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The thermoelectric (TE) properties of the three pyrite-type IIB-VIA, dichalcogenides (ZnS,, CdS,, and
CdSe,) are systematically investigated and compared with those of the prototype ZnSe, to optimize their TE
properties. Using the phonon Boltzmann transport equation, we find that they all have ultralow lattice thermal
conductivities. By analyzing their vibrational properties, this is attributed to soft phonon modes derived from
the loosely bound rattlinglike metal atoms and to strong anharmonicity caused by the vibrations of all atoms
perpendicular to the strongly bound nonmetallic dimers. Additionally, by correlating those properties along the
series, we elucidate several chemical trends. We find that the heavier atom masses, larger atomic displacement
parameters, and longer bond lengths between metal and nonmetal atoms can be beneficial to the looser rattling
behaviors of the metal atoms and therefore lead to the softer phonon modes and that the stronger nonmetallic
dimer bonds can boost the anharmonicities, both leading to the lower thermal conductivities. Furthermore, we
find that all three compounds have complex energy isosurfaces at valence and conduction band edges that
simultaneously allow for large density-of-states effective masses and small conductivity effective masses for
both p- and n-type carriers. Consequently, the calculated TE figures of merit (Z7T') can reach large values for
both p- and n-type doping. In this paper, we illustrate the effects of the rattlinglike metal atoms and the localized
nonmetallic dimers on the thermal transport properties and the importance of different carrier effective masses
to electrical transport properties in these pyrite-type dichalcogenides, which can be used to predict and optimize
the TE properties of other TE compounds in the future.
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I. INTRODUCTION

The thermoelectric (TE) conversion efficiency of a de-
vice depends on the dimensionless figure of merit ZT =
Son//c, where S is the Seebeck coefficient, o is the elec-
trical conductivity, T is the absolute temperature, and « is
the thermal conductivity including charge carrier (k) and
lattice (k;) contributions. Promising TE materials must have
high thermopower factors (PF = S?0) and low thermal con-
ductivities. In semiconductors, the thermal conductivity is
mainly determined by phonon properties that control the
lattice contribution. However, since the state-of-the-art TE
materials still have relatively low ZT values or contain expen-
sive elements, the commercial applications of TE devices are
limited. Two major strategies are currently used to increase
the ZT values of TE materials: (i) using band structure en-
gineering to improve the PF (e.g., enhancing the Seebeck
coefficient or raising the electrical conductivity by generat-
ing multiple-band resonant states, or shifting Fermi energy
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to proper energy position through alloying or doping in
PbTe [1], Mg,Si;_,Sn, [2], SbyTes [3], etc.) [4-8] and/or
(ii) using defect or nanostructure engineering to decrease k;
(e.g., enhancing anharmonicity or increasing phonon scat-
terings by decreasing the dimensionality in some systems,
such as two-dimensional (2D) TISe [9], SnS, nanosheets
[10], carbon-nitride nanosheets [11], phosphorene [12], B-
/N-graphdiyne [13,14], and the group-13 metal chalcogenides
monolayers [15]) [16-19]. Additionally, owing to the de-
velopment of computational methodologies, high-throughput
methods have been used to seek high-performance TE mate-
rials [20-23].

Recently, the pyrite-type compounds FeX; (X = S, Se, and
Te) [24-26], PtSb, [27], and MnTe, [28] have shown promis-
ing TE performance based on either first-principles studies or
experimental measurements. Moreover, through our previous
high-throughput calculations [29], we predicted that a distinct
pyrite-type IIB-VIA, dichalcogenide (ZnSe,) has an excel-
lent TE performance due to the complex electronic energy
isosurfaces and the existence of the rattlinglike Zn atoms
around the localized Se-Se dimers that improve the electronic
and lattice contributions, respectively [30]. However, the TE
properties of many other pyrite-type dichalcogenides with the
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FIG. 1. (a) Crystal structures and bonds between atoms in the
pyrite-type IIB-VIA, dichalcogenides [Pa3-MX,, M = transition
metal (Zn and Cd), X = S and Se]. The Wyckoff positions are 4a
(0,0,0) for M and 8¢ (u,u,u) for X, where u is the Wyckoff pyrite
parameter. In this structure, each M atom has six X neighbors,
whereas each X atom binds with three M and one X atoms, and the
neighboring X atoms form the X-X dimers. (b) The corresponding
first Brillouin zone and its high-symmetry points.

same prototype remain to be investigated. Therefore, we set
out to explore the TE performances of three other pyrite-type
IIB-VIA, dichalcogenides: ZnS,, CdS,, and CdSe,, which
were successfully synthesized at high pressures (6.5-8.9 GPa)
[31], and to compare their properties with ZnSe; to identify
the chemical trends.

The crystal structure of the pyrite-type dichalcogenides
(MX,, M = transition metal, X = § and Se) is in the pro-
totype rock-salt, where the metal atom and the center of
nonmetallic dimer occupy the Na and Cl sites, respectively,
and belongs to the Pa3 space group, as shown in Fig. 1(a).
Thus, not only the structure but also the transport coefficients
of these compounds are isotropic. In this paper, we investigate
the thermal and electrical transport properties of three pyrite-
type IIB-VIA, dichalcogenides (ZnS,, CdS,, and CdSe,) and
evaluate their TE performances. By calculating and analyz-
ing their phonon properties, we find that like the previously
studied ZnSe, [30], all three pyrite-type dichalcogenides have
easily identifiable localized high-frequency optical phonons
contributed by their strongly covalently bound nonmetal-
lic dimers and soft phonon modes contributed by their
rattling metal atoms. Furthermore, they all have strong anhar-
monicities and low thermal conductivities (< 2Wm™! K~!
300 K). Additionally, we find some chemical trends in that (i)
heavier atom masses, larger atomic displacement parameters
(ADPs), and longer bond lengths between metal and non-
metal atoms can result in the softer phonon frequencies; (ii)
the vibrations of all atoms perpendicular to the nonmetallic
dimers can contribute to their strong anharmonicities, and the
stronger the nonmetallic dimer bonding, the more obvious the
anharmonicity. Furthermore, we find that all three compounds
show promising electrical transport properties for both p- and
n-type doping, owing to their large density-of-states (DOS) ef-
fective masses and small conductivity effective masses, which
can be explained in terms of the complex nonspherical isoen-
ergy Fermi surfaces in both the valence and conduction bands.
Finally, the low lattice thermal conductivity and promising
electrical transport properties contribute to their excellent TE
performances. Our work can help and guide experimental and
theoretical researchers to find high-performance TE materials.

II. COMPUTATIONAL METHODOLOGY

The electronic properties are calculated by means of den-
sity functional theory (DFT) as implemented in the Vienna
Ab initio Simulation Package (VASP) [32] with the projector
augmented-wave method [33]. Their electronic exchange and
correlation energies are accounted for through the general-
ized gradient approximation of Perdew, Burke, and Ernzerhof
(PBE) [34]. The energy cutoffs for the plane-wave expansion
are 420 eV. To calculate the phonon vibrational properties, the
crystal structures are relaxed with convergence parameters: a
8 x 8 x 8 k-point mesh, the convergence of the total ener-
gies to < 1078 eV, and the force components of each atom
< 107*eV/A. In addition, 2 x 2 x 2 supercells are used for
the second- and third-order interatomic force constant calcula-
tions by resolving the irreducible set of atomic displacements,
as implemented in the PHONOPY software package [35] and
the THIRDORDER.PY script [36]. The Born effective charges
and dielectric tensors are also extracted from the DFT
calculations.

The lattice thermal conductivities (x;) as functions of
temperature (7') are calculated using the linearized phonon
Boltzmann transport equation (BTE):

Zhwsq oo @)V @)T @), (1)

as implemented in the ALMABTE code [37]. Here, o« and
(«, B = x, Y, z) are the tensor indices, s is the index of phonon
branches, q is the wave vector, 7 is the reduced Planck con-
stant,  is the phonon frequency, fo ,; is the Bose-Einstein
distribution function, v”(w) is the phonon velocity, and 77 ()
is the phonon relaxation time. Interatomic interactions up to
the fifth coordination shell are considered, and a7 x 7 x 7
["-centered grid is used to solve the phonon BTE.

The electrical transport properties (o /7, S, and k,) as
functions of carrier concentration and temperature are calcu-
lated using the BOLTZTRAP2 code [38]. The carrier relaxation
time (t) is evaluated including the contributions from the
acoustic phonon scatterings (‘L’a) and the polar optical phonon
scatterings (t,), as % =1 4+ 1 Here, 7, and 7, can be cal-
culated using the deformation” potential theory proposed by
Bardeen and Shockley [39] and the formula of Callen [40,41],
respectively:
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where kg is the Boltzmann constant, p is the mass density,
v is the longitudinal acoustic velocity, w is the chemical
potential, 7 is the reduced chemical potential, m; is the DOS
effective mass, E; is the acoustic deformation potential, and
& and ey are the static and high-frequency permittivity, re-
spectively. Among them vl can be calculated from the phonon
properties as v; = %', m}; can be obtained from the electronic
band structures, and E; can be evaluated by calculating the
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FIG. 2. Calculated phonon dispersions of ZnS,, CdS,, and CdSe; (from left to right), respectively. The red, green, and blue lines highlight
two transverse (TA, TA') and one longitudinal (LA) acoustic phonon modes, respectively. The black lines represent optical (O) phonon modes.

energy change of the band extrema under volume dilation as
E; = AE /(%) (where V) is the equilibrium lattice volume).
However, since the reference of an energy level in an infinite
periodic crystal is ill defined, the absolute deformation poten-
tial (E;) of a bulk semiconductor is difficult to be evaluated.
To overcome this problem, we used an approach proposed by
Wei and Zunger [42], which uses the energy level of the deep
core state as a reference to obtain the absolute band energy
changes. This approach has been successfully implemented
to theoretically evaluate the carrier relaxation times of many
semiconductors (such as SnSe, SnS, CuSbS,, and CuBiS,)
[43-46].

III. RESULTS AND DISCUSSION
A. Lattice parameters and phonon properties

For the three pyrite-type IIB-VIA, dichalcogenides: ZnS,,
CdS,, and CdSe,, the calculated lattice constants (a) are
5.997, 6.399, and 6.740 A, which are in reasonable agree-
ment with the experimental measurements (5.954, 6.303, and
6.615 A) [31], and the calculated pyrite parameters (i) are
0.400, 0.406, and 0.397, consistent with the previous theoret-
ical values [47]. To evaluate their structural stabilities under
ambient pressure, we calculate their phonon dispersions along
different high-symmetry lines [refer to the Brillouin zone in
Fig. 1(b)], as shown in Fig. 2. Three acoustic phonon branches
[two transverse (TA, TA') and one longitudinal (LA)] are high-
lighted. From Fig. 2, we can see that all phonon frequencies
of the three dichalcogenides are real (depicted as positive),
which indicates that all of them are mechanically stable under
ambient pressure.

In most semiconductors, the thermal conductivities are
mainly contributed by phonons. By comparing the shapes
and values of the calculated phonon dispersions in the
three dichalcogenides (Fig. 2), we find that they all have
qualitatively similar phonon dispersion curves along differ-
ent high-symmetry lines and that their phonon frequencies
(w) generally follow w(ZnS;) > w(CdS;) > w(CdSe;), with
maximum values for acoustic phonons of 74.1, 53.9, and
42.3cm™!, respectively. Consequently, their speeds of sound
also follow the order v(ZnS,) > v(CdS,) > v(CdSe,). These
results are consistent with the inverse proportionality between
the speed of sound and the square root of the density [48],
which is dominated by the atomic mass in this case: Cd

is heavier than Zn, and Se is heavier than S. Furthermore,
we find that they all have isolated, localized high-frequency
phonons and obvious bandgaps in the optical phonon regions.
The ranges of those bandgaps are from 262 to 478 cm™!
for ZnS,, from 239 to 475 cm™"' for CdS,, and from 153 to
257 cm~! for CdSe,, respectively, see Fig. 2.

By calculating the phonon DOSs (PDOSs) of the three
dichalcogenides [Fig. 3(a)], we find that their isolated local-
ized high-frequency optical phonons are only contributed by
the nonmetal (X) atoms, and their low-frequency phonons
are contributed by the metal (M) and nonmetal (X) atoms
together. To analyze the reasons, we calculate their projected
2D electron localization function (ELF) [49] in the (001)
plane, as shown in Fig. 3(b). The ELF is a measure of the
extent of electronic spatial localization at a given position.
Higher ELF value indicates more electronic localization (as
covalent bonds, core shells, or lone pairs) [49]. From Fig. 3(b),
we find that the calculated ELF values around two adjacent
nonmetal (X) atoms are very large, which indicates that the
three dichalcogenides all form strong covalently bound non-
metallic (X-X) dimers. By analyzing the atomic vibrations,
we find that their isolated localized high-frequency optical
phonons mostly correspond to stretches of the strong non-
metallic dimers, like the case of ZnSe, [30].

Low-frequency phonons in the three dichalcogenides
[such as those with phonon frequencies (w) < 262, 239,
and 153cm™~! in ZnS,, CdS,, and CdSe,, respectively, in
Fig. 3(a)] can be further separated into two regions: (i) <147,
123, and 73cm~! in ZnS,, CdS,, and CdSe,, respectively,
where most of the contribution comes from M; and (ii) at
higher frequencies, where the vibrations of X atoms dominate.
To explore the reasons, we calculate the ADPs in the three
dichalcogenides, as shown in Fig. 3(c). The ADPs measure
the mean-square displacement amplitude of an atom about
its equilibrium position in a crystal. The ADPs of different
atoms along an arbitrary axis as functions of temperature can
be calculated from the number of phonon excitations [35], as
(107 2) = 3 3 (@sq) ™ [1 + 2 (711 - el |, where u s
the atomic displacement, j is the label for the jth atom, m
is the atomic mass, N is the number of the unit cells, n is
the phonon population at temperature 7, @i is an arbitrary
unit direction, and e is the polarization vector of the atom
j and the band s at the wave vector q. By comparing the
calculated ADPs of different atoms in Fig. 3(c), we find
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FIG. 3. (a) Calculated partial phonon densities of states (PDOSs), (b) projected two-dimensional (2D) electron localization function (ELF)
in (001) plane, and (c) atomic displacement parameters (ADPs) along different directions of different atoms in ZnS,, CdS,, and CdSe, (from

left to right), respectively.

that the calculated ADPs of M atoms are much larger than
that of X atoms in all three dichalcogenides, and the calcu-
lated ADPs of different M atoms follow ADPs(ZnS,_Zn) <
ADPs(CdS,_Cd) < ADPs(CdSe,_Cd). This means that the
M atoms are loosely bound to the X atoms and behave as
the rattlinglike atoms [50] in all three dichalcogenides and
that the rattling behaviors in CdSe, are more obvious than
that in CdS, and ZnS;. This can in turn explain the lower
o of M atoms than that of X atoms and the lower w in
CdSe; than that in CdS, and ZnS; in a way. Additionally, by
calculating the bond lengths (Ly;_x) between the rattlinglike
metal atom (M) and nonmetal atom (X) (as Lz,_s = 2.544 A,
LCd—S = 2.733 10\, and LCd—Se = 2.851 A, which follow
Lz,—s < Lcg—s < Leg—se), and comparing with the calculated
phonon properties (@ and v) in the three compounds, we can
conclude that the Ly,_x have an opposite tendency from the
calculated @ and v. This means that the longer Ly _x can
contribute to the softer phonon properties, and another main
reason for the lower  and smaller v of CdSe, may be the
longer Ly,_x of CdSe, than CdS, and ZnS,.

B. Anharmonicities

In addition to the phonon frequency and sound veloc-
ity, authors of many previous studies have shown that the
Griineisen parameter (y = —%g—“‘,’) is an important descrip-
tor of «; [51,52]. Therefore, we calculate and compare the
values of y at different phonon modes in the three dichalco-
genides (as shown in Fig. 4). We find their calculated y

follows y (ZnS;) > y(CdS,) > y(CdSe;), and the maximum
Griineisen parameters (,,) in acoustic phonons are 4.60, 3.18,
and 2.72 for ZnS,, CdS,, and CdSe,, respectively, which are
comparable with other excellent TE materials with strong
anharmonicity (such as AgSbTe, and SnSe, their Griineisen
parameters being 2.05 [53] and 4.1 [54], respectively). This
means that, like ZnSe, (whose calculated y,, is 4.6) [30], the
three dichalcogenides also show strong anharmonicity.

To explore the origins of the strong anharmonicity in these
dichalcogenides, we analyze and compare the calculated y at
different phonon modes in the same compound (in Fig. 4).
We find that, although the calculated w of two transverse
acoustic phonon branches (TA and TA’) along the 'M line in
the same compound are very close, the calculated y of those
TA and TA’ branches are obviously different (the calculated y
of the TA branch is far higher than those of the TA’ branch).
By analyzing the vibration modes of atoms in those TA and
TA’ branches along the I'M line (as shown in Fig. S1 in the
Supplemental Material [55]), we find that the vibrations of all
atoms in the TA branch are primarily perpendicular to the non-
metallic dimers, but the angles between the vibrations of all
atoms in the TA’ branch and the direction of the nonmetallic
dimers are close to 54.7 °. Therefore, combining that with the
analysis of ZnSe,, we can infer that the vibrations of all atoms
perpendicular to the bonding direction of the strong covalently
bound nonmetallic dimers can result in a large change of the
pyrite parameters (x) [30] and the strong anharmonicity at the
acoustic phonons, and the existence of the strong covalently
bound nonmetallic dimer has an important influence on the
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FIG. 4. Calculated anharmonicity parameters (y) at different phonon modes (the color denotes the values of y) for ZnS,, CdS,, and CdSe,

(from left to right), respectively.

strong anharmonicity in these pyrite-type dichalcogenides.
Furthermore, by comparing the bond lengths between two
adjacent S atoms in S-S dimers (Ls_g) in ZnS, and CdS,,
we find that their Ls_g are 2.079 and 2.086 A, respectively.
The Ls_s in ZnS, is shorter than CdS,, which means that the
bond strengths of the nonmetallic dimers in ZnS; are stronger
than CdS,. Comparing the calculated Ls_g with the calcu-
lated y, we can infer that the stronger nonmetallic dimers are
beneficial to the stronger anharmonicity in these pyrite-type
dichalcogenides.

C. Lattice thermal conductivities

From the analyses above, we can see that the three
dichalcogenides (ZnS,, CdS,, and CdSe;) all have soft
phonon modes and strong anharmonicity, which can con-
tribute to their low lattice thermal conductivity («;). To verify
it, we calculate the «; of ZnS,, CdS,, and CdSe, at different
temperatures. The results, presented in Fig. 5, reveal that the
calculated «; at 300 K are 1.55, 1.47, and 0.75Wm~' K~!
for ZnS,, CdS,, and CdSe,, respectively. By comparing the
calculated «; with the calculated minimum lattice thermal
conductivity (kmin) based on the Ioffe-Regel criterion [56] (the
calculated Ky, at 300 K are 0.13, 0.10, and 0.07Wm~—' K~!
for ZnS,, CdS,, and CdSe,, respectively), we find that the
calculated «; are much higher than the calculated xy;,, which
supports our choice of the phonon BTE method. Additionally,

Kk [W/(m-K)]

300 400 500 600 700 800 900
T (K)

FIG. 5. Calculated lattice thermal conductivities (k;) at different
temperatures for ZnS, (black line), CdS, (red line), and CdSe; (blue
line), respectively.

the calculated «; are lower than the thermal conductiv-
ity of PbTe with good TE performance (2.4Wm~'K~')
[57], which means that all three dichalcogenides have low
lattice thermal conductivities and are consistent with our
analyses of their phonon properties. Furthermore, since the
heavy atom masses, large ADPs, and long bond lengths be-
tween metal and nonmetal atoms can contribute to the soft
phonon properties, the speeds of sound in the three dichalco-
genides follow v(ZnS;) > v(CdS;) > v(CdSe;). Since the
strong nonmetallic dimers can be beneficial to the strong
anharmonicities, their anharmonicities follow y,,(ZnS;) >
Ym(CdS,) > y,,(CdSe,). As aresult, according to the approx-
imate relationship between «; and (v, y) as k; ;—z [58],
their calculated lattice thermal conductivities have the trend
IC](Z]‘ISQ) ~ K[(Cng) > K](Cdseg).

D. Electronic band structures

To explore the TE performance of the three dichalco-
genides (MX,), we also calculate their electronic band
structures and evaluate their electrical transport properties.
Figure 6(a) shows the PBE-calculated electronic band struc-
tures of ZnS,, CdS,, and CdSe, from left to right, respectively.
From Fig. 6(a), we find that the three isoelectronic com-
pounds have very similar band structure shapes near their
Fermi levels. Their valence band maxima (VBM) are also
all located at the I' point with twofold band degeneracy [as
shown in Fig. 6(a) as B1l, B2] and their conduction band
minima (CBM) are all located at the P point along the R-T"
line [as shown in Fig. 6(a)] with a resulting large degeneracy
(8) due to symmetry. Their calculated indirect bandgaps are
1.41, 1.15, and 0.59 eV, respectively. By calculating their
partial charge densities at the VBM and CBM (as shown in
Fig. S2 in the Supplemental Material [55]), we find that their
electronic states at the VBM are mainly contributed by the p
electrons in nonmetal atoms (X,) and the electronic states at
the CBM are mainly contributed by the antibonding states of
s electrons in metal atoms (M) and s electrons in nonmetal
atoms (X;). Since the calculated atomic energy levels [59,60]
of the outermost valence p electrons are E(S3,) = —7.112eV
and E(Sey,) = —6.660 eV, ie., E(S3p) < E(Seysp), the en-
ergy levels at the VBM in MS, will be lower than those
in MSe;, which can result in a bigger bandgap of MS,
than MSe,. Moreover, since the Zn-S bond lengths in

245203-5



JIA, CARRETE, MADSEN, ZHANG, AND WEI

PHYSICAL REVIEW B 105, 245203 (2022)

w

@ 3 \/i\ v 3 S \J A
2 Q@%Xﬂ/\ AR N %
%
z /B1 nS2| /Bl Cds:| < B1: P” “CdSe:
50 5 0 50
5B2+ Z 5B 5B Z
M -1 M-l Ho-1
2 Y% 2 Y\ 2 YQ
_3 A _3 /\ _3
rX R I' MXMR T X R T MXMR I X R T MXMR
(b) 5 5 5
4 W TN 4 LN\ 4 =
3 <N < 3 f 4/ 3 éx N
2 2 2 \/J ]
Tl ZnS 21| cds: T 1} CdSer
& 0 & 0 5 0
5 \ REE ViREE
) P2 ~ ¢ 2 % >
3 Y A3 —
N EIREY] IBRALS
I X R I MXMR I X R T MXMR I X R T MXMR

FIG. 6. (a) The PBE-calculated and (b) the HSEO6-calculated electronic band structures of ZnS,, CdS,, and CdSe, (from left to right),

respectively.

ZnS; (Lz,_s = 2.544 10\) are shorter than the Cd-S bond
lengths in CdS; (Lcg—s = 2.733 A), the antibonding strength
of Znys-S3; in ZnS; is stronger than Cdsg-S3s in CdS,, which
can cause the energy levels at the CBM in ZnS, to be higher
than in CdS, and the bandgap in ZnS, to be bigger than in
CdS,.

In addition, we compare the band structure shapes of the
heavy (B1) and light (B2) bands along the I'-X direction in
the same compound, and we find that the calculated carrier ef-

fective masses (n), 5= hz[nga(g] 1) along the I'-X direction
are 7.38myg, 4.51mg, and 5.47mg for B1 bands, and 0.24my,
0.27my, and 0.22m¢ for B2 bands in ZnS,, CdS,, and CdSe,,
respectively (as listed in Table I, where my is the electron
rest mass), which means that the three dichalcogenides can
provide both light and heavy p-type carriers simultaneously.
However, by comparing the calculated m ; at the CBM in the
same compound along different directions (in Table I), we find
that all calculated my, at the CBM are similar and smaller
than mgy, which means that the three dichalcogenides can
provide light n-type carriers and large symmetry degeneracy
(8) simultaneously.

E. Electrical transport properties

Since the PBE is well known for underestimating the
bandgaps of semiconductors and insulators, we further calcu-
late the electronic band structures and bandgaps of the three
dichalcogenides using the Heyd-Scuseria-Ernzerhof (HSE06)
[61,62] method [as shown in Fig. 6(b)]. Comparing Figs. 6(b)
and 6(a), we find that all the HSEO6-calculated band features
near the Fermi level are like the PBE-calculated results, and

the HSEQ6-calculated bandgaps are bigger than the PBE-
calculated results and are 2.53, 2.18, and 1.47 eV for ZnS,,
CdS,;, and CdSe,, respectively, which are in good agreement
with the bandgaps calculated by the previous GW study [47].
Therefore, in this paper, to evaluate the electrical transport
properties of the three dichalcogenides more accurately, we
manually change their bandgaps to their HSEO6-calculated
values but keep the PBE-calculated band structure shapes.
Afterwards, by solving the electron BTE, the electrical trans-
port properties of the three dichalcogenides at different
carrier concentrations and temperatures are evaluated with the
BOLTZTRAP2 code [38]. The calculated Seebeck coefficients

TABLE L. The carrier effective masses (my,,) of different energy

valleys along different directions (D) in ZnS,, CdS,, and CdSe,,
respectively.

my, (mo)
ZnS, Cds, CdSe,
VBM VBM VBM
P D Bl B2 CBM Bl B2 CBM Bl B2 CBM
—
I TX 738 024 451 027 547 0.22
M 086 031 091 036 079 029
TR 046 0.46 051 0.51 043 043
P P 0.50 0.53 041
P, 0.51 0.54 043
—
P 0.51 0.55 0.45
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FIG. 7. (a) Calculated Seebeck coefficients S and (b) electrical conductivities with respect to relaxation time o /T in ZnS,, CdS,, and CdSe,
(from left to right) as functions of the carrier concentration for p- and n-type doping at 300, 500, and 700 K, respectively.

(S) and electrical conductivities with respect to relaxation
time (o /7) in ZnS,, CdS,, and CdSe, as functions of carrier
concentration at different temperatures (300, 500, and 700 K)
are shown in Figs. 7(a) and 7(b), respectively.

From Fig. 7(a), we find that the calculated absolute values
of S (IS]) at 300 K with 10" cm™3 carrier concentration are
359, 353, and 342 pV/K for p-type carriers and 390, 405,
and 377 wV/K for n-type carriers in ZnS,, CdS,, and CdSe,,
respectively, which are larger than that of the well-studied
PbTe (~100 pV/K for n-type carriers) [63]. This means that
all three dichalcogenides have large Seebeck coefficients. Fur-
thermore, we find that their calculated |S| are all decreased
with the increase of the carrier concentration (n), which can
be explained by the Mott formula, as [41]

2ki LT\
= B (2N 4
3eh2md(3n) @)

where m) is the DOS effective mass, as m) =

ZNV m From Eq. (4), we can see that the values

of m}; have a significant effect on S. As reported in previous
research [64], in a semiconductor with the degeneracy and
nonspherical Fermi surface, m; is proportional to the Fermi
surface complexity factor (Ny K*), as m}; oc (Ny K *)2/ 3, where
Ny is the energy valley degeneracy, and K* is the anisotropy
parameter. For the three dichalcogenides, since their valence
band shapes of B1 at the VBM are very flat along the I'-X
direction but very steep along the I'-M and I'-R directions
[in Fig. 6(a)], their isoenergy Fermi surfaces of B1 will be
very complex, and their K* will be very large for p-type
doping. Additionally, since their symmetry degeneracies at
the P point in the CBM are large (8), their Ny will be very
large for n-type doping. Therefore, their large K* and Ny can
contribute to large ;. Furthermore, by calculating m; using
the data in Table I, those of the three dichalcogenides are
1.75mg, 1.65my, and 1.53my for p-type carriers and 4.05my,
4.32myg, and 3.44my for n-type carriers, which have the same
trend as the calculated |S|. This further indicates that the large

|S| in the three dichalcogenides may be mainly contributed
by their large m;, and larger m; can result in larger [S].

From Fig. 7(b), we can find that the calculated o /7 in the
three dichalcogenides are all increased with the increase of
carrier concentration (n), which is caused by the relationship
between the electrical conductivity (o) and n, as [41]

n€2

o=—r, &)

*
mC

where m is the conductivity effective mass, as m} =
—1 .
[% Zaﬂ L 17", From Eq. (5), the values of o/t are mainly

decided b)ﬂf my and mg,. From the above analyses of elec-
tronic band structures, due to the small m 8 along different
directions of B2 band at the VBM and B band at the CBM
(in Table I), all three dichalcogenides have light p- and n-
type carriers, which can contribute to good o/t for both p-
and n-type doping. Furthermore, by obtaining m at different
carrier concentrations and temperatures (as shown in Fig. S3
in the Supplemental Material [55]), we find that the calcu-
lated m} of CdS, and CdSe; for n-type doping are increased
more obviously with the increase of temperature and carrier
concentration than ZnS,, which can be used to explain why
the calculated o/t of ZnS, for n-type doping are better than
that of CdS, and CdSe; at high temperatures and high carrier
concentrations [as shown in Fig. 7(b)].

TABLE II. The theoretically determined longitudinal acoustic
phonon velocities (v;), absolute deformation potentials (E;), and
static and high-frequency permittivity (&, and &.,) for ZnS,, CdS,,
and CdSe,, respectively, where g is the vacuum permittivity.

Eq (eV)
1IB-VIA, vy (m/s) p-type n-type & (g9) €50 (&0)
ZnS, 5300 —1.51 —2.24 18.31 8.45
CdS, 4297 —0.52 —-2.13 15.11 7.62
CdSe, 3441 —0.84 -2.16 19.8 11.35
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FIG. 8. (a) Calculated acoustic phonon scatterings (t,), (b) polar optical phonon scatterings (z,), and (c) total carrier relaxation times (7)
in ZnS,, CdS,, and CdSe, (from left to right) as functions of the carrier concentration for p- and n-type doping at 300, 500, and 700 K,

respectively.

To complete the evaluation of the electrical transport prop-
erties of the three dichalcogenides, we need to calculate their
carrier relaxation times [z, Eqs. (2)—(3)]. The required param-
eters are listed in Table II [the longitudinal acoustic phonon
velocities (v;) and the absolute deformation potentials (E;)
are evaluated from the calculated phonon and electronic prop-
erties. The static and high-frequency permittivity (¢; and &)
are evaluated using the density functional perturbation theory
calculations]. Then the calculated acoustic phonon scatterings
(r,), polar optical phonon scatterings (7,), and total carrier
relaxation times (7) as functions of the carrier concentration
at different temperatures are shown in Fig. 8.

From Fig. 8, we find that the carrier relaxation time
does not rely on the carrier concentration too much. The
calculated t, and 7, are in the range of 107" to 107 s
and 1071% to 107 s, respectively. The calculated 7, are
much longer than the calculated 7, in all three dichalco-
genides: the acoustic phonon scatterings are relatively weak,
and the optical phonon scatterings dominate their elec-
tronic transport. This is due to the existence of many
low-frequency optical phonons contributed by the rattling-
like metal atoms in these compounds. This is like those
in n-type PbTe [65]. Benefitting from the larger e, and
smaller m; in CdSe,, the calculated 7, are longer in CdSe,

15 15 15
300K p-type s 300K p-type
= pvp = PP =1 CdSez
& 300K n-type = s = s W 300K n-type = s u s v
£ Eo Eo
E E E K]
] [ v LS
E E° et E e
o = 4 = . 300K p-type = ¢,
o a 3Tt CdS: a3t 4
300K n-type = = s s
0 19 20 2 19 20 2 0 19 20 21
10 10 10 10 10 10° 10 10 10
n(cm”~) n (cm'3) n (cm'3)

FIG. 9. Calculated power factors (PF) as functions of the carrier concentration for p- and n-type doping at 300 K in ZnS,, CdS,, and

CdSe; (from left to right), respectively.
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FIG. 10. Calculated figures of merit (ZT) as functions of the carrier concentration for p- and n-type doping at 300 K in ZnS,, CdS,, and

CdSe, (from left to right), respectively.

than that in CdS, and ZnS,. Using the calculated elec-
trical conductivities (0 = Z x ) and Seebeck coefficients
(S), the power factors (PF = S%0) are evaluated as func-
tions of carrier concentration at room temperature (300 K)
in the three dichalcogenides, as shown in Fig. 9. We see that
the calculated PF are first increased and then decreased with
increasing carrier concentration (the same trend is found at
high temperatures, as shown in Fig. S4 in the Supplemental
Material [55]), and the maximum PF (PF,.) at 300 K can
reach 8.64, 7.78, and 11.84 mW m~!' K2 for p-type carriers
and 9.01, 6.21, and 6.99 mW m~! K~2 for n-type carriers in
ZnS,, CdS,, and CdSe,, respectively, which are larger than
that in the well-known TE material SnSe (1.0l mW m~! K~2)
[54]. This means that all three dichalcogenides have promis-
ing electrical transport properties.

F. Figures of merit

Combining the calculated thermal conductivity («; and «,)
and electrical transport properties (PF'), the figures of merit
(ZT) are evaluated as functions of the carrier concentration at
300 K in the three dichalcogenides (ZnS,, CdS,, and CdSe,),
as shown in Fig. 10. From it, we can see that the maximum ZT
(ZTyax) of the three dichalcogenides at 300 K are 0.91, 0.83,
and 1.67 at 4.48 x 10", 4.56 x 10", and 2.44 x 10" cm~3
for p-type carriers, and 0.96, 0.81, and 1.45 at 6.45 x 10",
8.34 x 10", and 3.58 x 10" cm~3 for n-type carriers, all
>0.5. At high temperatures, the calculated ZT},,x in the three
dichalcogenides all can be > 1.5 for both p- and n-type doping,
as shown in Fig. S5 in the Supplemental Material [55]. This
indicates that the three dichalcogenides can be excellent TE
materials over a wide temperature range for both p- and n-type
doping, and they are worthy of future experimental investiga-
tions. Furthermore, due to the higher PF and the lower «; in
CdSe,, the calculated ZT,,«x for both p- and n-type doping in
CdSe; are higher than that in ZnS, and CdS,.

IV. CONCLUSIONS

In this paper, by solving the phonon and electron BTEs, we
systematically study the thermal and electrical transport prop-
erties of three pyrite-type IIB-VIA; dichalcogenides (ZnS,,

CdS,, and CdSe,). The detailed analyses of phonon properties
explain that there are loosely bound rattlinglike metal atoms
in all three, and the heavy atom masses, large ADPs, and
long bond lengths between metal and nonmetal atoms can
be beneficial to the rattling behaviors of the metal atoms
and soft phonon modes. The evaluations and analyses of the
Griineisen parameters indicate that the three dichalcogenides
exhibit very strong anharmonicity, traceable to the vibrations
of all atoms perpendicular to the strongly bound nonmetallic
dimers. The soft phonon modes and strong anharmonicities
result in low lattice thermal conductivities in the three
pyrite-type dichalcogenides. The calculations of electrical
transport properties show that the three dichalcogenides
have similar electronic band structures, and all of them can
possess large DOS effective masses and small conductivity
effective masses for both p- and n-type carriers. The large
DOS effective masses can contribute to their high Seebeck
coefficients, while the small conductivity effective masses
can be beneficial to their good electrical conductivities. Their
high Seebeck coefficients and good electrical conductivities
guarantee their promising electrical transport properties for
both p- and n-type doping. Combining their low thermal
conductivities and promising electrical transport properties,
their maximum Z7 values at 300 K can reach 0.91, 0.83, and
1.67 for p-type doping and 0.96, 0.81, and 1.45 for n-type
doping, respectively. In this paper, we show that the three
pyrite-type dichalcogenides (ZnS,, CdS,, and CdSe,) all
exhibit excellent TE properties for both p- and n-type doping.
Combined with previous research about ZnSe;, which has ZT
values of 2.21 for p-type doping and 1.87 for n-type doping
at high temperatures [30], we can infer that the pyrite-type
IIB-VIA, dichalcogenides have promising TE properties.
These results will be very beneficial for the design of efficient
TE devices with the pyrite-type dichalcogenides.
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