,
shows great potential in nanoelectronic applications in 2D and 1D
form as a wide band gap insulator.
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