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Abstract

Band engineering is one of the effective approaches for designing ideal thermoelectric materials.
Introducing an intermediate band in the band gap of semiconducting thermoelectric compounds
may largely increase the carrier concentration and improve the electrical conductivity of these
compounds. We test this hypothesis by Pb doping in Zintl CaslnsSbhg. In the current work,
we have systematically investigated the electronic structure and thermoelectric performances of
substitutional doping with Pb on In sites at a doping level of 5% (0.2 e/cell) for CazInaShg by
using density functional theory combined with semi-classical Boltzmann theory. It is found that in
contrast to Zn doping, Pb doping introduces a partially filled intermediate band in the band gap
of CasInaSbg, which originates from the Pb s states by weakly hybridizing with the Sb p states.
Such an intermediate band dramatically increases the electrical conductivity of CasInaSbg and has
little detrimental effect on its Seebeck coefficient, which may increase its thermoelectric figure of
merit, ZT. Interestingly, a maximum Z7T value of 2.46 may be achieved at 900 K for crystalline
Pb-doped CazInsSbg when the carrier concentration is optimized. Therefore, Pb-doped CazlngSbg

may be a promising thermoelectric material.
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I. INTRODUCTION

Thermoelectric materials for converting waste heat into usable electrical energy have

.21 A central focus has been to improve the per-

attracted great attention in recent years.
formance of materials to enable new applications. The efficiency of thermoelectric devices is
limited by a material-dependent figure of merit ZT = S?0T/k, where S is the Seebeck co-
efficient (also known as the thermopower), o is the electrical conductivity, 7" is the absolute
temperature, and  is the thermal conductivity, which is typically written as the sum of the
electronic (electrons and holes transporting heat) and lattice (phonon traveling through the
lattice) contributions: kK = k. + k;. This limits the efficiency of thermoelectric power gen-
eration to a few percent. Finding practical materials with high performance is challenging
because the transport coefficients entering ZT" have opposite dependencies on the parame-
ters of the materials. For example, a high ¢ value does not normally occur in conjunction
with high S and low k; values, which implies that strong phonon scattering does not nor-
mally occur in materials with high o. These conundrums have impeded the applications of
thermoelectric materials.*® During the past several years, intense research effort has been
devoted to improving the ZT" for high energy conversion efficiency in current complex bulk
thermoelectric materials.[® 7 This has led to a new concept: a “phonon-glass electron-crystal
(PGEC)”, B9 which is embodied in the use of rattling modes and nanostructure to sepa-
rately modify electron and phonon transport and optimize S and ¢ in materials with unusual
electronic structures, such as strongly nonparabolic bands or mixtures of heavy and light
bands structures. The development of novel thermoelectric materials with special struc-
tures that can tune electron and phonon transport in a relatively independent way is clearly
needed for enhancing performance, which is required for eventual large-scale applications of

thermoelectric materials.

Zint]l phase compounds provide a good balance between high power factor and low ther-
mal conductivity, and consequently, they are prime candidates for applying the PGEC
concept to obtain high-ZT thermoelectric materials. With the Zintl-Klemm-Busmann
concept,™ the donation of valence electrons from the cations (alkali, alkaline earth or rare
earth) to the polyanionic sub-lattice, which in turn forms covalent bonds to satisfy the
valence requirement, is assumed to be complete. The degree of electron transfer between

cations and anions!? has well-documented influence on the transport properties of Zintl



Page 3 of 36

Physical Chemistry Chemical Physics

[13-15]

compounds. The need to satisfy valence often leads to a complex structure. Such a

complex crystal structure can strongly scatter phonons, resulting in a low lattice thermal
conductivity, so many Zintl phase compounds naturally have “phonon glass” behavior.['% 17]
At the same time, the complex, covalent structures can potentially be harnessed for elec-
tronic conduction, leading to the desired “electron crystal” behavior.™® %1 Moreover, good
thermoelectric performance is generally found in heavily doped semiconductors with carrier
concentrations on the order of 10! to 10%! carriers per cm?®, which can be easily realized

because the rich solid-state chemistry of the Zintl phase enables numerous opportunities to

modify the fundamental transport parameters to enhance thermoelectric performance.

Complex Zintl phase materials appear to be promising candidates for thermoelectric
applications.?*22' Among AsM,Png (A = divalent alkaline earth or rare earth metals; M
= triels; Pn = pnictogen elements) compounds, most form either CasGaysSbg or BasAl;Big
structures.!?® 24 Several Ca;GasSbg Zintl compounds have been the focus of both experi-

229 The structure of CasInySbg is isotypic with that

mental and computational studies.!
of Cas;GagShg, which is composed of infinite chains of linked MPny tetrahedra. Compared
with CaszAlyShg, CasInaShg exhibited improvements of both electrical and thermal proper-
ties, and the mobility of undoped CazInyShg is nearly twice that of undoped CasAl;Sbg at
room temperature.?® Upon optimization of the carrier concentration through Zn doping,
CasIn,Shg is expected to have an improved peak Z7T relative to CasAl,Sbg.’% Neverthe-
less, Zn doping is often used to increase the carrier concentration of Zintl compounds and
consequently improve their electrical conductivity. However, the Seebeck coefficient of a
Zn-doped Zintl compound decreases largely due to the increased carrier concentration. The
band shape of the valence band maximum and conduction band minimum for Zintl com-
pounds changes little with Zn doping, which usually induces the degenerate semiconducting
behavior in Zn-doped Zintl compounds. Traditionally, thermoelectric material is a single-
band-gap semiconductor in which electrons are directly promoted from the valence band to
the conduction band. Thus, high electrical conductivity will occur when a partially filled
intermediate band is inserted into the forbidden band gap. The electrons can be excited not
only from the valence band to the conduction band but also from the intermediate band to
the conduction band and from the valence band to the intermediate band. As the inter-
mediate band is isolated, the material will have a higher electrical conductivity due to the

sub-band gap, which will result in a high ZT. Our results show that in Pb-doped CazIn,Shg,
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an intermediate band appears in the band gap. The calculated thermoelectric properties are
greatly enhanced compared to that of the host CasInsShg, and a maximum Z7" value of 2.46
may be obtained at 900 K for CasIn; gPbg;Sbg. Such an enhancement is due to the change
of the band structure. Therefore, the Pb-doped CasInyShg with a doping level of 0.2 e/cell

is a potential candidate of band engineering for improving thermoelectric performance.

II. COMPUTATIONAL DETAIL

The orthorhombic structure of CasGasShgl®!) was taken as the initial bulk model to be
relaxed to find the minimum energy structure. The structure was optimized using the
Vienna ab initio simulation package (VASP) based on density functional theory.237 The
projector augmented wave (PAW) method of Bléchl®® with the implementation of Kresse
and Joubert was used. The Perdew-Burke-Ernzerh parametrization of generalized-gradient
approximation (PBE-GGA) was used for the exchange correlation potential. A plane-wave
cutoff energy of 500 eV was employed throughout, and for the Brillouin zone integrations
of CasInySbhg, k-point sampling was employed, with 7 x 8 x 15 points chosen. The stopping
criterion of convergence for electronic self-consistent interactions is a total energy within
107% eV. The calculations were performed by relaxing the positions of both atoms and lattice
constants to find the most stable crystal structure. The crystal structure is considered to
be in equilibrium when the Hellmann-Feynman forces on each ion are less than 0.005 eV/A
and the maximum stress is less than 0.02 GPa.

The electronic structures of CasInyShg were then calculated using the full-potential lin-
earized augmented plane waves method,” as implemented in WIEN2k.[4042 The modi-
fied semi-local Becke-Johnson exchange correlation potential (TB-mBJ)“3 was used, which
has been known to give much more accurate band gaps than the standard Engel-Vosko
generalized-gradient approximation (EV-GGA).[*Y The muffin-tin radii were chosen to be
2.5 a.u. for Ca, In, and Sb. The cutoff parameter R,,; X Kpape = 9 (Kpae i the magni-
tude of the largest k vector) was used, and the self-consistent calculations were performed
with 1000 k-points in the irreducible Brillouin zone; the total energy is converged to within
0.0001 Ry. The Seebeck coefficient and electrical conductivity were then calculated using
semi-classical Boltzmann theory!*® %%l within the constant scattering time approximation, as

47

implemented in the Boltz-Trap code.*”) This approximation, which has commonly been ap-

4
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plied to many thermoelectric materials, including degenerately doped semiconductors, Zintl

48, 49] is based on the assumption that the scattering time determining

phases, and oxides,!
the electrical conductivity does not vary strongly with energy on the scale of kT". The con-
stant scattering time approximation has been used to calculate the transport coefficients of
some known thermoelectric materials, and a very good agreement was found with experi-
mental results.[?? 28 46,50, 511 T study the electronic structure and thermoelectric properties
of Caslny gPbg1Sbg, we constructed a 1 x 1 x 5 supercell of CazIn,Shg and then replaced
one In atom with a Pb atom in a 130-atom cell, which corresponded to a 5% (0.2 e/cell)
dopant concentration. To understand the effect of Pb content on the electronic structure
and transport properties of Pb-doped CazInyShg, we also calculated the electronic structure
and transport properties of Casln; gPbgoSbg with a 1 x 1 x 5 supercell model, in which
the shortest Pb-Pb distances are as long as possible. We also investigated the electronic
structure with Zn doping at an In site with a doping level of 5%; this was done by forming
al x 1 x 5 supercell with one In atom substituted by a Zn atom. The structures were
optimized using VASP with similar choices of parameters. The electronic structures were

then calculated with WIEN2k, and the muffin-tin radii were chosen to be 2.5 a.u. for Pb

and Zn. Other parameters were in accord with the calculation of CasInyShg.

To determine whether Pb substitution for In sites is more favorable energetically, we
calculated the formation energies (AFE) of Pb-doped CaslnySbg. The doping formation

energy is estimated by using the following formula:

AE = Edoping + EA - Epure - EPb; (1)

where Ejoping and Ep,,. are the total energies of the doped and pure CasInySbg species, re-
spectively, at their most stable states. A represents Ca, In, and Sb. F¢,, Er,., Fsy, Fpp are

the total energies per atom for Ca-face-centered cubic, In-tetragonal, Sb-rhombohedral, Pb-
face-centered cubic structures, respectively. The calculated formation energy for CasIn; gPbg.1Sbg
(0.69 eV) is lower than that for CaygPbg1InaShg (1.84 eV, 1.84 eV, and 1.93 eV for Pb
substituting for Cal, Ca2, and Ca3 sites, respectively) and CasInySbs 9Pbg; (1.40 eV, 1.64

eV, and 0.94 eV for Pb substituting for Sb1l, Sb2, and Sb3 sites, respectively). Thus, the

Pb atom prefers to occupy the In site rather than the Ca site or the Sb site in Pb-doped
CasInyShg.
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III. RESULTS AND DISCUSSION
A. Crystal structure

Fig. 1 shows the optimized structures of CasIn,Sbg viewed from different directions.
There are 10 Ca atoms, 4 In atoms, and 12 Sb atoms in each unit cell. The structure
contains seven crystallographically unique atoms - three Ca, one In, and three Sb. The
three nonequivalent Ca sites are referred to as “Cal” (four atoms), “Ca2” (four atoms), and
“Cad” (two atoms), and the three nonequivalent Sb sites are referred to as “Sb1” (four atoms),
“Sb2” (four atoms), and “Sb3”(four atoms). Structural and bond parameters of the opti-
mized CaszInySbg are shown in Table I and Table II, respectively. CaslnsSbg can be ex-
pressed as CaZ?In, 'Sb;'Sb,?. The two In atoms are each bonded to four Sb atoms, which
have a valence of -1; two Sb1!~ are shared between two InSb, tetrahedra and two Sh22~
are bonded to one In atom, while the two Sb3'~ ions connect the adjacent chains. Fig.
1(a) shows the structure of CasInyShg viewed down the c-axis, and Fig. 1(b) shows the
one-dimensional covalent substructure, in which the InShy-tetrahedra chains are connected
by Sb-Sb bonds. From Fig. 1(a), we can see that the basic repeat unit of CaslnyShg is
two-tetrahedra units [InyShg|!°~. The repeat units form the layered structure along the c
direction which is conducive to the transport of electrons, without considering the Ca atoms.
These two-tetrahedra units in CazInyShg lead to a large unit cell, with 26 atoms, and low

lattice thermal conductivity. !

B. Electrical transport properties

The electrical transport properties of CasIny,Sbg were calculated by combining the semi-
classical Boltzmann transport theory under constant relaxation time approximation and ab
initio band structure. The rigid-band approach was used to calculate the transport prop-
erties of different doping levels. For metals or degenerate semiconductors (parabolic band,
energy-independent scattering approximation), the Seebeck coefficient is given by Eq. (2).1°?
The electrical conductivity (o) is related to the carrier concentration (n) which through the
carrier mobility y, is defined as Eq. (3).

8m2k% T
= 36—];mDosT(3—n) ; (2)

Wi

6
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o = ne, (3)

where m7,,q is the density of states effective mass, kp is Boltzmann’s constant, e is the charge
of an electron, and h is Planck’s constant. The carrier mobility (u) is strongly affected by the

band mass of a single valley (m;): p oc 1/mj}%/?

. The relation between the density-of-states
effective mass and the band mass of a single valley is mb g = N,2/3m;, % 51 where N, is the
band degeneracy. The explicit forms of Eq. (2) suggest that the Seebeck coefficient is the
proportional to the temperature and density of states effective mass but inversely related to
the carrier concentration. Eq. (3) suggests that the electrical conductivity is proportional
to the carrier concentration and inversely proportional to the effective mass. As previously
mentioned, a good thermoelectric material requires a large Seebeck coefficient and a high
electrical conductivity. Hence, we have studied the thermoelectric properties of CasInyShg as
a function of carrier concentration to achieve a good balance between the Seebeck coefficient
and the electrical conductivity. However, the calculated result of g includes the scattering
time 7. We used the experimental data in Ref. [30] to obtain the value of 7. To obtain more
accurate electrical conductivities, the relaxation time 7 was calculated with an experimental
electrical resistivity of p = 6.7855 mf2 cm at 600 K in the doping concentration of x = 0.05
and a carrier concentration of n = 1.694 x 10%° cm™3. At the same carrier concentration,
the calculated g is 5.57 x 10'® (Qms)~! at 600 K. By comparing the calculated g with
the experimental electrical resistivity at the same doping level, we can obtain 7 = 2.646 X
10~ s for this sample of CasIn,Shg at 600 K. 7 decreases as the temperature increases over
the entire range, which shows a 7! dependence. For the doping dependence, there is a
standard electron-phonon interaction relaxation time, 7 oc n~'/3.51 This yields 7 = 8.842 x
1078 T='n~3 with 7 in s, T in K, and n in em™3. With the calculated relaxation time, we
can obtain the electrical conductivity at different carrier concentrations and temperatures.
To simulate the ZT value, we assume that the thermal conductivity at the same temperature
is constant at different carrier concentrations. The thermal conductivities of CazInsSbg at
300 K, 500 K, 700 K, and 900 K that we used are 1.4 W/mK, 1.02 W/mK, 0.83 W/mK,
and 0.8 W/mK, respectively.®"!

Fig. 2 depicts the logarithmic dependence of the Seebeck coefficient, .S, electrical conduc-

tivity, o, and figure of merit, ZT', of p-type and n-type CasIn,Shg on carrier concentration

from 10 em ™2 to 10%! em~2 at 300 K, 500 K, 700 K, and 900 K. The combined Seebeck
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coefficient is given by!®®
S — Seo'e + ShO'h (4)
Oc+ 0On

kg N,
Sy = —=[In(—) +2.5 — 5
g e [in{ Ny )+ gif (5)

kg N,

e — T In(— 2.5 — ,

Se= = In( )25 =1 (6)

where 7 is the scattering mechanism parameter, S, (5y,) is the Seebeck coefficient of electrons
(holes), o, (o¢) is the electrical conductivity of holes (electrons), N, (N.) is the effective
density of states in the valence band (conduction band), n, is the number of holes, and n, is
the number of electrons. As seen from Fig. 2(a), the Seebeck coefficient of p-type CasInsShg
is positive, while that of n-type is negative, which is in agreement with Eq. (5) and Eq. (6),
respectively. The values of S decrease with increasing carrier concentration and increase
with increasing temperature at high carrier concentration, which can be explained by Eq.
(2). The S of n-type CazInyShg is larger than that of the p-type one. From Fig. 2(b), the
electrical conductivity is proportional to the carrier concentration, which is consistent with
Eq. (3). However, o decreases from 300 K to 500 K, 700 K, and eventually to 900 K, which
is mainly because the motion of the carriers is impeded by the increased lattice vibration
with increasing temperature. Fig. 2(c) shows the estimated figure of merit Z7T as a function
of the carrier concentration. As seen in Fig. 2(c), for p-type CasInySbg, the maximum Z7T
can reach 0.38 at 900 K, corresponding to the carrier concentration of 1.03 x 10%° cm™3.
For n-type CasInsSbg, the maximum Z7' can reach 0.49 at 900 K, corresponding to a carrier
concentration of 1.16 x 10?° cm™3.

To investigate the most favorable direction for transport properties of CasInyShg, we also
calculated the transport properties as a function of carrier concentration from 10* cm=3 to
102! cm™? along the z, y, and z directions at 900 K using the Boltzmann theory, as shown
in Fig. 3. As seen from Fig. 3(a), the Seebeck coefficients along the x direction are larger
than those for the other two directions at a high carrier concentration for both p-type and
n-type CasInsSbg, owing to their smaller dispersion along the = direction, as shown in the
calculated band structure. Fig. 3(b) shows the electrical conductivities of CasInsShg as a
function of carrier concentration along the three directions. From Fig. 3(b), we can see that

the electrical conductivities of p-type and n-type CasIn,Shg along the z direction are larger

than those along the x and y directions. This results from the different dispersions of the
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valence band and the conduction band along Y-S, Y -I', and Y - T. ¢ along the 2 direction
for p-type CasInyShg is larger than that of the n-type one, which will cause p-type CasInyShg
to have a larger o than that of n-type CaslnsSbg at high temperatures (Fig. 2(b)). The
reason that o along the z direction for p-type CazlnsShg is larger than that for the n-type
one will be described in detail below in Fig. 6. As seen in Fig. 3(c), for n-type CasInaShe,
the maximum Z7T along the z direction is equal to 0.64, with a carrier concentration of 8.57

3

x 10% electrons per cm3. Meanwhile, the maximum Z7 of p-type CasInsShg along the z

direction is 1.12, corresponding to the carrier concentration of 1.03 x 10?° holes per cm?.

Therefore, good thermoelectric performance along the z direction for CazInsSbhg is predicted.

C. Electronic structure

The electronic structure is crucial for analyzing the transport properties. The relation be-
tween electronic structure and thermoelectric figure of merit Z7T can be defined by Hicks and
Dresselhaus.% ZT increases with an inherent parameter B in anisotropic three-dimensional
single-band circumstances when the thermal and electrical currents travel in a certain direc-
tion. The inherent parameter B and maximum attainable figure of merit (Z,,4.) are defined

by:

L 2KBT 39, s s 1/2K123T,u
= ﬁ(T) (mymym?) ek (7)
T3/27‘ m;m;;
m;
Zimaz < er1/2), (8)

ki
where 7 is the degeneracy of band extrema, m;(i=x, y, z) is the effective mass of the carriers
(electrons or holes) in the ith direction, 7, is the relaxation time of the carriers moving along
the transport (z) direction, and r is the scattering parameter. p is the carrier mobility along
the transport direction and ; is the lattice thermal conductivity.

Eq. (7) and (8) suggest that a high ZT value is benefited from a large effective mass,
a high carrier mobility, a low lattice thermal conductivity, and high degeneracy of band
extrema. Electronic structure calculations can directly provide important information re-
garding these properties. Hence, we calculated the band structure, band decomposed charge
density, and density of states (DOS) of CasInySbg. Because the transport properties are

closely related to the electronic states near the valence band maximum (VBM) and conduc-

9
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tion band minimum (CBM), we only focus on the electronic states near the Fermi level. As
shown in Fig. 4, CazInyShg is a semiconductor with a nearly direct band gap of 0.49 eV.

The band dispersion relationship determines the effective mass (m*), which is given by:

EE(k) .
W]E%k)zfgf, (9)

m* = h?[

where k is the wave vector and £ is the Planck constant divided by 27. The calculated band
effective masses are m} = - 2.35 m, (along Y - S), m; = - 1.2 m, (along Y - I'), and m}
= - 0.5 m, (along Y - T) for the valence band. We know that the light band is beneficial
for large electrical conductivity and that a heavy band or large degeneracy can result in
high Seebeck coefficients. Therefore, we can understand the anisotropic of the transport
properties of p-type CasIn,Shg shown in Fig. 3.

To further explain the transport, we calculated the partial charge densities near the Fermi
level of CasInyShg using VASP. The VBM charge densities at point Y are shown in Fig. 5(a)
and (c), and the displayed isosurface levels are 0.002 and 0.0012, respectively. The CBM
charge densities at point Y are shown in Fig. 5(b) and (d), and the displayed isosurface
levels are 0.0016 and 0.0012, respectively (the unit of charge density is e/A%). Fig. 5(a)
shows that the VBM mainly consists of electrons around Sb atoms, which have the following
order: Sb3 > Sb1l > Sb2. However, as shown in Fig. 5(b), the Sb and Ca atoms dominate
the CBM. These results can provide guidance for further investigating the doping effect on
CasInySbhg with the appropriate atoms. When we set the isosurface level at a value of 0.0012,
the Cal and Sb2 atoms are connected by charge density for p-type CazInyShg along the z
direction (Fig. 5(c)). However, for n-type CasInyShg, all of the atoms are not yet connected
by charge density (Fig. 5(d)). This result demonstrates that the electrical conductivity for
p-type CasInyShg should be larger than that of n-type CazInyShg along the z direction (Fig.
3(b)).

Fig. 6 shows the projected electronic DOS for CasInsSbg. The projected DOS shows that
the upper valence band is mainly dominated by Sb states and that the conduction band
bottom mainly comes from Sb and Ca states, which is in accordance with the calculated
partial charge densities in Fig. 5. Moreover, the In orbitals contribute to the lower valence
band and the upper conduction band, which make almost no contribution to the states near
the Fermi level for electrical transport. In this regard, doping on the In sites could not only

increase the DOS near the Fermi level but also optimize the carrier concentration. On the

10
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one hand, such electronic structure characteristics make it possible for CazIn,Sbg to still be
used as electron-crystal materials when doped, and on the other hand, the alloying on the

In site can scatter phonons and will reduce thermal conductivity.

D. Pb-doped CazIn,Sbg

Doping in the Zintl phases is an effective strategy to optimize Z7T. Zn-doped CazIn,Sbhg
has been previously reported, and the results of the experiment showed that the maximum
figure of merit obtained in optimally Zn-doped CasInySbg is 0.7 at 1000 K.B% Fig. 7 shows
our calculated band structure of CazIn; 9Zng1Sbg along the high symmetry directions in the
Brillouin zone of the supercell. As seen from Fig. 7, the Ep level is located inside the valence
band, as would be expected for a degenerate semiconductor. The band shape of VBM and
CBM for Zintl compounds changes little due to Zn doping, which induces the degenerate
semiconducting behavior in CasIny gZng 1Sbg. Zn doping is always used to increase the carrier
concentration of Zintl compounds and consequently improve their electrical conductivity.
However, the Seebeck coefficient of Zn-doped Zintl compounds decreases largely due to the
increased carrier concentration.

Therefore, it is valuable to explore a new method for increasing the electrical conduc-
tivity of Zintl compounds with little or no decrease in their Seebeck coefficient. Thus, we
investigate the electronic structure and transport performances with Pb doping at In sites
with a doping level of 5% for CaslnySbg. The calculated band structure and correspond-
ing DOS for the CasIn; gPbg1Shg supercell are shown in Fig. 8. Because the 1 x 1 x 5
supercell model was used to calculate the band structure of CasIn; gPbg1Sbg, the original
bands along I" - Z and T - Y will be folded five times to yield the bands in Fig. 8(a).
As seen from Fig. 8(a), the most obvious change in the band structure with the doping
of the Pb ion is the appearance of an additional intermediate band in the band gap. The
intermediate band is contributed by the Pb s states. It can be seen from Fig. 4 and Fig.
8(a) that the Pb dopant does not change the valence band of the host material. The in-
termediate band induced by the Pb doping divided the main band gap into two sub-band
gaps and therefore may benefit the thermoelectric performance. The main gap for Pb-doped
CasInyShg is 0.55 eV, with a little broadening, which can be explained by the energy level

repulsion between the intermediate band and the conduction band maximum. We can see

11
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that the band degeneracy at the top of the valence band is equals to 2, while the bottom
of the conduction band is equal 1, which is conducive to obtain large Seebeck coefficients
for p-type Caslny gPbg1Sbg. Moreover, the valence bands and conduction bands along the
Y - T direction have a stronger dispersion than those along the other two directions. Thus,
n-type and p-type Casln; gPbg1Sbg may have a larger electrical conductivity along the z
direction than along the x and y directions. Because of the appearance of the intermediate
band, electrons can be excited not only from the valence band to the conduction band but
also from the intermediate band to the conduction band and from the valence band to the
intermediate band, which will lead to a very large electrical conductivity as shown in Fig.
9(b). To uncover the origin of the intermediate band, we show the DOS in Fig. 8(b). As
seen in this figure, the intermediate band mainly comes from the Pb s states, with small
contributions of the Sb p states reflecting the weak hybridization between the Pb and Sb
ions. Because the Sb s states make little contribution to this intermediate band, we do not
show the Sb s states in this figure. In CasInySbg, the four nearest neighboring Sb atoms
around the In atom form a tetrahedral crystal field. The Pb ion is substituted for the In
atom in CasInySbg and is therefore located in the tetrahedral crystal field environment. The
top of the valence bands is dominated by Sb p states, while the conduction band bottom
originates from the Pb s states, Pb p states, and Ca d states. Thus, Pb plays an important
role for the transmission of electrons, which causes Casln; gPbg1Sbg to have a relatively

large electrical conductivity, leading to a large ZT for CasIn; gPbg 1Sbs.

The semi-classical Boltzmann transport theory was used under the electron relaxation
time approximation for studying electrical transport properties. With a constant relaxation
time, the Seebeck coefficient, as a function of carrier concentration, can be directly obtained
without adjustable parameters. Conversely, the electrical conductivity and figure of merit
can be obtained using an estimated relaxation time. We used the experimental datal>”! to
estimate the relaxation time, which yields 7 = 6.876 x 107> T~'n~/3 with 7 in s, T in K, and
nin cm 3. With the calculated relaxation time, we can obtain the electrical conductivity at
different carrier concentrations and temperatures. Fig. 9 shows the logarithmic dependence
of the Seebeck coefficient, S, electrical conductivity, o, and figure of merit, ZT', of p-type

3

and n-type CasIn; gPbg1Sbg on carrier concentration from 2.5 x 102 cm ™2 to 10! cm ™3 at

300 K, 500 K, 700 K, and 900 K. As seen in Fig. 9(a), the Seebeck coefficients decrease

with increasing doping levels or carrier concentration. Moreover, at a fixed doping level,

12
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the Seebeck coefficients increase with increasing temperature. As seen by comparing Fig.
2(b) with Fig. 9(b), the electrical conductivity of Casln; ¢gPbg1Sbg increases greatly, which
can be explained by the band structure (Fig. 8). o of the p-type Casln; 9Pbg1Sbg is larger
than that of the n-type one. The calculated ZT of the p-type Casln;¢Pbg;Sbg is larger
than that of the n-type one at the optimum carrier concentration (Fig. 9(c)) due to the
larger electrical conductivity of p-type Casln; gPbg1Sbg. For p-type Casln; gPbg1Sbg, the
maximum Z7 can reach 0.87, 1.7, 2.33, and 2.46 at 300 K, 500 K, 700 K, and 900 K,
corresponding to the carrier concentration of 3.49 x 10%?° holes per cm?, 3.48 x 10%° holes
per cm?, 3.66 x 10?° holes per cm?, and 3.85 x 10?° holes per cm?, respectively. For n-type
CaslIn; gPbg1Sbg, the maximum Z7T can reach 0.71, 1, 0.99, and 1.01 at 300 K, 500 K, 700
K, and 900 K, corresponding to the carrier concentration of 2.86 x 10%° electrons per cm?,
2.97 x 10% electrons per cm?, 2.8 x 10% electrons per cm?, and 3.45 x 10%° electrons per
3

cm”, respectively. Thus, a good thermoelectric performance for Casln; ¢Pbg1Sbg can be

predicted.

To understand the effect of Pb content on the electronic structure and transport properties
of Pb-doped CasInyShg, we also calculated the electronic structure and transport properties
with Pb doping at the In sites, with a doping level of 10% (0.4 e/cell) for CazInyShg. The
calculated band structure and corresponding DOS for CasIln; sPbg2Sbg are shown in Fig.
10. As seen in Fig. 10, the intermediate bands contains two isolated bands. As seen in
Fig. 10(b), the intermediate bands mainly come from the hybridized Pb s states and Sb p
states. Because the Sb s states make little contribution to these intermediate bands, we do
not show the Sb s states in this figure. It is to say that the increasing of Pb doping may
lead to a strong hybridization between Pb s and Sb p orbitals. Moreover, we estimated the
relaxation time using the same method, which yields 7 = 2.07 x 10~* T-'n~/3, with 7

ins, T in K, and n in cm™3.

Compared with undoped CazIn,Sbg, the Seebeck coefficient
of CasIn; sPbg2Shg decreases greatly (Fig. 11(a)), and the electrical conductivity increases
(Fig. 11(b)). As shown in Fig. 11(c), for p-type Casln; gPbgoShg, the maximum Z7' can
reach 1.24 at 900 K, corresponding to the carrier concentration of 7.89 x 10?° holes per cm?.
For n-type Casln; gPbg2Sbg, the maximum Z7T' can reach 0.87 at 900 K, corresponding to

the carrier concentration of 7.82 x 10%° electrons per cm?.

Consequently, different from Zn doping, Pb doping with a doping level of 5% may dramat-

ically increase the electrical conductivity of CasInsSbg and has little detrimental effect on

13
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its Seebeck coefficient. Therefore, a high ZT value can be achieved in Pb-doped CasInsShg.

IV. CONCLUSION

In summary, engineering the electronic band structure of CasInySbg by substitutional
doping with Pb at In sites may improve the thermoelectric properties of this material.
High ZT values originate from the appearance of an intermediate band in the band gap of
CasInsSbhg. Such an isolated intermediate band, with an optimal position, is mainly due to
the Pb s states, with small contributions from the Sb p states for Casln; gPbg1Sbg. The
intermediate band will dramatically increase the electrical conductivity of CasInyShg and
has little detrimental effect on its Seebeck coefficient. Therefore, the ZT value of CazIn,Sbhg
may be greatly enhanced by doping with Pb at In sites with doping level of 5%. For p-type
CaslIn; gPbg1Sbg, the maximum Z7T can reach 2.46 at 900 K, with a carrier concentration of
3.85 x 10%° holes per cm®. Moreover, n-type CasIn; ¢Pbg1Sbg can achieve a ZT value of 1.01
at 900 K, corresponding to a carrier concentration of 3.45 x 10?° electrons per cm®. Thus,
the current work will motivate future experimental work for improving the thermoelectric

performance of Zintl compounds by Pb doping.
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TABLE I. Lattice constants and atomic coordinates in Wyckoff position of CazInsShg

Lattice parameter Atomic type X y v
Crystal system: Orthorhombic Cal 0.324 0.016 0.000
Space group: Pbam (No.55) Ca2 0.910 0.753 0.000
a=12.1546A Ca3 0.000 0.000 0.000
b=14.3461A Sbl 0.164 0.831 0.000
c=4.6202A Sb2 0.150 0.092 0.500
Sb3 0.540 0.096 0.500
In 0.337 0.214 0.500

TABLE II. Bond distances (in A) in CazInyShg

Atomic type Nearest neighbor table
Cal Sb1 3.291 Sb2 3.319 Sb3 3.682 Sb3 3.261
Ca2 Sb1 3.230 Sb2 3.292 Sb3 3.283
Ca3 Sb1 3.137 Sbh2 3.221 Sh3 6.20 Sb3 6.263
In Sb1 2.856 Sb2 2.876 Sb3 2.994
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FIGURE CAPTIONS

1. Orthorhombic structure of CasIn,Sbhg in space group Pbam. Color code: Ca, green;

In, blue; Sb, brown.

2. Transport coefficients of p-type and n-type CaslnsSbg as a function of carrier

concentration from 10 to 10%' ecm ™3 at 300 K, 500 K, 700 K, and 900 K.

3. The anisotropic thermoelectric properties of Caslny,Sbg as a function of carrier

concentration from 10 to 10%! cm—2 at 900 K.

4. Calculated band structures of CazInySbg. Top of the valence band is set to zero.
The special k points I', Z, T, Y, X, and S represent the points (0, 0, 0), (0, 0, 0.5), (0,
0.5, 0.5), (0, 0.5, 0), (0.5, 0, 0), and (0.5, 0.5, 0), respectively.

5. Calculated band decomposed charge density of CasInsSbg for the bands near the
Fermi level; (a) for valence bands at point Y, isosurface value 0.002; (b) for conduction
bands at point Y, isosurface value 0.0016; (c) for valence bands at point Y, isosurface
value 0.0012; (d) for conduction bands at point Y , isosurface value 0.0012. The unit
of charge density is e/A3.

6. Calculated projected DOS for CaslnsSbg. The Fermi level is at zero.
7. Calculated band structures of Zn-doped CasInsShg.

8. (a) Calculated band structures of Caszlnj gPbg1Sbg. (b) Calculated projected DOS

for Casln; gPbgy1Sbg. The Fermi level is at zero.

9. Transport coefficients of p-type and n-type CasIn; gPbg 1Sbg as a function of carrier

concentration from 2.5 x 10%° to 10*! em~2 at 300 K, 500 K, 700 K, and 900 K.

10. (a) Calculated band structures of CasIn; gPbg2Sbg. (b) Calculated projected DOS

for Casln; gPbgoSbg. The Fermi level is at zero.

11. Transport coefficients of p-type and n-type CasIn; sPbg 2Sbg as a function of carrier

concentration from 5 x 10%° to 10?' em ™ at 300 K, 500 K, 700 K, and 900 K.
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(a) (b)

o

FIG. 1. Orthorhombic structure of CasInaSbg in space group Pbam. Color code: Ca, green; In,
blue; Sb, brown.
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FIG. 2. Transport coefficients of p-type and n-type CaslnaSbg as a function of carrier concentration

from 10" to 102! cm™3 at 300 K, 500 K, 700 K, and 900 K.
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FIG. 3. The anisotropic thermoelectric properties of CasInaSbg as a function of carrier concentra-

tion from 10 to 102! em=3 at 900 K.
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FIG. 4. Calculated band structures of CasInoSbg. Top of the valence band is set to zero. The
special k points I', Z, T, Y, X, and S in the figure represent the points (0, 0, 0), (0, 0, 0.5), (0, 0.5,
0.5), (0, 0.5, 0), (0.5, 0, 0), and (0.5, 0.5, 0), respectively.
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FIG. 5. Calculated band decomposed charge density of CasIngSbg for the bands near the Fermi

level; (a) for valence bands at point Y, isosurface value 0.002; (b) for conduction bands at point Y,
isosurface value 0.0016; (c) for valence bands at point Y, isosurface value 0.0012; (d) for conduction

bands at point Y , isosurface value 0.0012. The unit of charge density is e/ A3,
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FIG. 7. Calculated band structures of Zn-doped CasInsSbg.
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FIG. 9. Transport coefficients of p-type and n-type Caslni gPbg1Sbg as a function of carrier

concentration from 2.5 x 10%° to 102! cm™3 at 300 K, 500 K, 700 K, and 900 K.
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FIG. 10. (a) Calculated band structures of CaszIny gPbg2Sbg. (b) Calculated projected DOS for

CagIny gPbgoSbg. The Fermi level is at zero.
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FIG. 11. Transport coefficients of p-type and n-type Caslni gPbgoSbg as a function of carrier
concentration from 5 x 10%° to 10%' cm™3 at 300 K, 500 K, 700 K, and 900 K.

28



Page 29 of 36 Physical Chemistry Chemical Physics




Physical Chemistry Chemical Physics Page 30 of 36

. 0.6 [— ptypex (b)

e - | — ptypey il

e 0.4 E:ggZi |

% [ | ---- n-typey 1

= 0.2 n-type z B

o | e ]

0 F———— _t—::_:h-— — g T T

. 0.8 ]

J I i

041 5
10" 10 10"

-3



Page 31 of 36 ysics

o o oo

b%4 E'I'I'INHK'

Energy(eV)
-)

Lot LN LB

S o o O
oo O\ O~ N







Page 33 of 36 Physical Chemistry Chemical Physics

15 ! | T T T
@ —— Cal
2 |— ca
® Ca3
310 In
s —— Sbl
Z — Sb2
s T Sb3
s
90]
5 S
2
% - . | ]
SN AN e

)

-4 -2 0 2 4
Energy (eV)



Energy(eV)

Physical Chemistry Chemical Physics

Page 34 of 36



Page 35 of 36 (a) Physical Chemistry Chem'(qﬁb Physics

Energy(eV)

1 T T T T
=

.y gl — 7

SR VA ‘=1%
Sl L E
_ Bl

-0.5 // -

_ 4 NEPE BT :
Z TY I X S YO 0102 03 04 0.5

Density of States (states/unit cell/eV)



S (LWV/K)

Physical Chemistry Chemical Physics

400

200 — -

- g

‘—f-\ 300 K (b)

8x10%

6% 1020

n (cm_3)

10

21

Page 36 of 36



