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ARTICLE INFO ABSTRACT

First-principles calculations are performed in order to investigate the formation of Janus structures of single-
layer TaSe,. The structural optimizations and phonon band dispersions reveal that the formation and stability of
TaSe2 hydrogenated (HTaSe,), fluorinated (FTaSe,), and the one-side hydrogenated and one-side fluorinated (Janus-
Janus single-layers o HTaSe,F) single-layers are feasible in terms of their phonon band dispersions. It is shown that bare metallic
asymmetric surface functionalization single-layer TaSe, can be turned into a semiconductor as only one of its surface is functionalized while it remains
as a metal via its two surfaces functionalization. In addition, the semiconducting nature of single-layers HTaSe,
and FTaSe, and the metallic behavior of Janus TaSe, are found to be robust under applied uniaxal strains.
Further analysis on piezoelectric properties of the predicted single-layers reveal the enhanced in-plane and out-
of-plane piezoelectricity via formed Janus-HTaSe,F. Our study indicates that single-layer TaSe, is a suitable host
material for surface functionalization via fluorination and hydrogenation which exhibit distinctive electronic
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and vibrational properties.

1. Introduction

Recent progress in two dimensional (2D) ultra-thin crystals has been
growing exponentially since the discovery of graphene, the first de-
monstrated 2D material [1,2]. The lack of a band gap in graphene,
which limits its possible applications in optoelectronics, has made the
search for other novel 2D materials inevitable. In order to overcome
this problem, a wide range of 2D materials such as transition metal
dichalcogenides (TMDs) [3-12], Xenes [13-19], have been successfully
added to 2D library. In addition to TMDs and Xenes, which possess
metallic, semi-metallic, or semiconducting behaviors, 2D insulators
[20-22] have also been demonstrated and proposed as suitable candi-
dates for heterostructure formations. 2D forms of TMDs have been the
focus of interest of the scientific community due to their potential in
applications such as ultra-sensitive photodetector [23], hydrogen evo-
lution reaction [24,25], bio and chemical sensors [26-31].

Layered TaSe,, a recent member of TMDs family, has been recently
attracting great attention since its successful isolation from bulk
structure [32]. Molecular-beam-epitaxy (MBE) has been shown to be an
efficient technique for the growth of single-layer of TaSe, [33]. Raman
spectroscopy experiments demonstrated that the two Raman active
phonon modes, E,; and Ay, of single-layer TaSe, are important for the
characterization of its ultra-thin nature [34]. In addition to Raman
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spectroscopy, optical microscopy was shown to be useful for the iden-
tification of the layer number in TaSe, [35]. Moreover, it was proposed
that single-layer TaSe, also exhibits charge-density-wave state [36].

The 2D nature of ultra-thin materials allows their surface functio-
nalization, which has been shown to be an efficient way for tuning of
their properties [37-39]. It has been experimentally demonstrated that
the fluorination of surfaces of 2D materials can lead to tunable elec-
tronic, optical and mechanical properties [40-43]. For instance, as
compared to bare graphene, fluorinated graphene has been announced
to be more effective for catalysts in oxygen reduction reaction (ORR)
[44,45]. On the other hand, hydrogen was also considered commonly in
the functionalization of 2D surfaces that it can naturally occur in the
experiments [46]. It has been shown that the band gap of graphene can
be adjusted by functionalization of its one or both surfaces [47].
Therefore, the use of F and H atoms as the source for chemical func-
tionalization of 2D materials allow researchers to demonstrate mate-
rials with diverse properties [48-51]. Moreover, using different type
adatoms on different surfaces reveal also the formation of Janus type
polar single-layers which have been shown to exhibit unique properties
arising from the build-in electric field in the structure [52-57].

In this study, we investigated the formation of functionalized TaSe,
structures using F and H atoms either on one surface or on both sur-
faces. The structural optimizations and phonon band diagrams reveal
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the formation of stable single-layers of HTaSe,, FTaSe,, and Janus-
HTaSe,F. It was shown that while one-side functionalized TaSe,
structures turn into semiconductor, the Janus-HTaSe,F preserves the
metallic nature of single-layer TaSe,. In addition, all three single-layers
were found to be robust against applied uniaxial strains by means of
their electronic properties.

2. Computational details

All calculations were performed using the generalized gradient ap-
proximation (GGA) was adopted to describe the electron exchange and
correlation in the Perdew-Burke-Ernzerhof (PBE) as implemented in the
Vienna ab initio Simulation Package (VASP) [58,59]. The van der Waals
(vdW) correction to the GGA functional was included by using the DFT-
D2 method of Grimme [60]. Electronic band dispersions were calcu-
lated using GGA and the Heyd-Scuseria-Ernzerhof (HSE06) functionals,
respectively in order to increase the accuracy of electronic structure
calculations [61]. Analysis of the charge transfers in the structure was
determined by the Bader technique [62].

For all calculations, a plane-wave basis set with a kinetic energy
cutoff of 520 eV was used. For the structural optimization, the con-
vergence criterion of the total force on the atoms in the primitive cell
was reduced to 10~° eV/A while the convergence criterion for the en-
ergy was set to 107° eV. In order to eliminate interaction between the
neighboring layers, a vacuum space of at least 20 A was inserted. A T
centered k-point mesh of 24 x 24 x 1 was used for the primitive cell
optimization and it was increased to 48 x 48 X 1 for density of states
(DOS) calculations.

The cohesive energy per unit cell was calculated using the formula
Econ = [ 2, NatomEatom — Emr]/Mior, Where Eqpop, represents the energy of a
single isolated atom while E,;; represents the total energy of the system.
In addition, n,, and ng,, denote the total number of atoms in the pri-
mitive unitcell and the number of atom of each type within the unitcell,
respectively. The dynamical stability of each structure was evaluated by
calculating their phonon band dispersion through the whole Brillouin
Zone (BZ) using the PHONOPY code, which uses the small displacement
methodology [63].

3. Results
3.1. Structural properties

One of the structural phases of TaSe, is known as the hexagonal 2H-
phase which consists of stacked TaSe, layers. In a single-layer of hex-
agonal TaSe,, Ta-layer is sandwiched between two Se-layers which are
separated symmetrically with respect to the Ta-layer in the out-of-plane
direction. Once the TaSe, surface is functionalized, the structural phase
is conserved while the symmetry along the out-of-plane direction is
broken. Therefore, the optimized lattice parameters, the bond lengths
etc...are comparable to each other in each single-layer structure.

The side views of optimized structures of each single-layer are
presented in Fig. 1. As listed in Table 1, atomic adsorption on each Se
site enlarges the lattice in the in-plane directions. The optimized lattice
parameters for bare TaSe, (3.48 A) expands to 3.55 A for HTaSe, and it
expands to 3.57 A for FTaSe, and Janus HTaSe,F. Moreover, the atomic
bond length between Ta-Se atoms in bare TaSe, (2.61 A) becomes
different for two sides of the layer via functionalization. In single-layer
HTaSe,, the atomic bond length between Ta atom and Se atom which
binds to H is 2.56 A while Ta-Se bond length is 2.64 A on the other
surface. Similarly, in single-layer FTaSe, two Ta-Se bond lengths are
found, 2.52 and 2.64 A from functionalized and bare surfaces, respec-
tively. In the Janus structure two Ta-Se bond lengths, 2.61 and 2.57 A
for H and F sides, respectively, are found. The functionalization of
TaSe, breaks the structural symmetry with respect to the Ta-layer. In
addition to symmetry breaking, different amount of charge depletions
on each surface also induces internal polarization in the functionalized
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Fig. 1. Perspective views of single-layers (a) HTaSe,, (b) FTaSe,, and (c) Janus
HTaSe,F. The colors representing each atom are given below. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

structures. Furthermore, the calculated cohesive energies per formula
reveal that the functionalized structures have lower cohesive energies
than that of the bare TaSe,. It is found that the formation of fluorinated
surface is more energetic than the formation of hydrogenated surface,
which can be attributed to strong F-Se bonding. Apparently, the
structural changes are dominated by the fluorinated surface in Janus
structure as a consequence of large charge transfer between Se and F
atoms.

3.2. Vibrational properties

The dynamical stability of each TaSe, single-layer structure is in-
vestigated in terms of the phonon band dispersions through the whole
BZ as presented in Fig. 2. Note that the phonon bands are presented in
the Fig. S1(a) of the Supporting Information. Apparently, the phonon
branches are almost free from any imaginary eigenfrequencies in-
dicating the dynamical stability of the structures. The optical phonon
branches at the I' point of the BZ are classified as non-degenerate out-
of-plane and doubly-degenerate in-plane modes due to in-plane struc-
tural isotropy.

As shown in Fig. S2, single-layer HTaSe, exhibits three doubly-de-
generate in-plane and three non-degenerate out-of-plane phonon
modes. The lowest frequency in-plane mode (156 cm ™ !) is attributed to
the out-of-phase vibration of bottom Se and top Se-H pairs against each
other. The in-plane phonon mode at frequency 231 cm ™! originates
from in-phase vibration of two Se and H atomic layers against Ta-layer.
In addition, the doubly-degenerate mode having frequency 437 cm ™!
denotes the in-plane stretching of H atoms. On the other hand, one of
the out-of-plane modes of HTaSe,, having frequency 2120 c¢m ™%, ori-
ginates from the pure Se-H bond stretching. The mode at frequency
212 cm ™! is attributed to the breathing-like vibration of top-Se-H and
lower-Se-Ta pairs against each other while the mode having frequency
265 cm ™! denotes the out-of-phase vibration of Ta-layer and the Se-Se-
H atomic layers.

The Fig. 2(b) represents the phonon band dispersions of single-layer
FTaSe, for which the same amount of in-plane and out-of-plane optical
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Table 1
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The calculated parameters for the single-layers of bare and functionalized TaSe, structures are: the optimized in-plane lattice constants, a = b; the atomic bond
lengths between Ta-Se and Se-X atoms (X = F, H), dr,—s. and ds.—x; the distance between the outermost atoms of single-layer, h; the cohesive energy per formula,

Econ; the amount of change in the charge of each atom after structural optimization (signs + and — indicate excess and the lack of electron on the atom), /\p

>

magnetic ground state of the structure, and the electronic band gap calculated within GGA and HSE06 functionals, E®* and Ef**%*°,
a=b dra—se dse—n dse-r h Econ /N\ora \pse AV Aoy u EgOA ERISECS
A A) A A A) (eV) ) () () ) =) (eV) (eV)
TaSe, 3.48 2.61 - - 3.33 577 -14 +0.7/+0.7 - - NM - -
HTaSe, 3.55 2.56/2.64 1.51 - 468  4.66 -1.2 +0.7/+0.4 - +01 NM 0.77 1.19
FTaSe, 3.57 2.52/2.64 - 1.81 492 4.96 -1.2 +0.6/+0.0  +0.6 - NM 0.27 0.53
Janus HTaSe,F 3.57 2.61/2.57 1.55 1.87 6.56  4.20 -1.1 +0.1/+0.4  +05  +01 NM - -
22 calculated to be at 194, 269, and 596 cm ~*, respectively. The mode at
(a) 194 cm ™" represents the breathing-like vibration of F and TaSe, layers
against each other while the mode at 269 ¢cm™! originates from vi-
20 ~ HT3862 — bration of Ta layer against the F-Se-Se layers. The other mode at
g 596 cm ™! is related with the opposite vibration of F and top-Se layers
< 4F _ against each other.
- In the Janus single-layer, there are additional phonon branches
g arising from two-side functionalization of the structure. The four in-
E 2E — plane doubly-degenerate modes are found to be at 153, 193, 224, and
420 cm ™~ ! while the out-of-plane modes have frequencies 199, 535, and
1855 cm ™. Notably, there are two out-of-plane modes at 199 cm ™'
0 which only differ by 0.1 em ™! and they are attributed to the out-of-
IR M K IR phase vibration of Ta/H-Se-Se-F layers, and Ta-Se-F/Se-H atomic layers,
7 respectively. The mode at 535 cm ™! represents the opposite vibrations
(b) of Se-H and Se-F couples against each other. The highest frequency out-
6 w of-plane mode originates from Se-H bond stretching as in single-layer
—~ 5L N HTaSe,. The softening of its frequency in Janus structure can be related
=) to the F-Se bond formation on the other surface that the H-Se bond
X 4 FTaSez - length in Janus structure (1.55 A) becomes larger than that of in
TE 3 HTaSe, (1.51 A). The increase in the bond length results in the soft-
oo I— ening of the frequency of Se-H bond stretching.
G oL -
1L N 3.3. Electronic properties
0 As reported for graphene, surface functionalization can be an effi-
r M K r cient way for tuning the electronic properties of a 2D material. It has
19 been demonstrated that hydrogenation leads to opening a band gap in
(c) \\/ graphene [64]. In addition, fluorination has also been shown to effi-
17 B cient for the band gap engineering of graphene sheet [65].
—~ g2 In the case of metallic TaSe, (see Fig. S1(b)), it is found that one-
:é 61 JanuS_HTaSCZF N side hydrogenation or fluorination lead to the opening of a band gap as
X &/ presented in Figs. 3(a) and (b). The electronic band gaps of single-layers
E 4= — HTaSe, and FTaSe, are calculated to be 0.77 and 0.27 eV, respectively.
2 The electronic band gaps are also calculated by using HSE06 and the
G results are presented in Supporting Information and band gap values
2 are given in Table 1. Notably, both single-layers are found to exhibit
indirect gap behavior while the latter displaying also quasi-direct
0 % % nature whose energy difference between two conduction band edges is
r M K r ~30 meV. In both of the structures, occupation of Se-p orbitals via

Fig. 2. Phonon band dispersions of single-layers (a) HTaSe,, (b) FTaSe,, and (c)
Janus HTaSe,F.

phonon branches exist as in the case of HTaSe,. As presented in Fig. S2,
three doubly-degenerate phonon modes of FTaSe, are found to be at 86,
155, and 248 cm ™!, respectively. The three modes represent the fol-
lowing vibrations; the opposite in-plane stretching F, the out-of-phase
vibration of F-Se (Se from lower plane) and Ta-Se (Se from upper
plane), and shear-like vibration of each atomic layer against each other,
respectively. The frequencies of phonon modes in FTaSe, are smaller
than those in HTaSe, as a direct consequence of stronger Ta-Se bonds in
latter structure. Moreover, the out-of-plane phonon branches are

atomic functionalization results in shift of the bands around the Fermi
level to low energies driving the metal-to-semiconductor transition. In
contrast, as the both surface of TaSe, are functionalized, i.e. Janus
structure is formed, the metallicity of TaSe, is found to be conserved as
consequence of charge receive (donation) on F (H) sides that both
conduction and valence band states shift and cross the Fermi level (see
Fig. 3(c)).

3.4. Strain-dependent properties

Strain is often present in experiments either naturally or con-
trollably and it can alter the electronic properties of materials. Usually
in experiments, strain is applied by the help of substrate on which the
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Fig. 3. Electronic band dispersions of single-layers (a) HTaSe,, (b) FTaSe,, and
(c) Janus HTaSe,F.

single layer material resides. By the bending of the substrate, an ex-
ternal strain can be applied on the 2D single layer [66,67]. For the
semiconducting HTaSe,, FTaSe, and metallic Janus single-layers, we
investigate the effect of uniaxial strain on their electronic band dis-
persions. In order to simulate the uniaxial strain, a rectangular primi-
tive unit cell is considered in which the armchair (AC) and zigzag (ZZ)
directions are oriented along the a and b vectors, respectively. The
strength of the applied strain is kept between +5% with steps of 2% and
the results of the strained electronic band dispersions are presented in
Fig. 4. Note that, the strained electronic band structures are calculated
using primitive rectangular unitcell for simplicity.

For the unstrained single-layer of HTaSe,, the VBM and CBM are
located in between the I'-Y and I'-X points of the rectangular BZ, re-
spectively. As the uniaxial strain is applied along the AC orientation,
the VBM is found to reside between the I'-Y independent of the strength
and type of the strain, tensile or compressive. The valence band edge
residing between the I'-X points displays a shift to the X point as the
applied compressive strain increases while it exhibits a shift towards
the T point as the applied tensile strain increases. In addition to the
shifts, its energy decreases (increases) via the applied compressive
(tensile) strains. Although, the indirect semiconducting nature of
HTaSe, is robust, the CBM remains at the same point via tensile strain
while it shifts from I'-X to I'-Y under compressive strain. A similar be-
havior is found for the two valence band edges residing between the I'-X

Applied Surface Science 538 (2021) 148064
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Fig. 4. Uniaxial strain-dependent electronic band dispersions of single-layer
HTaSe, for (a) AC and (b) ZZ orientations. Those of single-layer FTaSe, for (c)
AC and (d) ZZ orientations. (e) and (f) stand for the AC- and ZZ-strain depen-
dent band dispersion of the Janus single-layer.

and I'-Y for the strain applied along the ZZ orientation. However, en-
ergy of the conduction band edge located near the X point decreases
with applied compressive strain indicating the shift of the CBM from
I'-Y. In addition, the flat bands between the X-S points become dis-
persive for both tensile and compressive strains indicating the de-
formation of localized states. Overall, it is found that single-layer
HTaSe, exhibits robust indirect gap semiconducting behavior under
applied uniaxal strain with changing energy gap.

The electronic band dispersions of unstrained single-layer FTaSe, in
its rectangular primitive cell reveal that the VBM and CBM reside be-
tween the Y-T' points. Although, the structure exhibits an indirect band
gap behavior, the energy difference between two conduction band
edges is found to be only 40 meV. As the uniaxial tensile strain is ap-
plied along the AC orientation, the energy difference between the two
conduction band edges increases to 75 meV at 5% of strain. In contrast,
with increasing compressive strain the energy difference decreases and
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Table 2
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The calculated parameters for single-layers of TaSe,, HTaSe,, FTaSe,, and HTaSe,F are: in-plane stiffness, C; the relaxed-ion piezoelectric stress, e;;; the corresponding

piezoelectric strain coefficients, d;; and Poisson ratio, v.

Ciy Ci2 C v e e31 di ds

(Nm™") (Nm™") (Nm™") - (Cm™! x 10710) (Cm~! x 10719) (pmv 1) (pmv 1)
TaSe, 99.1 34.7 87.0 0.35 2.58 0.00 4.00 0.00
HTaSe, 79.1 17.8 75.0 0.22 1.97 0.08 3.21 0.09
FTaSe, 70.8 13.0 68.0 0.18 0.96 0.62 1.66 0.74
HTaSe,F 70.5 32.8 55.2 0.49 7.89 0.03 20.91 0.03

the CBM becomes a convex. It indicates that the quasi-direct band
structure of single-layer FTaSe, disappears under compressive strain
along AC orientation. In contrast to what we find for strain along AC
direction, the energy difference between two conduction band edges
increases via compressive strain along ZZ orientation while CBM be-
comes convex as the tensile strain increases. Although, the conduction
band becomes convex as the tensile strain increases, the CBM shifts to
the Y point and therefore, the indirect gap nature of the single-layer is
conserved. Similarly, the Janus single-layer is found to be robust
against the applied uniaxal strain by preserving its metallic behavior.

3.5. Elastic and piezoelectric properties

Using the knowledge of the elastic stiffness tensor, the in-plane
stiffness (C) and the Poisson ratio (v) can be investigated. As compared
to the well-known 2D materials such as graphene (330 N/m) [68], and
single-layer MoS, (122 N/m) [68], single-layer TaSe, possesses a soft
nature indicated by its in-plane stiffness (99.1 N/m). Functionalization
of TaSe, by hydrogenation and fluorination causes a softening in the
bonding states of Ta-Se atoms and the in-plane stiffness values are
found to decrease (79.1, 70.8, and 70.5 N/m for HTaSe,, FTaSe,, and
Janus HTaSe,F, respectively). In addition, the Poisson ratios are cal-
culated to decrease (0.35 for TaSe,) by one-surface functionalization
(0.22 and 0.18 for HTaSe, and FTaSe,) while it increases to 0.49 in
Janus HTaSe,F. The relatively high Poisson ratio of Janus HTaSe,F
indicates its ability to retain its structure under external loads.

Piezoelectricity is a reversible physical process resulting from the
electromechanical interaction between mechanical and electrical states
in materials having inversion asymmetry, that is, an internal electric
field can be created due to an applied mechanical stress or a mechanical
stress caused by an applied electric field can be induced. Piezoelectric
stress coefficients, e;, the parameters determining the piezoelectric
properties, are the sum of ionic and electronic contributions, and pie-
zoelectric strain constants, d;;, are related to each other by elastic tensor
elements, C;, as follows;

_ el
di = (Cu—Clz)’
_ e31
ds = (C11+ Clz)’ (€8]

As listed in Table 2, e;; values are found to be 2.58 x 10~ Cm ™! for
bare TaSe,, which is less than that of single-layer MoS, (3.88 x 1071°
Cm ™) [68]. The single surface functionalization is shown to decrease
e;; values to 1.97 x 1071 Cm ! and 0.96 x 101 Cm ~*! for HTaSe, and
FTaSe,, respectively. In contrast, in the formed Janus HTaSe,F the ej;
value is found to be 7.89 x 1071 Cm ™! which is considerably large as
compared to other TaSe, derivatives. The reason for such increase is the
created charge asymmetry on both surfaces. In addition, the created
charge asymmetry leads to the higher contribution of the ionic re-
laxation to the piezoelectricity. In contrast to bare TaSe,, which has
out-of-plane symmetry, in single-layers of HTaSe,, TaSe,F, and Janus
HTaSe,F non-zero e3; elements are found arising from the induced di-
pole in the structure. e;; values are found to be 0.08, 0.62, and 0.03 for
HTaSe,, TaSe,F, and Janus HTaSe,F, respectively. Those results can
directly be related to the total amount of charge depleted to the Se, F,

and H atoms by Ta atoms as listed in Table 1. As the depleted charge
difference between Se-F and Se-H pairs increases, the corresponding e;;
values get larger which is the case for HTaSe,. Moreover, piezoelectric
strain coefficients are also listed in Table 2.

4. Conclusion

By performing state-of-the-art density functional theory calcula-
tions, we investigated the structural, vibrational, electronic, and pie-
zoelectric properties of single-layer TaSe, structures constructed by its
surface functionalization using H and F atoms. Our results revealed that
the surface functionalization of TaSe, is energetically feasible and lead
to dynamically stable Janus single-layer structures. As the one-surface
of the TaSe, is functionalized, electronically it was shown that there
exists a metallic-to-semiconductor transition for single-layer of HTaSe,
and FTaSe, while by the both surface functionalization, i.e. in the Janus
single-layer, the metallicity is conserved. Moreover, both the metallicity
and semiconducting nature of Janus-HTaSe,F structures were shown to
be robust against applied uniaxal strains. Further analysis on the elastic
and piezoelectric tensors revealed that the induced dipole moment in
the TaSe, derivatives creates out-of-plane piezoelectricity in the struc-
tures.
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