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Abstract

The electronic, phonon, and transport properties of ternary ZrSxSe2-x (x=0, 1, and 2) have been
calculated based on density functional theory (DFT), density functional perturbation theory (DFPT),
and Boltzmann transport theory. Two methods for engineering of the electronic and transport properties
of ternary ZrSxSe2x (x=0, 1, and 2) shall be treated: (i) doping which can be achieved by the help of the
rigid band approximation could be valid for the low doping levels of n- and p-type of ZrSxSezx (x=0.1,
2). (i1) The substitution of S by Se in ZrSxSe2x (x=0.1, 2). Here, both methods have been applied to
engineer the bandgap and power factor. This enables us to look at the optimal power factor and figure
of merit for the n- and p-type doped ternary ZrSxSezx (x=0, 1, and 2). It has been found that the p-
doped ZrSe: has the highest power factor and the lowest bandgap between three compounds while the
highest Seebeck coefficient is observed in ZrSz. But the highest figure of merit (ZT) is found in ZrSeS
which has the lowest lattice thermal conductivity such that at 300 K it is about 0.33 and 0.32 for the n-
and p-doped, respectively. The minimum total thermal conductivity has also been obtained in ZrSeS
which is 0.61 and 0.18 along the a- and c-directions, respectively at 1000 K. This value of the lattice
thermal conductivity along the c-axis is even lower than the reported value for the well-known low

lattice thermal conductivity of SnSe [L.D. Zhao, et al. Nature, 508, 373 (2014)].
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1. Introduction

Thermoelectric (TE) materials which are a topic of renewed interest could play a basic role for
harvesting enormous amounts of waste heat [1,2]. The efficiency of TE materials is determined by the
dimensionless figure of merit ZT which is defined as ZT=(S?c/x)T. Where T is the temperature and S,
o, and k are the Seebeck coefficient, the electrical conductivity and the thermal conductivity provided
by the electrons and phonons (i.e. k=ket+k1), respectively. These quantities are strongly interrelated
which makes a real challenge for enhancing of the figure of merit. For increasing of the TE
performance one could engineer the transport properties which can be achieved by doping in the crystal
structure. This can be done by substitution of an element in the compound by another element. In
addition within the rigid band approximation [3] the Fermi level position is defined in the fundamental
gap of the n-and-p doped compounds.

It should be noted that the rigid band approximation which is valid for the low doping level has been

widely used [4,5]. Then, using the Boltzmann transport equation [6,7] it could be possible to engineer
the transport properties in order to obtain the maximum TE performance in a compound. For this
purpose, the power factor in the n-and p-doped regime can calculated. From that the maximum power
factor for the n- and p- doping can be obtained. This enables us to look at the temperature dependence
of transport properties at the optimal n- and p-doping level of each compound.

Zirconium dichalcogenide compounds have attracted much interest due to their suitability for a number
of applications. For instance, in the ternary ZrSxSe2x (x=0, 1, 2) compounds it has been obtained that
the band gap can be engineered [8—13] which could be interesting for the third-generation photovoltaic
applications as discussed in [1]. Moreover, the spin-orbit (SO) splitting of the valence band maximum
(VBM) has been observed experimentally [9,10,13] and theoretically [11,12]. This finding could also
be interesting because the SO splitting produces multiple separated valley pockets of the Fermi surface

therewith influencing the transport properties. These observations give a strong motivation to
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investigate the transport properties and the TE performance of ZrSxSe2-x (x=0, 1, 2) in the optimal p-
and n-doping regime.

In this paper, these three methods (i.e. the rigid band approximation, the substitution of S by Se in
ZrSxSexx (x=0.1, 2), and the maximum power factor at the n- and p- doping of each compounds) are
used in order to engineer the transport properties in the ternary ZrSxSe2x (x=0, 1, 2) compounds. For
this purpose, by presenting the band structure and phonon dispersion, the transport properties of
ZrSxSexx (x=0, 1, 2) (i.e. the Seebeck S, the electron and the lattice thermal conductivity (ke, k1), the
powerfactor, and the figure of merit ZT) are investigated. Moreover, by looking at the n- and p-type
doped regime the temperature dependence of transport properties and the TE performance at the

optimal n- and p-type doped of ZrSxSe2x are discussed.

2. Computational methods

The crystal structure of ZrSxSez2« is from the family of the transition metal dichalcogenides (TMDC)
with formula MX> (M= transition metal, X=chalcogenide). It consists of a sheet of metal atom
sandwiched between two sheets of chalcogens which forming a trilayer of X-M-X with a thickness of
about 6~7 A. The strong covalent bonds inside the layers exist while relatively weak van der Waals
forces hold the sheets together. ZrS2 and ZrSez have the P-3m1 (Nr. 164) space group while ZrSeS has
the P3m1 space group [14]. The atomic positions in the structures are ZrSez: Zr at (0 0 0), Se at (0.66
0.33 0.75) and (0.33 0.66 0.25); ZrSeS: Zr at (0 0 0), Se at (0.66 0.33 0.75), and S at (0.33 0.66 0.25);

ZrS2: Zr at (0 0 0), S at (0.66 0.33 0.75) and (0.33 0.66 0.25).

The band structure and density of states (DOS) have been calculated by the Wien2k code [15] using the
theoretical lattice constants (ZrSe2: a=3.789 A, c=6.165 A; ZrSeS; a=3.713 A, ¢=6.010 A; ZrS2:
a=3.654 A, ¢=5.795 A) with 600 k-points mesh in the Brillouin zone (BZ). This is corresponding to the
k-spacing of 0.10 A~! and 0.11 A~ along the a and c-axis, respectively. The theoretical lattice
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constants have been obtained by relaxation of the experimental asymmetric cells in the PBEsol
functional [16]. Moreover, in the calculations the Gmax=14 (a.u.)! (the largest vector in the charge
density Fourier expansion), and RMTKmax=8.5 where RmtKmax presents the smallest muftin-tin radius
Rwmt times the largest k-vector kmax (the plane-wave expansion of the wave function) have been

considered.

Using QUANTUM-ESPRESSO package [17] the phonon spectra (with 4x4x4 g-points), anharmonic
scattering coefficients (with 3x3x2 g-points) [18-20], and the lattice thermal conductivity (by solving
exactly the linearized Boltzmann transport equation with 12x12x12 k-points and smearing of 25 cm™)
[6,7] have been calculated. Moreover, the ground-state calculations of phonon spectra have been
performed with the norm-conserving pseudopotential using well-converged k-points sampling (i.e.
12x12x8) and 130 Ry (kinetic energy cutoff for the wave functions) with PBE functional [21]. The
convergence test for k-points and smearing have been carefully performed. Boltzmann transport theory
as implemented in the BoltzTraP code [22] has been used for the calculations of the transport properties
with 80000 k-points in the BZ using the experimental band gaps [9] while their ground state densities

have been calculated by the MBJ potential [23] with the SO interaction.

3. Results and discussion

FIG. la-c shows the calculated band structure around the high symmetrical points of the BZ using the
PBEO hybrid functional [24] for x=0, 1, and 2. Here, the B3LYP [25,26] and PBEO hybrid functionals
are applied in order to compare the size of band gap with the MBJ functional. However, the former two
methods are more expensive than the MBJ functional and it has been shown that the MBJ functional
leads to good agreement with the experimental data [10—13,27,28] with respect to the generalized
gradient approximations (GGA) functionals. All applied functionals in the three compounds reveal that

the valance band maximum (VBM) and the conduction band minimum (CBM) are located at the I'- and

4



L-points of the BZ, respectively while the CBM at the M-point is 191 meV, 195 meV, and 182 meV
higher in energy for ZrSez, ZrSeS, and ZrS», respectively. It means that these three compounds are
indirect gap semiconductor. Using the PBEO functional the indirect energy gaps of 1.066 eV, 1.323 eV,
and 1.594 eV are obtained respectively, for ZrSez, ZrSeS and ZrS: which are close to the ARPES data
[9,13] (see table 1). The corresponding values by the B3LYP (MBJ-MBJSO) functional are 0.956 eV
(0.927 eV-0.642 eV), 1.201 eV (1.297 eV-0.960 eV), and 1.452 eV (1.422 eV-1.255 eV), respectively.
However, the corresponding values by optical absorption [8] (ARPES [9]) measurements are 1.18 eV
(1.10eV), 1.4 eV (-), and 1.70 eV (2.02 eV), respectively. These experimental and theoretical data
reveal that the size of the band gaps of the ternary ZrSxSe2-x semiconductor series varies almost linearly
with the composition parameter x. The impact of the engineered bandgap on the transport properties is
discussed later. Furthermore, the VBM at the A-point shows a linear shift to higher binding energy
which is located at -0.242 eV (-0.242 eV), -0.260 eV (-0.257 eV), and -0.392 eV (-0.389 eV),
respectively for x=0, 1, and 2, with the PBEO (B3LYP) hybrid functional. Additionally, the VB width
calculated with the PBEO (B3LYP) are 5.225 eV (5.038 eV), 5.164 eV (4.981 eV), and 5.139 eV (4.965
eV) for x=0, 1, and 2, respectively while for ZrSez and ZrS: the reported ARPES data are (5.12 £ 0.1)
eV and (4.5 £0.1) eV, respectively [10].

In table 1, our data and the experimental data (optical absorption measurements [2] and ARPES [3]) for
the indirect band gap (at the I'-L (Err) and I'-M (Erm)) are presented. Moreover, the direct band gap at
the four points of the BZ (i.e. the I'-, A-, L-, and M) with the B3LYP and PBEO hybrid functionals as

well as the MBJ potential (with SO and WSO coupling) are shown in table 2.

The reported optical absorption measurements of the direct band gap for ZrSez, ZrSeS and ZrS> are
1.61 eV, 1.80 eV, and 2.10 eV, respectively [8]. These are comparable to our calculations with the

B3LYP (PBE0-MBJ) functional which are 1.655 eV (1.824 eV-1.349), 1.944 eV (2.126eV-1.640 eV),



and 2.161 eV (2.353 eV-1.850 eV), respectively (see table 2). It should be noted that for the TE
applications as discussed in [29] the optimal band gap should be 6kBT (~151 meV) for the indirect gap
semiconductors which has been calculated by assuming the parabolic band approximation while the

value of 10ksT (~252 meV) has been proposed by Mahan [30].

The DOS for x=0, 1, and 2 are presented in FIG. 1d-f in which the significant contribution of the Se/S
and Zr to the VB- and CB- states can be observed. An analysis of the partial DOS (not shown) reveals
that there is a strong hybridization in the three compounds between p states of S/Se and d states of Zr in
which the pxt+py contribution in the S/Se is higher than that of p. and also the contribution of dxz+dy- is
higher than that of the other Zr-d states. This strong in-plane hybridization makes strong covalent
bonds inside the layers and weak van der Waals forces between the sheets.

The dispersion of the top three VBs at the I'-point is shown in detail as calculated with PBEO, B3LYP,
MBJ and MBJSO in FIG. 1g-i. It can be observed that: (i) since the VBs are mainly due to the p-states,
the splitting of bands can be expected when the SO coupling is considered in the calculations. Due to
the SO splitting one band shifts to the lower (higher) binding energy by about 32 meV (373 meV), 40
meV (197 meV), and 31 meV (55 meV) for x=0, 1, and 2, respectively. (ii) At the I'-point the energy
gap between the first and second VBM is increased when decreasing the atomic number of

chalcogenide from ZrSe: to ZrSa.

The phonon dispersions for x=0, 1, 2 around the high symmetrical points of the BZ are depicted in FIG.
1j-1. Since in the three compounds there are three atoms in the unit cell, then three acoustic branches
and six optical branches are observed. The maximum frequencies of the acoustic branches are increased
by decreasing the atomic number of the chalcogenide from ZrSe: to ZrSz. The three compounds show

almost similar dispersion curves for the acoustic branches around the high symmetrical points of the



BZ (see FIG. 1j-1). Here, we cannot compare our calculated phonon dispersions with experimental data
due to the unavailable experimental phonon dispersions for the ternary ZrSxSe2x (x=0, 1, 2). But one
can compare our data with the experimental Raman spectra which consist of an in-plane Eg mode 145.5
cm™ (250 cm™) and an out-of-plane vibrations A1z mode 194.5 cm™ (334.1 cm™) for ZrSe> (ZrS2) [31]
(see table 3). The corresponding values in our data are 149.36 cm™ (253.61 cm™) and 193.29 cm™!
(338.50 cm™), respectively which show a good agreement [31]. Furthermore, in ZrSeS we have

obtained the values of 199.79 and 239.43 for Eg and A1g, respectively.

One important parameter for the transport properties is the relaxation time. In the BoltzTraP code [22]
the transport properties based on constant relaxation time approximation is calculated. Then both the
electronic thermal conductivity and the electrical conductivity divided by the relaxation time are
calculated (i.e xe/t and o/t). Experimental data have been used to determine the relaxation time as
discussed in the following: The Seebeck coefficient S is independent of T and at room temperature its
experimental value is -400 uV/K [32]. This value corresponds to the chemical potential of p-Er= 0.035
eV in our data of the Seebeck coefficient S versus the chemical potential at room temperature (not
shown). Then, at this chemical potential (i.e. u-Er=0.035 eV) the electrical conductivity divided by t
(i.e o/1) from 100 K to 300 K is obtained from our data. Finally, it can be compared to the experimental
resistivity [32] in order to extract the relaxation time. The relaxation time is a function of charge
carriers and temperature which can be defined by T = ¢/T%n” (a, b and c are three coefficients while T
and n are the temperature and charge carrier densities). The three coefficients a, b and ¢ can be obtained
from three equations by considering three different temperatures and their related charge carrier
densities. This leads to the values of 3, 0.69, and 1.3x10” sKem™! for a, b, and c, respectively. Using the

relaxation time T = 1.3 X 107 /T3n%% the electrical conductivity ¢ and the electron thermal



conductivity ke for a given temperature and charge carrier density can be obtained. This treatment is

different from [33].

FIG. 2a and b depict the Seebeck coefficient S and the power factor S°c, as a function of the chemical
potential at 400 K (the positive and negative values are related to the n- and-p type doped of ZrSxSez-x,
respectively). In order to discuss the transport properties of the n and p-type doped semiconductors the
rigid band approximation [3] has been widely used [4,5] in which it is assumed that for the low level
doping the band structure remains unchanged. FIG. 2a and b clearly show that the Seebeck coefficient
S and power factor S? in the n and p-type doped compounds can be engineered. For example, the
maximum of the Seebeck coefficient in the both n and p-type ZrSxSe2« is linearly increasing from x=0
to x=2 while opposite behavior is seen for the power factor in FIG. 2b. The maximum of the Seebeck
coefficient for the n (p)-doped ZrSz is -2452.8 (2421.8) pV/K while for the n (p)-doped ZrSeS and
ZrSe: the values of -2079.1 (2041) nV/K and -1374.5 (1332.4) nV/K, respectively have been obtained.
The maximum of the power factor is observed for ZrSe: in the p-type with 1.28x10~ W/mK? at p-Er =-
0.031 eV (see FIG. 2b). This maximum (see FIG.2b) defines the optimum doping level to maximize the
thermoelectric performance. The temperature dependence of the electrical conductivity o, the Seebeck
coefficient S, and the electronic thermal conductivity e of ZrSez, ZrSeS, and ZrS2 for the both n and p-
doped cases at this optimum doping are depicted in FIG. 3. The solid and broken lines in FIG. 3 show
the quantities along the a and c-crystallographic directions, respectively. In the optimal p-doped
member of the three compounds the electrical conductivity o along the a-direction is less than along the
c-direction while opposite behavior is observed in the optimal n-doped of ZrSxSe2x. This is due to the
different dispersions of the CB relevant for the n-type conductivity respectively, the dispersion of the

VBs relevant for p-type conductivity.



By that it can be engineered to decrease from x=0 to x=2 for the both p and n-doped ZrSxSe2x. In all
compounds (for both dopings) the absolute value of the Seebeck coefficient S decreases when
increasing the temperature. The maximum of the Seebeck coefficient is observed in ZrSz which is
787.57 nV/K at 250 K. For all optimal p-doped compounds the electron thermal conductivity ke along
the c-crystallographic direction is more than along the a-direction while opposite behavior is seen for

the optimum n-doping.

The temperature dependence of the power factor S?c at the optimum doping is depicted in FIG. 4a and
b. The maximum of the power factor at 250 K for the p and n-doped of ZrSe: are 3.62x10° W/mK? and
3.44x103 W/mK?, respectively. The lattice thermal conductivity of three compounds along the a and c-
crystallographic directions are shown in FIG. 4c and d, respectively in which it is smaller along the c-
direction than the a-direction. At 300 K the maximum lattice thermal conductivity k1 of 3.05 W/Km is
found in ZrS:. In the three compounds at 300 K the minimum lattice thermal conductivity ki of 1.80
W/Km (0.26 W/Km) along the a (c)-direction is obtained for ZrSeS (with an average value of 1.28
W/Km) while it decreases to the 0.42 W/Km (0.06) W/Km at 1300 K. Here, in order to find the total
thermal conductivity, it is assumed that the lattice thermal conductivity k1 does not change at low
doping level. Thus, for the optimal p-doped ZrSeS the total thermal conductivity of 1.84 W/Km (1.98
W/Km and 1.58 W/Km along the a and c-directions, respectively) at 300 K is found which decreases to
0.46 W/Km (0.61 W/Km and 0.18 W/Km along the a and c-directions, respectively) at 1000 K. It is
remarkable that at 1000 K the lattice thermal conductivities along the a and c-axes in ZrSeS show the
small values of 0.54 W/Km and 0.08 W/Km, respectively. The value along the c-axis is lower than the
well-known low lattice thermal conductivity for SnSe which is 0.23 + 0.03 W/Km (a-axis) at 973 K
[34]. For comparison it should be noted that in SnSe the total thermal conductivities of about 0.45

W/Km, 0.69 W/Km, 0.65 W/Km for the a, ¢, and b-axes respectively have been reported at 300 K [34].
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Previously at 300 K the lattice thermal conductivity of about 18 W/Km and 9.8 W/Km has been
reported for ZrS> and ZrSe:z [33] deviating from our corresponding values of 2.21 W/Km and 1.81
W/Km, respectively (when using a smearing of 25 cm™! in the calculations). By using the non-
converged smearing of 20 cm™! a value of 8.93 W/Km for the lattice thermal conductivity of ZrSe2 can
be obtained which is close to the one reported value in Ref. [33]. But the convergence test of smearing
reveals that the smearing of 20 cm™ is insufficient in order to calculate the lattice thermal conductivity.
The lattice thermal conductivity in Ref. [33] has been calculated by ShengBTE code [35] while the
variational approaches as implemented in the QUANTUM-ESPRESSO package [6,7,17] using a robust
conjugate gradient minimization has been used in our calculations. Moreover, in the QUANTUM-
ESPRESSO package the anharmonic scattering coefficients among three phonons with arbitrary wave
vectors are calculated based on the 2n+1 theorem within DFPT while in the ShengBTE code a real-
space supercell approach has been implemented in order to calculate anharmonic interatomic force
constants [35].

Since to our knowledge no experimental values for ZrSxSez-x are reported one may check the accuracy
of our method in other compounds. For example in the case of graphene [7] it has been shown that the
agreement between experiment and calculations based on conjugate gradient minimization was much
better than with single-mode approximation.

The figure of merit for the optimal p and-n type doped is shown in FIG. 4e and f, respectively. In the
three compounds the figure of merit decreases when increasing the temperature such that its maximum
is observed at 300 K in the n-doped ZrSeS compound amounting to about 0.33. Furthermore, at 300 K
values of 0.31 (0.28) and 0.21 (0.22), respectively for the p (n)-doped ZrSe2 and ZrS2 have been
obtained. However, in Ref. [33] the maximum figure of merit of 0.9 at about 1000 K for the n-type

doped ZrSe2 and 0.5 at 1400 K for the n-type doped ZrS:2 have been reported. It should be noted that in
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the relaxation time equation these authors have used the exponent of 1 and 1/3 for T and n, respectively

which is different from our determination presented above.

Most recently, Lv et al. [36] reported a low lattice thermal conductivity of 3.29 W/Km and an
optimized ZT of 1.6 at 300 K in monolayer ZrSz. Also, a low optimized ZT of about 0.1 at 1200 K in
monolayer MoSe2 [37] was found. For a monolayer of MoS2, a value of about 0.11 at 500 K was
obtained by Jin et al. [38]. Monolayer WSe: exhibited a value of ZT about 0.7 at high temperature [37].
In our calculation the optimum ZT value is interestingly obtained for the mixed crystal which reveals
the lowest lattice thermal conductivity. Lower lattice thermal conductivity is playing a major role in
order to increase the ZT as has also been found in this study, while the power factor of ZrSe2 is higher
than that of ZrSeS and ZrS: but the lower lattice thermal conductivity of ZrSeS results in the highest

ZT.

4. Conclusion

In summary, the band structure, DOS, phonon dispersion, and transport properties of the ternary
ZrSxSe2x (x=0, 1, and 2) have been calculated. Using two methods for engineering the transport
properties - doping and the substitution of S by Se in ZrSxSe2x (x=0.1, 2) - enables us to look at the
optimal transport properties of each compound. As a result the highest figure of merit ZT is observed
for ZrSeS, while ZrSe: reveals the highest power factor and lowest bandgap. We report on the
minimum total (lattice) thermal conductivity in ZrSeS of 0.61 W/Km (0.54 W/Km) and 0.18 W/Km
(0.08 W/Km) along the a and c-directions, respectively at 1000 K. This value of the lattice thermal

conductivity along the c-axis is lower than the reported value for SnSe [2].
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Table 1. Comparison of the indirect band gap of ZrSxSe2x (x=0, 1, 2) structures between the Err and
Erm by B3LYP, PBEO, and MBJ (with SO and WSO interaction). The Erm band gaps are presented in

parenthesis. The energy units are electron volt.

Functional

ZrSez

ZrSeS

ZrS2

B3LYP

PBEO

MBIJ

MBJSO
Experimental #

Experimental ®

0.965 (1.147)
1.066 (1.258)
0.927 (0.751)
0.642 (0.818)
1.18

1.10

1.201 (1.396)
1.323 (1.518)
1.297 (1.008)
0.960 (1.136)

1.4

1.452 (1.634)
1.594 (1.778)
1.422 (1.026)
1.255 (1.415)
1.70

2.02

 Optical absorption measurements [ 8]

® ARPES [9]
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Table 2. Comparison of the direct band gap of ZrSxSe2x (x=0, 1, 2) at the I', A, L, and M-points by

B3LYP, PBEO, and MBJ (with SO and WSO interaction). The energy units are electron volt.

Functional ZrSe; Z1rSeS 1S,

Er Ea EL Em Er Ea EL Em Er Ea EL Em

B3LYP 1.655 1.869 2.007 2.637| 1.944 2.163 2.155 2.823 |2.161 2.510 2344 3.124

PBEO 1.824 2.035 2.178 2.811 | 2.126 2343 2.333 3.005| 2.353 2.698 2.533 3.323

MBJ 1.349 1.580 1.699 2.287] 1.640 1.882 1.862 2481 | 1.850 2.231 2.063 2.790

MBIJSO 1.236 1.440 1.614 1.450 | 1.584 1.793 1.822 2.471 | 1.841 2.193 2.056 2.788

Exp.? 1.61 1.80 2.10

? Optical absorption measurements for direct band gap [8]
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Table 3. Frequencies of Raman active modes for ZrSxSe2x (x=0, 1, 2). The Eg and A1y are the in-plane

and out-of-plane mode vibrations.

Eg Alg
system Cal. Exp. Cal. Exp.
ZrSez 149.36 (146.46 %) 145.5° 193.29 (202.57 %) 194.50 ®
ZrSeS 199.79 - 239.43 -
ZrS2 253.61 (255.46 %) 250° (251+2)°¢ 338.50 (334.78 %) 334.1°(333+2)°¢
aRef. [33]
b Ref. [31]
“Ref. [39]
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FIG. 1: Band structures of the ternary ZrSxSe2-x calculated using the PBEO hybrid functional are

presented in (a), (b), and (c), respectively for x=0, 1, and 2. Total DOS and partial DOS of ZrSxSezx are
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shown in (d)-(f). The inset in (d) and (f) show the Brillouin zone, and crystal structure, respectively.
Zoom into the dispersion of bands at the I'-point close to the top third of the VBM of ZrSe», ZrSeS and
ZrS; are depicted in (g)-(i), respectively. Phonon spectra of the ternary ZrSxSe2x (x=0, 1, 2) around

high symmetrical points of the BZ are shown in (j)-(1), respectively.
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FIG. 2: The Seebeck coefficient S and power factor S*c as a function of the chemical potential at 400
K are shown in a and b, respectively. The positive and negative values correspond to the n and-p type

doped regime.
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FIG. 3: a (b), c (d), and e (f) respectively, the electrical conductivity o, the Seebeck coefficient S, and
the electronic thermal conductivity ke at the optimal p (n)-doped as a function of temperature for ZrSez,
ZrSeS, and ZrS2. The solid and dashed lines show the values along the a and c-crystallographic

directions, respectively.
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