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Ab initio calculations are performed to investigate the structural, vibrational, electronic, and piezoelectric
properties of functionalized single layers of TaS2. We find that single-layer TaS2 is a suitable host material for
functionalization via fluorination and hydrogenation. The one-side fluorinated (FTaS2) and hydrogenated
(HTaS2) single layers display indirect gap semiconducting behavior in contrast to bare metallic TaS2. On the
other hand, it is shown that as both surfaces of TaS2 are saturated anti-symmetrically, the formed Janus
structure is a dynamically stable metallic single layer. In addition, it is revealed that out-of-plane piezoelectricity
is created in all anti-symmetric structures. Furthermore, the Janus-type single-layer has the highest specific heat
capacity to which longitudinal and transverse acoustical phonon modes have contribution at low temperatures.
Our findings indicate that single-layer TaS2 is suitable for functionalization via H and F atoms that the formed,
anti-symmetric structures display distinctive electronic, vibrational, and piezoelectric properties.

Introduction
Successful exfoliation of graphene from the graphite in 2004

has opened a new research field in materials science. Many

novel two-dimensional (2D) materials such as h-BN, silicene,

h-AlN, and transition metal chalcogenides (TMCs) have gained

considerable interest because of their unique electronic, optical,

and mechanical properties [1, 2, 3, 4, 5, 6, 7]. Among 2D

materials, TMCs have been the focus of interest over the last

decade in the fields of electronic devices, energy conservation,

and storage owing to their electronic properties ranging from

metallic and semiconductor behavior, tunable band gaps, and

controllable electronic and high optoelectronic properties [8, 9,

10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22].

TaS2 has attracted great attention and has been extensively

investigated as an important member of TMCs because of its

superconducting state. TaS2 has four different phases over

a wide temperature range, from 77 to 400 K [23, 24]. In its

layered form, TaS2 was reported to be the only TMCs

possessing the Mott phase. In addition, the external effects

such as atomic and electron doping were shown to manipulate

properties of TaS2 significantly. For instance, in a developed

ionic effect transistor, Li-ion interference has been reported to

modulate the properties of TaS2. Strong charge doping induced

by adjustable ion intercalation changes the energy of the

various charge sequence states in TaS2 and produces a series

of phase transitions in dimensionally reduced flake samples

[25]. Moreover, high hydrogen evolution reaction efficiency

was obtained for TaS2, revealing its novelty and efficiency in

catalysts [26].

Functionalization of 2D materials has been experimentally

demonstrated that the properties of the ultrathin materials can

be tuned controllably. It was shown that fluorination in 2D

materials can lead to tunable electronic, optical, and mechan-

ical properties [27, 28, 29, 30, 31]. Fluorinated graphene has

been announced to be more efficient for oxygen reduction

reaction (ORR) catalysts because of its lower overpotential and

a good alternative to a metal-free catalyst for the removal of

organic pollutants in catalytic ozonation [32, 33]. Hydrogena-

tion is also an important and common process for chemical

functionalization of 2D materials [34]. One or two-surface

hydrogenated graphene structures were shown to exhibit tun-

able band gap depending on the atomic arrangements of H
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atoms [35]. Chemical functionalization creates a tunable band

gap in 2D materials, allowing for conductive, flexible, trans-

parent device structures using the electronic, optical, and

mechanical properties of the materials [36, 37, 38].

In addition to the research on 2D symmetric materials,

Janus-type 2D materials were obtained, which allows the

collection of different properties of ultrathin crystals in a single

polar material [39, 40, 41, 42, 43, 44]. It was revealed that the

intrinsic out-of-plane electric field induced in Janus structures

cause giant Rashba spin splitting in the electronic band

distribution and Janus structures exhibit enhanced piezoelectric

properties [42, 43, 44].

In this study, we investigate the structural, vibrational,

electronic, and piezoelectric properties of single-layer TaS2
structures including its functionalized derivatives. The rest of

this article is organized as follows: the details of the DFT

calculations are given in the computational methodology

section. The properties of the TaS2 structures are discussed

in detail in the Results section. Finally, we conclude our results

in the conclusion section

Results
Structure, stability, and electronic properties

Single-layer of TaS2

The bulk forms of layered TaS2 with trigonal 1T–TaS2
(P6m1), hexagonal 2H–TaS2 (P6m3), and rhombohedral

3R–TaS2 (R3m) phases have been widely investigated as

the most common bulk phases. The optimized crystal

structure of single-layer hexagonal 1H–TaS2 is shown in

Fig. 1(a). TaS2 has a hexagonal crystal structure consisting of

Ta layer sandwiched between two S layers. The optimized

in-plane lattice parameters (a 5 b) are found to be 3.36 Å

and is compatible with the previously reported atomic-

resolution Transmission Electron Microscopy (TEM) obser-

vations [26]. The bond length between Ta and S atoms is

found to be 2.48 Å. Moreover, the thickness of single-layer

TaS2, distance between the upper and lower sides S layers, is

found to be 3.11 Å. As listed in Table I, cohesive energy of

TaS2 is found to be 6.27 eV/atom, which is slightly larger

than that of reported for single-layer MoS2 (5.18 eV/atom)

[51]. Bader charge analysis shows that each S atom receives

0.8 e� from a Ta atom. The electronic properties of the

single-layer TaS2 is investigated through its electronic band

dispersions and the corresponding partial density of states

(PDOS) as shown in Fig. 1(c). Electronically, single-layer

TaS2 is found to possess a metallic character with the

nonzero density of states at the Fermi level. In addition,

the PDOS reveal that Ta-d orbitals dominate the bands

crossing the Fermi level.

The calculated phonon band dispersions of single-layer

TaS2 indicate its dynamical stability [see Fig. 1(b)]. Phonon

band gap between the optical and acoustic phonon branches in

single-layer TaS2 is calculated to be 59 cm�1 slightly larger than

that of single-layer MoS2 (;46 cm�1). The optical phonon

branches of single-layer TaS2 consist of two doubly degenerate

in-plane modes having frequency 212 cm�1 (E0) and 275 cm�1

(E9), and two nondegenerate out-of-plane modes at 353 cm�1

(Au) and 385 cm�1 (A1) at the C point. The phonon modes A1,

E9, and E0 are known as the Raman active modes whose Raman

spectrum is given on the right panel of Fig. 1(b). The A1 mode

is attributed to the out-of-plane vibration of S atoms against

each other, whereas E9 represents their opposite in-plane

vibrations. Moreover, the E0 mode originates from the opposite

in-plane vibrations of Ta-layer and two S-layers against each

other. Apparently, the E0 mode exhibits the lowest Raman

Figure 1: For single-layer TaS2: (a) top and side views of the crystal structure.
Green and blue colors represent Ta and S atoms, respectively. (b) Phonon band
structure. The inset shows the vibrational character of the optical phonon
modes at the C point. On the right panel, the corresponding Raman spectrum
is shown. (c) The electronic band structure and the corresponding PDOS. The
Fermi energy is set to 0 eV level.
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activity among the three Raman active modes which is the case

for all H-phase TMDs.

One-side fluorinated TaS2

The pioneering work of Nair et al. [27] has shown that

fluorinated graphene has been formed by laying fluorine

successfully on graphene experimentally. The fluorinated gra-

phene structure was reported to be teflon-like, semiconductor,

and also flexible material. In another theoretical study, it has

been shown that the form and composition of fluorine atoms

play an important role in the alteration of properties such as

binding energies, band spacings, and phonon modes. Because

of the electronic properties, the stable C2F chair structure is

metallic, whereas CF with nonmagnetic character is an in-

sulator [28].

F with nonmagnetic character is an insulator [28].

Figure 2(a) shows the atomic structure of single-layer FTaS2;

FTaS2 belongs to P6m3 space groups and has hexagonal

Bravais lattice. As listed in Table I, the optimized lattice

parameter of FTaS2 is 3.43 Å, whereas the thickness of

single-layer FTaS2 is 4.55 Å with the corresponding Ta-S and

S-F bond lengths of 2.41/2.51 and 1.65 Å, respectively. Bader

charge analysis shows that each Ta atom donates 0.7 e� to an F

and 0.6 e� to an S atom, respectively. For single-layer FTaS2,

the cohesive energy is calculated to be 5.38 eV/atom smaller

than that of bare TaS2. As shown in Fig. 2(c), the electronic

band dispersion and electronic density of states reveal that

single-layer FTaS2 exhibits indirect band gap semiconducting

behavior with a band gap of 0.65 eV. The valence band

maximum (VBM) of single-layer FTaS2 lies at the K point,

whereas the conduction band minimum (CBM) resides be-

tween the C and the K points. Excitonic transitions shift

because of indirect band gap from the K point. Moreover, it

is shown that CBM state arises from localized S-p and F-p

orbitals, whereas the VBM is dominated by Ta-d orbitals. In

addition, occupation of p-orbitals of S atoms by F atoms results

in shift of the bands around the Fermi level to low energies

driving the metal-to-semiconductor transition.

Phonon band dispersions of single-layer FTaS2 indicate its

dynamical stability. As seen in Fig. 2(b), single-layer FTaS2 has

twelve phonon branches, three of which are acoustic and the

remaining nine are optical phonon branches. The acoustic–

optical phonon band gap (19 cm�1) is found to be lower than

that of the bare structure. Single-layer FTaS2 structure consists

of three in-plane doubly degenerate and three out-of-plane

nondegenerate phonon modes. The in-plane phonon mode at

frequency 119 cm�1 represents the opposite vibration of F

atom and Ta–S pair in which the S atom is at the lower plane.

The phonon mode has a similar vibrational character to E9

mode in symmetric TaS2. The other doubly degenerate phonon

modes are calculated to have frequencies 262 and 355 cm�1.

The mode at 262 cm�1 is attributed to the Ta–S and F–S pairs

against each other that the F and the lower S atoms vibrate in-

phase. Apparently, the mode has similar vibrational behavior to

TABLE I: The calculated parameters for single-layers of TaS2 structures, FTaS2, HTaS2, and Janus HTaS2F are: the lattice constants, a 5 b; the atomic distance
between S and X atoms (X 5 F, H), d; the thickness of single-layer, h; the cohesive energy per atom, ECoh; initial and final charges of Ta, S, F, and H atoms, qTa, qS,
qF, qH; net magnetic moment per primitive cell, l; and the energy band gap of the structures calculated, EGap.

a 5 b (Å) dTa–S (Å) dS–F (Å) dS–H (Å) h (Å)
ECoh

(eV/atom) qTa initial-final (e
�) qS initial-final (e

�) qF ini-fin (e�) qH ini-fin (e�) l lB EGap (eV)

TaS2 3.36 2.48 . . . . . . 3.11 6.27 5.0–3.4 6.0–6.8 . . . . . . 0 . . .

FTaS2 3.43 2.41/2.51 1.65 . . . 4.55 5.38 5.0–3.6 6.0–6.7 7.0–7.6 . . . 0 0.65
HTaS2 3.42 2.45/2.49 . . . 1.37 4.34 5.13 5.0–3.6 6.0–6.7 . . . 1.0–1.0 0 0.96
HTaS2F 3.42 2.43/2.50 1.71 1.40 6.07 4.58 5.0–3.6 6.0–6.4 7.0–7.6 1.0–1.0 0 . . .

Figure 2: (a) Perspective side view of FTaS2. Green, blue, and purple colors
show Ta, S, and F atoms, respectively. (b) Phonon band dispersions with the
corresponding Raman spectrum (on the right) and (c) the electronic band
dispersion with the corresponding PDOS for single-layer FTaS2. The Fermi level
energy is set to 0 eV.

Invited Feature Paper

ª Materials Research Society 2020 cambridge.org/JMR 1399

j
Jo
ur
na
lo

f
M
at
er
ia
ls
Re
se
ar
ch

j
Vo
lu
m
e
35

j
Is
su
e
11

j
j

w
w
w
.m
rs
.o
rg
/jm

r
Ju
n
15
,2
02
0



the Eu mode in single-layer TaS2. The in-plane phonon mode at

frequency 355 cm�1 shows the opposite vibration of each

atomic layer against each other that the F and Ta layers vibrate

in-phase, whereas the two S layers vibrate oppositely to F–Ta

layers. Apart from the in-plane phonon modes, the three out-

of-plane phonon modes are calculated to have frequencies 290,

374, and 736 cm�1, respectively. The lowest frequency out-of-

plane mode reveals the opposite vibration of F layer against the

TaS2 layer that the two S layers and the Ta layers vibrate in-

phase. Another nondegenerate mode having frequency

374 cm�1 represents vibration of Ta layer against the F–S–S

layers. It can be related to the A2u phonon mode of single-layer

TaS2. Finally, the highest frequency nondegenerate phonon

mode consists of the opposite vibration of F and top-S layers

against each other. The calculated Raman spectrum [see right

panel of Fig. 2(b)] reveals that all the phonon modes are Raman

active, except for the doubly degenerate optical mode at

119 cm�1 in which the atomic motion is not symmetric.

Notably, adsorption of F atoms on one surface of single-layer

TaS2 results in distinctive vibrational spectrum of the anti-

symmetric single-layer FTaS2.

One-side hydrogenated TaS2

It is an important method to use the chemical functionality to

adjust the structural, electronic, and magnetic properties of 2D

materials. In a study by Elias et al. [53], it was shown that

highly conductive graphene can be converted into an insulator

by hydrogenating the surface of graphene. In another theoret-

ical study, it was shown that a band gap that can be defined in

TiSe2 is opened via hydrogenation [54].

The optimized atomic structure of single-layer HTaS2 is

shown in Fig. 3(a). Single-layer HTaS2 resembles the hexagonal

structure of single-layer TaS2 with Bravais lattice vectors, a 5

0.5a(O3x � y), b 5 0.5a(O3x 1 y), and c 5 c z. As shown in

Table I, optimized lattice parameters are a 5 b 5 3.42 Å. The

bond lengths between Ta atom and S atom are found to be

2.45/2.49 Å, whereas that of H–S is 1.37 Å [7]. The optimized

structure is formed with a cohesive energy of 5.13 eV/atom,

which is lower than that of FTaS2 in accordance with the lower

electronegativity of H atom than that of F. According to the

Bader charge analysis, there is a charge depletion of 1.4 e� from

Ta atom to S atom, whereas there is no charge transfer

between H atom and the other atoms. Figure 3(c) shows the

electronic band dispersions and corresponding partial density

of states of single-layer HTaS2. Single-layer HTaS2 is a semi-

conductor, with VBM lying at the M point and the CBM

residing between the M and the C points, and exhibiting an

indirect band gap of 0.96 eV. It is found from the calculated

PDOS that VBM states are mainly composed of the Ta-

d orbitals and the S-p orbitals, whereas in the vicinity of

CBM states, there is also the H-s orbital contribution in

addition to the S-p and Ta-d orbitals. Similar to the case of

single-side fluorinated structure, the bands around the Fermi

level display a shift to lower energies and result in semi-

conducting behavior for HTaS2. Figure 3(b) shows the phonon

band structure of HTaS2 which indicate the dynamical stability

of the structure. Similarly, single-layer HTaS2 possesses nine

optical phonon branches. There is a huge gap between acoustic

and optic phonon branches, 126 cm�1, as compared with bare

and FTaS2 structures. The larger phonon band gap of HTaS2
reveals its relatively high phonon transport properties. Because

the adsorption sites of H atoms are the same as that of F atoms,

the vibrational motion of the atoms are also similar to each

other. However, the frequencies of the modes are not similar

because of the changes in structural parameters. In single-layer

HTaS2, the lowest frequency in-plane phonon mode is found to

be at 261 cm�1. In the phonon mode, two S layers vibrate out-

of-phase of each other, whereas the H atoms vibrate in-phase

with the top-S layer where the Ta layer has no contribution to

the vibration. The vibrational character of the mode at

321 cm�1 is determined by the opposite vibrations of lower-S

and F-top-S layers against Ta layer. Vibration of the atoms in

the phonon mode is similar to the E9 of single-layer TaS2 with

an anti-symmetric vibration with respect to the Ta layer. In

Figure 3: (a) Perspective side view of HTaS2. Green, blue, and orange colors
denote Ta, S, and H atoms, respectively. (b) Phonon band dispersions of HTaS2,
and Raman spectrum of the Raman active modes (on the right). (c) The
electronic band structure and PDOS. The Fermi level energy is set to 0 eV.
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addition, the other doubly degenerate at 470 cm�1 is found to

originate from opposite vibration of H atom and TaS2 layer

against each other. On the other hand, the out-of-plane mode

at 339 cm�1 is attributed to the breathing-like vibration of top-

S–H and lower-S–Ta pairs oppositely. Moreover, similar to Au

mode of symmetric TaS2, the mode having frequency originates

from the opposite vibration of Ta-layer and H–S–S layers. The

highest frequency nondegenerate mode is found to originate

from the top-S and H bond stretching at frequency of

2440 cm�1. As shown in the Raman spectrum given on the

right panel of Fig. 3(b), all of the optical phonon modes are

found to be Raman active. However, the phonon modes at 321,

470, and 2440 cm�1 are calculated to exhibit high Raman

activities as compared with other Raman peaks. Apparently, H

adsorptions on one of the surface of TaS2 exhibit similar

vibrational features with that of FTaS2 with different phonon

mode frequencies.

Janus-type single layer of TaS2

As shown in Fig. 4(a), Janus-type single layer of TaS2 is formed

by two different surfaces, with one face hydrogenated and the

other face fluorinated. The Janus-type single-layer TaS2 belongs

to the space group P6m3, similar to the other structures

mentioned above. Calculated structural parameters are as

follows: optimized structure of HTaS2F is a hexagonal structure

with lattice parameter (a5 b) 3.42 Å. The distance between the

top and bottom layers is 6.07 Å. The Ta–S bond lengths are

2.43/2.50 Å, whereas that of S–F and S–H are 1.71 and 1.40 Å,

respectively. Cohesive energy per atom is 4.58 eV for single

layer of Janus TaS2. According to the Bader charge analysis,

each Ta atom donates its 1.4 e� as follows: each S atom receives

an average of 0.4 e�, whereas each F atom receives 0.6 e�, and

no charge transfer occurs for H atom. As shown in Fig. 5(a),

the localization of electrons between H and S shows the

covalent bond between them, whereas the bond between F

and S is mainly ionic in character. Knowledge of the compo-

sition of electronic band structure is crucial for understanding

electronic and optical procedures in different electronic and

optoelectronic devices. As shown in Fig. 4(c), the electronic

band diagram of the Janus type of single-layer TaS2 has

a continuous energy distribution at point zero and does not

have a gap indicating its metallic character. The graph of PDOS

corresponding to the electronic band diagram shows that the

highest contribution to the energy bands around the Fermi

level originates from the Ta-d orbitals.

As revealed for the single-side functionalized structures of

TaS2, the Janus single layer of TaS2 is also found to be

dynamically stable. Figure 4(b) shows the phonon band

dispersions of Janus single-layer TaS2 exhibiting twelve optical

phonon branches. The phonon band gap is found to be

27 cm�1 which is in between that of FTaS2 and HTaS2. The

nondegenerate out-of-plane phonon modes are calculated to have

frequencies 250, 297, 647, and 2160 cm�1. The other optical

phonon modes which are doubly degenerate in-plane modes have

frequencies 74, 236, 317, and 503 cm�1, respectively.

Figure 4: For the single-layer of Janus TaS2; (a) Perspective side view where
green, blue, purple, and orange colors represent Ta, S, F, H atoms, respectively.
(b) Phonon band dispersions and Raman spectrum. (c) The electronic band
structure with the corresponding PDOS. The Fermi level energy is set to 0 eV.

Figure 5: (a) Contour plots of the total charge density qT in the plane passing
through S–Ta–S, S–Ta–S–H, S–Ta–S–F, F–S–Ta–S–H atom, respectively.
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The out-of-plane mode having frequency 250 cm�1 is

found to originate from the opposite vibration of Ta layer

against the whole other atomic layers. Apparently, the mode

has similar vibrational character with that of Au in single-layer

TaS2. By contrast, in the mode at a frequency of 297 cm�1, the

H–S and F–S pairs vibrate out-of-phase, whereas the Ta layer

vibrates in-phase with F–S pair. Because of their nonsymmetric

vibrational characters, both of the modes are expected to be

Raman inactive. The phonon mode at frequency 647 cm�1 is

attributed to the out-of-phase vibrations of H and S, and F and

S, respectively. By contrast, the highest frequency mode, at

2160 cm�1, originates from the H–S bond stretching. On the

other hand, the frequencies of the in-plane phonon modes vary

between 74 and 503 cm�1, which indicates that the lateral force

constants are weaker than those of the vertical components.

The lowest frequency mode arises from the opposite vibrations

of F-layer and the top-S–Ta couples, whereas the mode having

frequency 236 cm�1 originates from the top-S–H couples and

the lower S layer against each other. In contrast to those two

modes, the mode at 317 cm�1 represents the contribution of all

atomic layers to the vibration in which H–F–Ta layers vibrate

in-phase, whereas they are out-of-phase with the two S-layers.

The highest frequency in-plane mode is found to have

a frequency of 503 cm�1, which shows the shear-like vibration

of top-S and H layers against each other. In addition to the

phonon band dispersions, the first-order Raman spectrum of

the Janus single layer reveals that all of the optical phonon

modes are Raman active. The additional Raman peaks arise

from the broken out-of-plane symmetry of the structure. The

mode at 236 cm�1 has the lowest Raman activity, whereas the

phonon mode at 2160 cm�1 is the most prominent one. Our

findings reveal that in the Janus single layer not only the two

surface functionalizations but also the broken symmetry

induces distinctive features in the vibrational spectrum.

Mechanical, piezoelectric, and thermal properties

2D materials are elastically characterized by two parameters,

in-plane stiffness, C, and Poisson ratio, m. Among 2D ultrathin

materials, graphene has the largest in-plane stiffness (330 N/m)

[56] due to strong in-plane bonding of C atoms; the in-plane

stiffness of TaS2 (104.9) is found to be relatively closer to that

of single-layer MoS2 (122 N/m) [56], which is known to be

softer than graphene. Hydrogenation and fluorination found to

soften single-layer TaS2 with C values are 88.0 and 89.7 N/m,

respectively. As the Janus-type structure is constructed, the in-

plane Ta–S bonds weaken and the in-plane stiffness decreases

to 65.3 N/m, which is almost half of that of bare TaS2. Poisson

ratio, the ratio of transverse strain to axial strain, is calculated

using the formula m 5 C12/C11. As listed in Table II, Poisson

ratio for TaS2, FTaS2, and HTaS2 structures are 0.35, 0.21, and

0.23, respectively. In the case of Janus-type TaS2, Poisson ratio

is found to be quite large, 0.47, indicating the larger response to

the vertically applied load as compared with other TaS2
structures.

Piezoelectricity is a physical process that occurs in materi-

als owing to the absence of centrosymmetry. Piezoelectric

materials generate electric field when an external pressure is

applied, and the process is known to be reversible. The relaxed-

ion piezoelectric stress coefficients, eij, is the sum of ionic and

electronic contributions, and the corresponding piezoelectric

strain constants, dij, are related to each other through the elastic

tensor elements, Cij, as follows:

d11 ¼ e11
C11 � C12

; ð1Þ

d31 ¼ e31
C11 þ C12

: ð2Þ

As listed in Table II, e11 value for bare TaS2 is found to be

3.04 � 10�10 C/m, which is smaller than the reported value for

single-layer MoS2 (3.88 � 10�10 C/m) [57]. The single layers of

FTaS2 and HTaS2 are found to exhibit much lower e11 values,

1.24 � 10�10 and 1.51 � 10�10 C/m, respectively, due to extra

charge transfer from Ta atom to adsorbed F or H atoms that

weakens the in-plane polarization in the crystal. In addition, e11
for the Janus HTaS2F single-layer (1.26 � 10�10 C/m) is found

to be closer to that of HTaS2. The broken out-of-plane

symmetry in single layers of FTaS2, HTaS2, and HTaS2F creates

a net dipole moment along the out-of-plane directions resulting

in nonzero e31 elements. The calculated values for FTaS2 and

HTaS2F are close to each other (0.74 � 10�10 and 0.76 � 10�10

C/m, respectively), whereas it is found to be very small for

HTaS2, 0.05 � 10�10 C/m. Apparently, the lack of extra charge

transfer between H and S atoms does not add any contribution

to the out-of-plane polarization. However, strong electronega-

tivity of F atoms results in high charge depletion and

considerably large out-of-plane piezoelectricity.

One important property of a material is its thermal

behaviors, which is important for applications in nanoscale

devices at finite temperatures. As shown in Fig. 6, all four heat

capacity curves increase rapidly in the low temperature regime

and asymptotically approach the classical limit of 3NkB, where

N and kB denote the number of atoms and the Boltzmann

constant, respectively. It is known that the low temperature

behavior of the heat capacity of the 2D crystals is determined

by the phonon modes. In bare and functionalized TaS2
structures, the low-temperature thermal excitations take place

in acoustic phonon branches and, consequently, the heat

capacity is governed by the acoustic phonons. As the heat

capacities of single-layer TaS2 structures are compared, it is

seen that Janus HTaS2F has the highest heat capacity either at
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low or high temperatures. Although at high temperatures

single-layer TaS2 has the lowest heat capacity, the heat capacity

of single-layer HTaS2 is the smallest at low temperatures. In

addition, at the low temperature limit, the rise of the heat

capacity of single-layer TaS2 structures is not linear with the

temperature; instead, the relation is more likely quadratic. As

the temperature dependence of the specific heat is T2/n at low

temperatures in 2D materials [58], quadratic-like behavior heat

capacity of TaS2 structures reveals the number n to be �1.
Because the frequency of a phonon mode scales with the

momentum, q, as x 5 qn, the dispersion of phonon frequency

is found to be x 5 q that indicates the contribution of

Longitudinal acoustic (LA) and Transverse acoustic (TA)

acoustical modes to the low-temperature heat capacity of

TaS2 structures.

Conclusions
In this study, we investigated the structural, vibrational,

electronic, and piezoelectric properties of single-layer bare,

fluorinated, hydrogenated, and Janus-type TaS2 by performing

state-of-the-art density functional theory calculations. First, it

was found that all single-layer TaS2 crystal structures exhibit

hexagonal symmetry with P6m3 space groups. Furthermore, we

also showed that single-layer TaS2 can be chemically function-

alized by F or H atoms, resulting in dynamically stable

antisymmetric structures. Electronically, our results revealed

that single-layer TaS2 undergoes a metallic to semiconducting

behavior via one-side functionalization with either F or H

atoms. By contrast, its metallic behavior was predicted to be

conserved as it is anti-symmetrically functionalized. The anti-

symmetric structure, namely, Janus HTaS2F, has been revealed

to possess dynamical stability. The Raman spectrum analysis

revealed that breaking the out-of-plane symmetry results in

additional Raman active phonon modes in the asymmetric

structures of single-layer TaS2. In addition, the calculated

specific heat capacity of TaS2 structures indicated that in all

structures, the longitudinal and transverse acoustical phonon

modes contribute to the low-temperature heat capacity. The

creation of out-of-plane asymmetry in TaS2 single layer was

shown to result in nonzero piezoelectricity along the out-of-

plane direction. The relatively high electronegativity of F atom

creates strong out-of-plane piezoelectricity in anti-symmetric

TaS2 structures. Overall, the preserved dynamical stability of

TaS2 under F and H functionalizations makes it a suitable

candidate for piezoelectric applications.

Computational methodology
All calculations were performed by using density functional

theory (DFT)-based first-principles calculations. The general-

ized gradient approximation (GGA) in the Perdew–Burke–

Ernzerhof (PBE) form [45] was used for the exchange-

correlation potential as implemented in the Vienna ab-initio

simulation package (VASP) [46, 47]. The van der Waals (vdW)

correction to the GGA functional was included by considering

the DFT-D2 method of Grimme [48]. Bader [49] technique was

used to analyze the charge transfers between the individual

atoms in the structures.

For all calculations, a plane-wave basis set with a kinetic

energy cutoff of 500 eV was taken. Whereas the convergence

criterion of the total force on the atoms in the primitive unitcell

was set to 10�5 eV/Å, the energy convergence criterion was set

to 10�6 eV. The pressures on the lattice have been reduced to

values less than 1.0 kbar in all directions. A vacuum space of 20

Å was used to eliminate interaction between the adjacent

layers. The cohesive energy per formula was calculated by

using the formula; ECoh 5 [
P

natom Eatom – ESL]/ntot, where E

atom represents the energy of a single isolated atom. ESL is the

TABLE II: The calculated parameters for single layers of TaS2, FTaS2, HTaS2, and HTaS2F are: work function, U; in-plane stiffness, C; the relaxed-ion piezoelectric
stress, eij; the corresponding piezoelectric strain coefficients, dij; and Poisson ratio, m.

UTa–S (eV) UF–S (eV) UH–S (eV) C11 (N/m) C12 (N/m) C (N/m) e11 (C/m � 10�10) e31 (C/m � 10�10) d11 (pm/V) d31 (pm/V) m

TaS2 5.94 . . . . . . 120.5 42.0 104.9 3.04 0.00 3.87 0.00 0.35
FTaS2 5.39 5.64 . . . 91.9 19.0 88.0 1.24 0.74 1.70 0.67 0.21
HTaS2 5.50 . . . 1.86 94.8 21.9 89.7 1.51 0.05 2.07 0.04 0.23
HTaS2F . . . 9.35 3.40 84.0 39.6 65.3 1.26 0.76 2.84 0.61 0.47

Figure 6: Heat capacity of single layer of bare-TaS2, hydrogenated TaS2,
fluorinated TaS2, and Janus TaS2.
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total energy of a single-layer structure, whereas ntot and natom
denote the total number of atoms included in a primitive

unitcell and the number of the same type of atoms in the

unitcell, respectively. In addition, for the investigation of the

dynamical stability of each single-layer, Phonopy code [50] was

used. The off-resonant Raman activity of each phonon mode

was calculated from the derivative of the dielectric constant

with respect to each normal mode at the C point of the

Brillouin zone (BZ).
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