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(M = Zr, Hf; QQ = S, Se, Te) via ab-initio calculations
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We have reported a first principles study of structural, mechanical, electronic, and thermoelectric properties of the
monoclinic ternary thallium chalcogenes Tl,M Q3 (M = Zr, Hf; Q = S, Se, Te). The electronic band structure calculations
confirm that all compounds exhibit semiconductor character. Especially, Tl,ZrTes and Tl;HfTe3 can be good candidates for
thermoelectric materials, having narrow band gaps of 0.169 eV and 0.21 eV, respectively. All of the compounds are soft and
brittle according to the second-order elastic constant calculations. Low Debye temperatures also support the softness. We
have obtained the transport properties of the compounds by using rigid band and constant relaxation time approximations in
the context of Boltzmann transport theory. The results show that the compounds could be considered for room temperature

thermoelectric applications (ZT ~ 0.9).

Keywords: electronic band structure, thermoelectric properties, figure of merit, ternary thallium chalcogens

PACS: 63.20.dk, 74.25.Ld, 74.25.F-

1. Introduction

Recent studies about chalcogens have a variety of appli-
cations such as energy, magnetism, superconductivity, elec-
tronics, optoelectronics, and catalysis.!'"8] One of the popular
topics within these is thermoelectricity, generating electricity
by converting the temperature difference to an electrical volt-
age. For energy management in this way, the thermoelectric
materials (TEM) become indispensable. As it is known that,
the accomplishment of TEM addresses to dimensionless fig-
ure of merit (ZT) which is directly proportional to the power
factor (526; S, Seebeck coefficient and o, electrical conduc-
tivity), and inversely proportional to the thermal conductiv-
ity (k). Since some of the efficient TEM are narrow band
semiconductor chalcogenides and antimonides with heavy and
complex structures,*-'% there are many theoretical and exper-
imental studies on them to advance TEM. While various ef-
forts have concentrated on getting a higher power factor, the
others have centered on decreasing the lattice thermal con-
ductivity. One of the ways of Seebeck coefficient enhance-
ment is alloying. For example, in Refs. [11]-[13], Mg and
Cd were integrated to SnTe and PbSe, respectively, in order to
have more carrier contribution from X (heavy) to L (light) hole
valance bands by reducing the energy gap between them. An-
other way of Seebeck coefficient improvement is stoichiom-
etry, e.g., in Ref. [14], the TEM properties of Tljg_SnyTeg
and Tljo_,Pb,Teg were examined as a function of x varying
between 1.8 and 2.06 and ZT,x > 1 (commercially viable
value) was obtained. The difficulty of ZT improvement is the
interconnection of S, o, and k. Therefore, they tried to have
a higher § while keeping ¢ unchanged. The strategy was to
increase the number of valence electrons which decreases the
dominating p-type charge carriers. So a larger Seebeck coef-
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ficient could be achieved while leaving the thermal conduc-
tivity remained under 0.5 W/m/K. Li et al. have made a pio-
neering review about introducing some new scattering mecha-
nisms for ZT enhancement via nanostructures in the bulk ma-
terials hindering the interconnection of the thermal and elec-
trical transports.!'>! Meanwhile, several methodologies have
been applied to reduce the lattice thermal conductivity, such
as strengthening the phonon scattering.!'-2!1 Phonon scatter-
ing, produced by point defects in Ref. [16] and accommoda-
tion of metal cations in Ref. [17], is responsible for having a
reduced lattice thermal conductivity. The mass and strain fluc-
tuations between host and guest atoms, which produces strong
phonon scattering, could also be maximized by vacancies as
demonstrated in Ref. [18]. Furthermore, the substitution of
Zn and Sn atoms in the disordered Sb/Se site caused an im-
proved power factor, resulting in the maximum Z7 of 0.53 at
657 K. in Ref. [16]. It is known that heterostructures on the
nanoscale may decrease the thermal conductivity while im-
proving the electronic properties, thereby increasing the ZT
value as shown in Ref. [19].

Especially, thallium containing chalcogenides are candi-
dates of narrow band gap semiconductors because of their high
atomic weight and so complex structure. Also, the high elec-
tronegativity of T1 compared to that of the other alkali metal
ions is important for the band gap. Furthermore, it is also im-
portant that the presence of a lone pair in TI" ions causes an-
harmonicity in the lattice which has a remarkable effect on
lowering the lattice thermal conductivity.?>->°! Tl,Ag;,Se7, a
new pnp conduction switching semiconductor (E; = 0.8 eV)
has just been synthesized, possessing a new structure type,
namely, av/3 x v/3 x 1 super cell of the Zr,Fe,P7-type, 23! P-
type polycrystalline thallium lanthanides TlgLnTeg (Ln = La,
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Ce, Pr, Nd, Sm, Gd, Tb) and Tl;o_,La,Teg (0.90 < x < 1.05)
were synthesized. The ZT value was improved by using dif-
ferent lanthanides and changing the load concentrations.>*]
The ZT values for TI1SbTe, TlgBiTeg, TlyZrTe4, and T14HfTey
compounds were 0.87 at 715 K, 1.2 at 500 K, 0.16 at 420 K,
and 0.09 at 540 K, respectively.[*6?7] Sankar et al. firstly
synthesized Tl,ZrSes (cubic, P2;3 space group) and found
ZT = 0.18 at 420 K for Tl,ZrTes, ZT = 0.31 at 500 K for
Tl,SnTes.[?8] Later, they synthesized TIhMQ3 (M = Zr, Hf,
Q =S, Se) which have a new isostructural monoclinic struc-
ture with P2;/m space group.!>”! They have also studied their
crystallographic features, electronic structures, and electrical
conductivity.

Using the density functional theory (DFT), we sys-
tematically investigate the structural, electronic, mechanic,
and thermoelectric properties of Tl HfS3,Tl,HfSes, TI,HfTes,
T1,ZrS3, TlyZrSes, and Tl ZrTe; compounds for the first time.
We have also added new additional data by comparing them
with the previous studies. The organization of this study is as
follows. The method of calculation is given in Section 2, the
results and overall conclusions are presented and discussed in
Sections 3 and 4.

2. Method of calculation

All calculations have been accomplished by using the
Vienna ab initio simulation package (VASP)[**-33! based on
the density functional theory (DFT). The electron—ion interac-
tion was considered in the form of the projector-augmented-
wave (PAW) method with plane waves up to an energy of
450 eV,13334 an adequate value for studying the structural,
elastic, and lattice dynamical properties.
Ernzerhof (PBE) type functional®! within the generalized

Perdew—Burke—

gradient approximation (GGA) has been used for the ex-
change and correlation terms in the electron—electron inter-
action. 17 x 17 x 13 I"-centered Monkhorst—Pack[*! grid of
k-points has been used for these monoclinic compounds.

To obtain the transport properties of Tl,M Q3 (M = Zr, Hf;
Q =S, Se, Te) compounds, we have used the rigid-band ap-
proximation and semiclassical Boltzmann theory using Boltz-
TraP code.l*”! For the calculations of transport coefficients
(electrical conductivity o, thermopower S, and electronic con-
tribution of thermal conductivity k.), we need to calculate the
velocities as a function of k for different bands. To get accurate
electronic velocities, it is necessary to have a dense k-points
mesh. 8] For this reason, we used 34 x 34 x 26 Monkhorst—
Pack k-points sampling to obtain the band structure.

3. Results and discussion
3.1. Structural properties

We assume that the compounds Tl,MQ3 (M = Zr, Hf;
0 = S, Se, Te) crystalize in monoclinic structure, similar to
NayFeOs-type, with P2 /m space group, as were synthesized
in Ref. [29]. Their general crystal arrangement can be seen in
Fig. 1 having 12 atoms occupying 2e (x, z) site in the unit cell
(Z =2) given in Table 1.

b ||
e/ ——
a

Fig. 1. Unit cell arrangement of the Tl,M(Q3 compounds with
NayFeOs-type structure.

Table 1. The calculated atomic positions for TI,MQs (M = Zr, Hf; Q = S, Se, Te) compounds (All of them are in 2e (x, 1/4, z) wyckoff positions).

Compound Atom X z Ref. Compound Atom X z Ref.
T, ZsS3 I 0.06444 0.65755 present T HfS3 Tl 0.06171 0.65820 present
0.06374 0.66029 Exp.!?! TI2 0.74584 0.98982 present
0.74519 0.99169 present Hf 0.41420 0.33995 present
T2 0.75009 0.00227 Exp.[?] S1 0.14146 0.20003 present
7t 0.41287 0.33828 present S2 0.45484 0.77661 present
0.41111 0.33548 Exp.[?] S3 0.68425 0.51687 present
S| 0.13803 0.19800 present TI,HfSes TI1 0.06439 0.65512 present
0.13620 0.19270 Exp.[?] 0.06445 0.65805 Exp.[?]
0.45252 0.78083 present TI2 0.74433 0.99267 present
S2 0.45650 0.78680 Exp.[?] 0.74973 0.00293 Exp.[?I
0.68777 0.51615 present Hf 0.40988 0.33667 present
S3 0.68880 0.51506 Exp.[? 0.40960 0.33423 Exp. [
Tl ZrSes TIl 0.06630 0.65468 present Sel 0.13323 0.19602 present
TI2 0.74286 0.99422 present 0.13036 0.19044 Exp.[?!
Zr 0.40828 0.33511 present Se2 0.45006 0.78219 present
Sel 0.12987 0.19383 present 0.45271 0.78917 Exp.[?!
Se2 0.44756 0.78583 present Se3 0.68854 0.51489 present
Se3 0.69213 0.51429 present 0.69076 0.51355 Exp.[?]
TlhZrTes TI1 0.06642 0.64949 present Tl,HfTes TIl 0.06594 0.64938 present
TI2 0.73944 0.99555 present T2 0.74184 0.99473 present
Zr 0.40439 0.32996 present Hf 0.40608 0.33119 present
Tel 0.11789 0.18901 present Tel 0.12096 0.19129 present
Te2 0.43834 0.79280 present Te2 0.44097 0.78994 present
Te3 0.69469 0.51228 present Te3 0.69097 0.51299 present
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We have fully optimized the lattice constants and ionic positions by taking the experimental values from Ref. [29]. The
obtained equilibrium lattice parameters, volumes, and total energies are listed in Table 2. It is seen that the lattice parameters are
in good agreement with the experimental values!>®! and a bit higher than them as expected due to the theoretical calculations.

Table 2. Calculated equilibrium lattice parameters (a, b, and ¢ in A), the angle (8 in degree), total energies (Eg, eV/f.u.), formation enthalpy
(AH;, eV/atom), and volumes (Vj, A3) of the ThMQ3 (M =Zr, Hf; Q0 =S, Se, Te) compounds.

Compound a b c B Ey AHy Vo Ref.
Tl ZrS3 7.940 3.818 10.559 96.9 -31.302 -1.568 158.9 present
7916 3.765 10.276 97.5 151.8 Exp.[?]
Tl ZrSe3 8.168 3.967 10.916 96.4 —28.849 -1.212 175.7 present
TlyZrTes 8.528 4.227 11.550 95.4 —26.028 -0.775 207.2 present

194.1 Exp. Cubic?®!

Tl HfS;3 7.979 3.775 10.580 97.6 —32.885 -1.603 157.9 present
Tl,HfSe3 8.211 3.931 10.927 97.0 -30.282 -1.222 175.0 present
8.154 3.881 10.622 97.4 166.7 Exp.[?]
TlyHf Te; 8.568 4208 11.536 95.9 —27.300 -0.758 206.9 present

The thermal stability is calculated by using the formation
enthalpy expression. Formation enthalpy AH is required for
the quantitative evaluation of the structural stability of mate-
rials. To determine the stability of the Tl,MQ3 compounds
crystallized in monoclinic structure, we have calculated AH
by using the following expression:

AH™MOs — oM _ppTl gM _3EQ. 1)

Here Et?tzMQ3 is the total energy of Tl,M Q3 per unit cell, and
2EM, EM, and EtQ represent the computed energies per unit
cell at the absolute temperature for T1, M, and Q, respectively.
Generally, if AH is negative, then the material is considered
to be energetically favorable to be synthesized experimentally.
The computed formation enthalpies of these compounds are
between —0.758 and —1.603 eV/unit cell for TI,M Q3 (see Ta-
ble 2). The negative values of AH confirm the stabilities of
these materials, and Tl,HfS3 is the most stable one among the
TIoM Q3 (M = Zr, Hf; Q = S, Se, Te) compounds due to the
higher magnitude of AH.

3.2. Electronic properties

The electronic band calculations have been performed for
the titled compounds in monoclinic P2 /m structure, and the
band structures of each compound along the high symmetry
points are shown with the density of states in Figs. 2 and 3,
where the Fermi energy level is taken as Er = 0 for conve-
nience.

As shown in Figs. 2 and 3, all compounds in the con-
sidered phase exhibit semiconductor character due to the total
density of states, which are compatible with the band struc-
tures. While the T1,ZrS; compound has a direct band gap, the
others have indirect band gaps. As the atomic weight of the
chalcogens increases from S, Se to Te, the band gap changes
as follows: Te-containing compounds with (~ 0.15 eV), Se-
containing compounds with (~ 0.60 eV), and S-containing
compounds with (~ 0.90 eV). It is observed that there are indi-
rect transitions as well as direct transactions having very close
(AE; ~ 0.1 eV) energy values of the indirect ones (see Ta-
ble 3). In spite that indirect (direct) transitions are fundamen-
tal, secondary ones are direct (indirect) possessing a bit energy

differences (AE; ~ 0.1 eV). It is known that, GGA-PBE esti-
mates lower band gap values than the experimental ones. Al-
though, the value computed for the T1,ZrS3 compound is be-
ing fit the expectations, the calculated band gap for Tl HfSes
is higher than the value found in the experiment.!?®! We have
also verified the influence of HSEO6 on the electronic proper-
ties by employing GGA + HSEO06 functional for Tl,HfSes and
have observed that the band gap energies increase by nearly
90%. But, it can be seen from Table 3 that the band gap value
for GGA is very close to the experimental value for TI,HfSes.
So we did not use the GGA -+ HSE06 functional.
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Fig. 2. The electronic band structure and density of states for (a)
T1,ZrS3, (b) Tl,ZrSes, and (c) Tl ZrTes.

The total and projected densities of states of the studied
compounds have been calculated and shown in Figs. 2 and
3. It can be found that while Q (S, Se, and Te) elements are
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dominant in the conduction band, the leading elements of the
valance band are M (Hf and Zr).
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Fig. 3. The electronic band structure and density of states for (a)
T, HfS3, (b) Tl,HfSes, and (¢) Tl HfTes.

We have also considered the electronic charge densities
of the related compounds for (010) and (112) faces to estimate
the bonding mechanism, as seen in Figs. 4 and 5 for Tl HfS3,
T1,Z1S3, and T1,ZrSe3 compounds on (010) and Tl,HfTe; and
T1,ZrTe; compounds on (112). It can be seen that the contri-
bution to binding is more ionic than covalent.

Table 3. The calculated band gaps and for Tl,ZrS3 TloZrSes, Tl,ZrTes,
TI,HfS3, Tl,HfSes, and Tl,HfTe; compounds.

Compound Eg/eV Type Ref.

Tl ZxS3 0.87 direct (D—D) present
indirect (D— I'-Y) present
0.88 indirect (D—I") present
1.15 direct (D—D) Exp.120]
Tl ZrSes 0.50 indirect (D— I'-Y) present
0.54 direct (D—D) present
Tl ZrTes 0.169 indirect (D— I'-Y) present
0.179 indirect (D—Y) present
0.185 direct (D—D) present
0.7 Ref. [28]
T, HfS;3 0.975 indirect (D—E) present
0.990 direct (D—D) present
T, HfSes 0.68 indirect (D—I") present
0.71 direct (D—D) present

1.19 indirect (D— I") present (HSE06)

1.20 direct (D—D) present (HSE06)
0.57 direct (D—D) Exp.!%!
TI,HfTes 0.21 indirect (D—I") present
0.23 direct (D—D) present

106301-4
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3.3. Mechanical properties

3.3.1. Elastic properties

Fig. 4. The contour plot of charge density for (a) Tl,ZrS3, (b) Tl,ZrSes,
and (c) T1pZrTes.

()

(112)

Fig. 5. The contour plot of charge density for (a) TI;HfS3, (b) TI;HfSes,
and (c) Tl,HfTes.

An elastic tensor provides the description of all the re-
sponses of a crystal to external forces within the elastic lim-
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its. It is one of the fundamental properties that explain the
interatomic bonding in a system, and can be correlated with
many mechanical, thermal properties for searching process of
new material’s discovery and design.!*! We have computed
the second order elastic constants (C;;) using the stress—strain
methodology embedded in VASP.’%! The calculated C;; for

the titled compounds shown in Table 4 obey the mechanical

stability conditions for monoclinic structures given below:

Ci11>0,C»n>0,C33>0,Csa >0, Cs55 >0, Cg6 >0,
[Ci1 +Cn+C33+2(Cia+Ci3+C3)] >0,

(C33Cs5 — C35) > 0(CaaCos — Ci) > 0,

(Cap+C33 —2Cy3) > 0.

Unfortunately, the experimental values of C;; are not available
at present.

Table 4. The calculated elastic constants (C;;, GPa) for ThbMQ3 (M = Zr, Hf; Q =S, Se, Te).

Comp. Ci Cn Cs3 Cyy Css Ceo Ci2 Ci3 Cis C3 Cos Css Cae
TI, HfS; 52.3 77.0 26.2 12.7 15.0 12.1 10.7 12.7 —4.0 99 -6.7 2.2 4.1
TI,HfSes 47.7 64.3 28.4 14.6 16.0 13.0 11.0 12.8 -3.8 11.5 =73 -14 5.1
TI,HfTes 38.9 50.2 30.5 16.4 17.2 13.1 10.4 13.1 4.4 13.7 -7.8 -0.3 -7.0
Tl ZrS3 53.4 72.8 29.4 14.7 16.0 13.6 11.7 13.4 -3.4 11.2 =72 -1.6 4.7
T1yZrSes 48.5 61.2 32.5 16.3 18.0 13.8 11.8 14.5 -3.4 13.0 7.4 -0.4 -6.2
T ZrTes 38.7 48.4 31.8 17.6 18.0 13.6 10.8 139 4.1 14.8 -8.1 0.6 -8.2

Elastic constants C}1,Cy;, and C33 measure the resistance
to linear compression in the x-, y-, and z-directions, respec-
tively. All compounds resist to compression in y-direction
better than that in the other directions, so the compressibil-
ity from higher to lower is 8, > B, > fB,. As the atomic weight
of the chalcogens increases from S to Te, the compressibility
increases for the x- and y-directions. On the other hand, there
is no significant change in the values along z-direction. The
present Cq; and Cs3 are higher than C44 and Cgg. This indicates
the weaker resistance to the unidirectional compression com-
pared to the resistance to shear deformation.**! It is known
that the elastic constant Cy4 is the most important parameter
indirectly guiding the indentation hardness of a material. The
large C44 means a strong ability of resisting the monoclinic
shear distortion in (100) plane. In the present case, Cyq Of
Tl,ZxTes has the highest value.

3.3.2. Polycrystalline properties

The bulk modulus B (a resistance to shape change un-
der pressure) and shear modulus G (a resistance to defor-
mations upon shear stress)*’! have been obtained from the
Voigt—Reuss—Hill approximations!*!! by using the calculated
elastic constants. The Young’s modulus E and Poisson ra-
tio v are calculated through £ = 9GB/(G+3B) and v =
1[(B—3G)/(B+ 1G)]. which are given in Table 5 with B/G
ratio, Debye temperature, longitudinal, transverse, and aver-
age sound velocities. The calculated bulk moduli for the con-
sidered systems are smaller than 100 GPa, and hence these
compounds may be classified as a soft material with high com-
pressibility. As the atomic weight of the chalcogens increases
of S to Te, the compressibility increases in the x- and y-axes
too.

Table 5. Calculated bulk modulus B (GPa), isotropic shear modulus G (GPa), Young’s modulus E (GPa), Poisson’s ratio v, B/G ratio, Vicker
hardness Hy, (GPa) Debye temperature @p, (K), and longitudinal, transverse and average sound velocities (0, ¥, O, m/s).

Compound B G E \Y B/G H, 6p % % Om

TI,HfS3 22.3 14.6 36.0 0.23 1.53 2.9 158.2 2413 1427 1581
Tl,HfSes 22.0 14.6 35.8 0.23 1.51 2.9 146.4 2304 1367 1514
Tl,Hf Tes 20.9 13.6 334 0.23 1.54 2.6 133.9 2239 1321 1464
T, ZrS3 23.6 15.6 38.3 0.23 1.51 3.1 175.0 2669 1582 1752
Tl ZrSes 23.7 15.3 37.7 0.23 1.55 2.9 158.7 2516 1483 1643
Tl ZrTes 21.5 13.6 33.6 0.24 1.58 2.4 140.4 2366 1386 1536

Their shear moduli are almost similar to each other. How-

ever, since the large shear modulus is an indication of the more

S. [42

pronounced directional bonding between atoms. [*?! It can gen-

erally be said that directional bonding of Tl,ZrS3 is more no-
table than that of the others due to its high value. On the other
hand, a larger Cy4 elastic constant result with a larger shear
modulus is not valid for our compounds.*?!

A greater Young’s modulus indicates a stiffer material,

it is a measure of the resistance against uniaxial tensions. [*4]

T1»,ZrS3 has the largest bond strength among the considered
systems, resulting in more resistivity to any deformation. A
ductile material can be accessed with the help of Pugh’s ratio
(B/G). Since all of the ratios are lower than 1.75, which is the
critical starting value of ductility, all our considered systems
show a brittle behavior.

The Poisson ratio is a measure of compressibility. when
the Poisson ratio is close to 0.5, the material has tendency
to be incompressible.m] Here, the calculated Poisson ratio
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is about 0.23, which indicates that these materials are less
compressible and stable against elastic deformation.[*®! The
value of Poisson ratio is also indicative of the degree of direc-
tionality of the covalent bonding. The Poisson ratio is about
0.1, 0.25, and 0.33 for covalent, ionic, and metallic materials,
respectively.[*”] Since the values are about 0.23, ionic contri-
bution in the intra-atomic bonding is dominant with no cen-
tral interatomic forces for the considered structures due to the
lower limit of 0.25 for the central force solids. According to
Frantsevich rule, the critical value of Poisson ratio of material
is 0.33. Frantsevich et al. indicated that if the Poisson ratio
is less than 0.33, the materials show brittle behavior.!*8! This
supports our results from the analysis of Pugh’s ratio (B/G).

The elastic and plastic properties of a material can be re-
lated to its hardness. The compounds are soft materials, since
all of the calculated Vickers hardness values are lower than
10 GPa (see Table 5), as also supported by the bulk modulus
values.

As an important fundamental parameter, the Debye tem-
perature (6p) is closely linked to many physical properties of
solids such as the specific heat and melting temperature. At
low temperatures, the vibrational excitations originate entirely
from acoustic vibrations. As a result, the Debye temperature
calculated from elastic constants is the same as that deter-
mined from specific heat measurements for the low temper-
ature values. Elastic constant data can be used for calculating
the Debye temperature by estimating it from the average sound
velocity (viy).[*%% Mostly for hard materials it is higher or
vice versa.[>!l All of the considered systems are soft materials
due to their low Debye temperatures.

3.3.3. Elastic anisotropy

Elastic anisotropy affects many physical processes such
as plastic deformation development in crystals, enhancement
of positively charged defect mobility, microscale cracking,
phonons in crystallites, etc.[>?! The degree of anisotropy in the
bonding between atoms in different planes (Al, A2, and A3)
could be measured by means of the shear anisotropic factors.
Any value smaller or greater than 1, which is the isotropy cri-
terion of crystals, is the indication of shear anisotropy. In addi-
tion, we have also calculated the percentage elastic anisotropy
of bulk and shear moduli. In these expressions, the zero value
correlates to the elastic isotropy and the value of 100% pin-
points the largest elastic anisotropy. Our results are given in
Table 6. As the atomic weight of chalcogens increases, while
anisotropy increases for the values of Al, it decreases for the
values of A3. Tl,ZrSe3 and Tl,HfSes3 can be thought as almost
isotropic compounds for the values of A2. The calculated Ag
value of all compounds is higher than the Ap values, indicating
that shear anisotropy is greater than bulk anisotropy. It is ob-
vious that Tl,ZrTes exhibits relatively high shear anisotropy,

while Tl,HfS3 exhibits relatively high compressibility among
the compounds.

Table 6. The calculated shear anisotropy factors (A1, A2, and A3) and
the percentage of anisotropy in the bulk and shear (A and Ag).

Compound Aq Ay Az Ag/% Agl/%
T1,ZrS3 1.05 0.80 0.53 8 8
T1,ZrSes3 1.26 1.06 0.64 4 8
T1,ZrTe; 1.64 1.42 0.83 2 11
T HfS;3 0.95 0.72 0.45 10 10
TI,HfSe3 1.16 0.92 0.58 6 8
T1,HfTes 1.51 1.29 0.77 3 9

3.4. Transport properties

We have calculated the transport properties of the
TloM Q3 compounds based on the Boltzmann transport equa-
tion under a rigid band and constant relaxation time approxi-
mations (RTA) which are very helpful in evaluating thermo-
electric performance of materials based on theoretical band

structure calculations, 5354

i.e., the chemical potential shifts
up or down from the intrinsic limit depending on the dop-
ing type and degree of doping and keeping the band struc-

(551 In the rigid band approximation, the band

ture unchanged.
structure is considered to be unaffected by doping, which only
leads to change of the chemical potential. Boltzmann transport
equations have a derivative of Fermi function with respect to
the band structure and varies significantly within a small range
near the chemical potential. So, in the calculations, instead of
dependence of relaxation time on both the band index and the
k vector direction, we have considered a direction independent
T, i.e., an almost constant relaxation time, which is a rational
good approximation to express the transport coefficients.26-7]
Within RTA, the Seebeck coefficient can be calculated with-

r.1981 However, the electronic con-

out any adjustable paramete
ductivity has to be calculated with respect to the relaxation
time and hence instead of calculating the absolute power factor
(5?c), the power factor is calculated with respect to relaxation
time (S%0 /7).1%%

Within the constant relaxation time approximation, the
value of relaxation time is fixed to be in the order of 7 ~
10~ s, which is a typical value for semiconductors. >*% The
variation of Seebeck coefficient of Tl,HfSe3; with temperature
and concentration is depicted in Fig. 6. For this material, the
maximum Seebeck coefficient is obtained for n-type doping
and the optimal carrier concentration is 107 cm?.

The Seebeck coefficient of Tl,HfSes as a function of p-
type and n-type carrier concentration at 300 K is shown in
Fig. 7. The § of the p-type Tl,HfSes is positive, while that
of the n-type is negative. The absolute S values decrease with
the increase of carrier concentration, which means that one
can obtain satisfactory S by tuning the carrier concentration.

The absolute S of the n-type at lower carrier concentration is
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larger than that of the p-type, however, the decrease scale is
also larger. They both are close to zero at the carrier con-
centration of 102! cm~3, which implies that Tl,HfSe; cannot
be appropriate for thermoelectric application because the very
small S will result in very small Z7T'.

——1Xx1017
——5X1017
——1X1018
——5X1018
——1X10%9
——5X1019
——1X1020
—— —1x1017
—— —5X1017
—1x10!8
—— —5X1018
—— —1X1019
—— —5X10%
—— —1X1020

200 400 600 800 1000 1200
T/K

Fig. 6. The Seebeck coefficient of Tl,HfSe; at different concentration
(cm™3) and temperature.

| TI,HfSes —+—n-type
100p-. 7 —-— p-type
e,
. 0 W
‘M. e
2 —100}
~ -
U] -
—2000 .~ T=300 K
—300 ' .
1 10

Carrier concentration/10?0 ¢cm=3

Fig. 7. The Seebeck coefficient of p-type and n-type TloHfSe; as a
function of carrier concentration at 300 K.

The calculated Seebeck coefficient (S), electrical conduc-
tivity (o /7), electronic thermal conductivity (k./T), power fac-
tor (S2c /1), and ZT, of Tl,HfSes as a function of chemi-
cal potential at carrier concentration 10'7 cm™3 are plotted in
Figs. 8-13.

The Seebeck coefficient is an important tool, which pro-
vides a sensitive test of the electronic structures of the mate-
rials in close proximity to the Fermi energy. Large values of
Seebeck coefficient are desired for efficient TE devices. The
calculated S of the titled compound as a function of u at differ-
ent temperatures is illustrated in Fig. 8. In the case of n-type
doping, the Fermi level gets up-shifted towards the conduc-
tion band, resulting in a positive i; while for p-type doping,
the Fermi level shifts down towards the valence band, result-
ing in a negative i. Assuming an energy independence of T
concludes a 7 independence of Seebeck coefficient. Conse-
quently, S(T) dependency should be considered with respect
to the carrier population, the intrinsic velocities, and density
of states near the band gap rather than 7(7') dependence.[®!]
In the vicinity of Fermi level, the Seebeck coefficient exhibits

two pronounced peaks for n-/p-types. The investigated mate-
rial gives the highest S at 300 K, which means that this ma-
terial has good thermoelectric performance. The maximum
value of Seebeck coefficient decreases with increase in tem-
perature. These values are 1104.23 uV/K and —985.32 uV/K
for p- and n-type Tl,HfSes, respectively. We should highlight
that the critical points of Seebeck coefficient for p- and n-type
TI,HfSe; are between 0.26 eV and 0.36 eV where the ma-
terial exhibits good thermoelectric properties, while beyond
these points, S drops rapidly to zero. To see the effect of the
GGA + HSEO06 functional on Seebeck coefficient calculations
at 300 K, we present Fig. 9. From this figure, it can be con-
cluded that HSEO6 functional on GGA increases the Seebeck
coefficient from —985.32 pV/K to —1980.9 pV/K and shifts
right at the higher Fermi level.

1200

TI,HfSes — 300 K

-2 ) 0
n/eV

Fig. 8. The calculated Seebeck coefficient as a function of chemical
potential at 300 K, 600 K, and 900 K for Tl,HfSe3.

2000F -
C— GGA
.- - - GGA+HSE06
1000} .
7
i
S 0
=
~
n
—1000 .
¢
T=300 K
—2000 . .

—10 =05 0 05 10 15 20
n/eV

Fig. 9. The calculated Seebeck coefficient as a function of chemical
potential at 300 K for Tl,HfSes.

Electrical conductivity o in units of 7 has been calculated
as a function of the chemical potential i at three temperatures
(300 K, 600 K, and 900 K) given in Fig. 10. It can be seen
from Fig. 10 that the electrical conductivity is minimum be-
tween 0-0.66 eV and increases as the chemical potential in-
creases. So desired values of electrical conductivity could be
obtained with the change in the chemical potential. The ¢ /7
value of Tl,HfSes; has two apparent peaks at 4 = —1.61 eV
(nearly 1.53 x 10%° (Q-m-s)~! for n-type) and u = 1.83 eV,

increases smoothly near the region pt = 0.27 eV.
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— 300 K
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---- 900 K
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Fig. 10. The calculated electrical conductivity (in units of relaxation
time 7) as a function of the chemical potential at 300 K, 600 K, and
900 K for TI,HfSe3.

While lattice vibrations are mostly subject to the heat con-
duction in semiconductors, free electrons are commonly the
key of thermal conductivity in metals.[?) The thermal conduc-
tivity involves two parts as k = k. + k;, where electrons and
holes in k. and phonons in kj are responsible for heat trans-
port. The total thermal conductivity in metals could be evenly
neglected, because its percentage is less than 2 causing from
the lattice part.[93*] We have obtained k. /7 (in units of ) as
a function of y at temperatures 300 K, 600 K, and 900 K using
energy independent relaxation time approximation like before
with the results given in Fig. 11. Minimum values of k. /7 are
obtained with u between 0.0 eV and 0.7 eV, having the max-
imum efficiency for TI;HfSe;. The maximum values of the
electronic thermal conductivity in units of 7 are obtained with
U between —1.5 eV and 2.0 eV, where the maximum values
of ke/7 for n-types are lower than those for p-types. Also,
it is concluded from Fig. 11 that the thermal conductivity in-
creases with temperature because free electrons gain more en-
ergy. Electronic thermal conductivity per second for positive
chemical potential is smaller than that for negative chemical

potential.
3

Tw — 300 K
= " ---600 K
v ---- 900 K
5

£ T1,HfSes
=

S

i

~

©

3

=

n/eV

Fig. 11. Electronic thermal conductivity k. as a function of chemical
potential at 300 K, 600 K, and 900 K for Tl,HfSes (the zero at low T
corresponds to the undoped systems).

It is important to increase the value of P as much possible
as without increasing the total thermal conductivity k.[%] The
P is given in Fig. 12 for temperatures 300 K, 600 K, and 900 K.
The power factor is the minimum near the Fermi level and be-

yond increases rapidly to form two pronounced peaks located

at u = —0.1eV and 0.72 eV, for p-/n-type doping of Tl HfSes.
The maximum value of power factor is 0.335 x 10'> W/m-s-K?>
for p-type doping at 900 K, thereafter it decreases with de-
creasing the temperature.

0.4

T T1,HfSes

3 0.3f

K

T

g 0.2f

=

= 0.1f"

E II‘\" i K

o f \\ ’.I \\\\_..
073 —1 2

Fig. 12. Power factor of TI;HfSe; at 300 K, 600 K, and 900 K as a
function of the chemical potential.

In the figure of merit calculations, we have only consid-
ered the electronic part of ZT because of not know anything
(theoretically) about the lattice thermal conductivity. So, we
define (ZT),, = S*>0T /ke1, which depends only on the elec-
tronic properties and ZT = (ZT),, m Since (1 4k /ker)
is greater than 1, ZT < (ZT),,.

The (ZT),, provides an upper limit to the figure of merit.
It is well known that there are two types of k|, as kg j at J =0
and as ke g at 2 = 0. Extremely small thermopower value in
metals or strongly degenerate semiconductors makes these two
electronic thermal conductivities nearly the same. > Whereas
their values are completely different in good thermoelectric
possessing large thermopower value. [ For simplicity in this
paper, we will calculate (ZT'),, considering only k; g, and plot
its graph as a function of the chemical potential for 300 K,
600 K, and 900 K in Fig. 13.

1.0 T1,HfSe;

—-0.8 0 0.8 1.6

Fig. 13. Figure of merit (27T ) for Tl,HfSes.

Seebeck coefficient S, electrical conductivity ¢ /T, power
factor P, and (ZT'),, as a function of different temperature with
a doping concentration of 107 cm ™3

14(d) for the studied compounds.

are given in Figs. 14(a)—
It is clear that the See-
beck coefficient is considerably varying with temperature. The
Seebeck coefficient of Tl,ZrTe; and Tl,HfTes begins from
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127 uV/K and decreases up to 300 K, and then rises expo-
nentially for both compounds, owing to the rise in tempera-
ture up to 600 K, and then at higher temperature shows the
slightly constant rate. The S values for Tl,ZrSes3, Tl,HfSes,
and T1,ZrS3 decrease up to 450 K, 700 K, and 750 K, respec-
tively, and then increase for higher temperatures. At 750 K, for
the T1,ZrS; compound, the maximum Seebeck coefficient is
473.6 uV/K, which endorses that this compound has potential
applications in thermoelectric devices. The variation of elec-
trical conductivity is shown in Fig. 14(b), per relaxation time
with temperature. It can be seen obviously from Fig. 14(b)
for Tl,ZrTe; and TI,HfTes that the electrical conductivity is
almost linear with temperature up to 400 K, while for higher

100} +T12HfSe3
| —o—T1,H{Te;
of = ThZrS, (a)
B —v—TIZZrSe;;
B —4—T12ZIT€3
~ —100F
|
w L
E —200r
w —300}
—400}
—500 L L L L L
0 200 400 600 800 1000
T/K
- (c)
n o4l —=— T1,HfSe;
T ' —— leHfTEg
M. —h— TIQZI‘S;;
In —v— T1yZrSes
.E —4— TIQZI‘TQ;;
Z oaf
S
\al
~
©
)
=
0

1 1 1 1 1 1
0 200 400 600 800 1000

T/K

temperatures increases linearly. At 1000 K, the highest ob-
tained electrical conductivity for the Tl,ZrTe; compound is
0.04858 x 10?° (Q-ms)~!. The variation of thermal conductiv-
ity is shown in Fig. 14(c), per relaxation time with temperature
and all compounds increase exponentially with temperature.
The (ZT ) for T1,ZrTes, Tl,HfTes, and Tl,ZrSes increase to
0.8 till 200 K and then decrease for higher temperatures, which
is enough for practical applications. According to Ref. [28] for
Tl,ZrTes, they have found ZT value of 0.18 at 420 K, which
is higher than our value (0.044 at 400 K). The highest value of
(ZT)e is obtained for Tl,HfSes; as 0.9 at 600 K as shown in
Fig. 14(d).

0.05}F

—s— T1,HfSes
—e— T1,HfTes
—a—T15ZrS3

-V TlQZI‘SG;;
—4—T1yZrTes

0.04F
0.03}

0.02f

(o/7)/10%° (Q-m-s)~!

0.01F

400 600 800 1000

T/K

0 1 1 1
0 200

1.0
(d)
0.8

(ZT)el

0.4
r +T12HfS€3
0.2}F —Q—leHfTeg
—a—T1,7ZrS3
I +T12ZI‘S€3
OF <« TIyZrTes

0 200 400 600 800
T/K

1000

Fig. 14. The calculated (a) Seebeck coefficient, (b) electrical conductivity (in units of relaxation time 7) (c) thermal conductivity (in units of
relaxation time 7), and (d) figure of merit (ZT) as a function of temperature for TbM Qs (M = Hf, Zr; Q = S, Se, Te).

In order determine the thermoelectric figure of merit of
Tl,HfSes, the thermal conductivity including the & of lattice
and the k. of electron needs to be calculated. The lattice ther-
mal conductivity k; equation derived by Slack!®”! is given as

M563

k] :Am

2

Here M is the average atomic weight, 83 is the average volume
of the mass equivalent one atom in the primitive unit cell, 7
is the absolute temperature, n is the number of atoms per unit
cell, y is the Gruneisen parameter,°3! and A is a coefficient de-
pending upon y. The Gruneisen parameter is calculated using

the following Poison ratio (V) equation:

3(14+v)
_ ) 3
Y 22-3v)’ 3)
5.720 x 0.849x 107
A(r)= 105140228 - )
Y 72

At room temperature, the computed value of ¥ using Eq. (3)
is 1.408. The k; for TI,HfSe; is evaluated as 2.975 W/mK at
300 K.

For TI,HfSes3, at T = 300 K, using relaxation time T =
1045, the electronic thermal conductivity and electrical con-
ductivity are obtained to be k. = 6.509 x 107> W/m-K and
0 = 36.55 (Q-m)~!. Finally, the figure of merit can be ob-
tained from the following equation as 2.1764 x 1073 at 300 K
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which is very low compared to materials with good thermo-

electric performance,

_ SPoT
ke + kl ’

zr ®)
Therefore, Tl,HfSes should not be a kind of materials with
good thermoelectric performance at 300 K.

4. Conclusion

We have studied the structural, mechanical, electronic,
and thermoelectrical properties of monoclinic Tlh,MQ3 (M =
Zr, Hf; O = S, Se, Te) compounds by performing first-
principles calculations. The calculated lattice parameters are
in agreement with the available experimental data. The other
original features of the present calculations involve the elastic,
mechanical, and thermoelectrical results, which have not been
considered previously. The analysis of the elastic constants in-
dicates the mechanical stability and that the compounds have
a brittle and soft nature with respect to the B/G (~ 1.5), Pois-
son’s ratio (~ 0.23), and H, (~ 3 GPa) criteria. All studied
systems are semiconductors in nature, which is also supported
by the computed band structures, having an indirect band gap
except for the Tl,ZrS; compound. The total and projected
densities of states of the studied compounds indicate that while
QO (S, Se, and Te) elements are dominant in the conduction
band, the leading elements of the valance band are M (Hf and
Zr). The electronic transport properties are calculated as a
function of the chemical potential and the highest value for
(ZT)q is tabulated for Tl;HfSes as 0.9 at 600 K. But using
experimental value of electrical conductivity for TI,HfSes3 at
300 K, ZT is obtained to be 2.176 x 10~3 which is very low.
We hope that the current theoretical prediction will stimulate
extensive experimental synthesis thermoelectric materials.
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