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p-Type Ca;_,Eu,Zn,Sby (0 < x < 1) polycrystalline specimens were prepared
by direct solid-state reaction of elements followed by appropriate annealing,
grinding and spark plasma sintering for densification. The thermoelectric (TE)
properties of Zintl phase Ca; ,Eu,Zny,Sby, were investigated by measuring
resistivity, Seebeck coefficient and thermal conductivity from 300 K to 720 K.
All Eu doped specimens show more than 50% decrease in electrical resistivity,
while their Seebeck coefficient value only slightly decrease as compared to
CaZnySbs. Furthermore, a reduction of thermal conductivity was achieved by
the additional phonon scatterings of Eu dopants. The cationic substitution of
rare earth element Eu in the Ca-site significantly increased the thermoelectric
dimensionless figure of merit for all Europium substituted samples. Within
this series, EuZnsSbs shows a good thermoelectric property with a maximum
2T value of 0.98 at 720 K.

Key words: Zintl phase, thermoelectric, power factor, Seebeck coefficient

INTRODUCTION

The waste heat recovery using thermoelectric
materials has attracted widespread research inter-
est because of the significant improvement in the
efficiency of TE materials for the past decades.’™
This gives the opportunity to provide a substantial
amount of electrical power from exhausts, geother-
mal power, and other heat sources.*® The efficiency
of thermoelectric materials is determined by the
dimensionless figure of merit, 2T = ST/pk, where p
is the electrical resistivity, S is the Seebeck coeffi-
cient, T is the absolue temperature and x is the
thermal conductivity. Apparently, increasing the
power factor and minimizing the thermal conduc-
tivity of TE materials are beneficial for obtaining
higher zT. Currently, Zintl phase compounds have
been considered as potential thermoelectric
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materials because of their unique characteristics of
low thermal conductivity which comes from strong
lattice anharmonicity, sufficient electronic conduc-
tion and high Seebeck coefficient.® Zintl phase
compounds are generally small-bandgap semicon-
ductors and the bonding can be described via the
Zintl formalism as consisting of electropositive
cations and covalently bonded network of complex
anions or metalloids.” Fascinatingly, Zintl com-
pounds enable various possibilities for chemical
substitutions and structural modifications that
allow the fine tune of individual transport param-
eters such as carrier concentration, mobility, effec-
tive mass and lattice thermal conductivity without
affecting others. This provides the opportunity for
optimizing their thermoelectric performance.

Many antimonide Zintl compounds such as
Ydeg,anbez,S Cabel,xZn2Sb29 Y-b14MIle11,10
Yb; .Ca,CdsSby ' Cay;GaSh,’?  SrsAlSbg °
SrsAlySbe '* and AZnySby (A = Sr, Ca, Yb, Ew)"®

have shown promising thermoelectric efficiency.
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Among them CaZn,Sby is a good candidate for
thermoelectric material because it’s cheap, non-
toxic constituent elements and environmental-
friendly. Moreover, CaZny,Sb, is a semiconductor
with band gap of about 0.26 eV.'%17 As shown in
Fig. 1, it crystallizes in the CaAl,Si, structure-type
and contains Zn—Sb anionic sheets which have
mostly covalent character due to the similar elec-
tronegativity of Zn and Sb. The (Zn,Sby)?~ frame-
work has good hole mobility due to its low polarity.®
Herein, we demonstrate that the substitution of Eu
for Ca sites in Ca;_,Eu,Zn,Sbhy (0<x<1) is an
excellent method to tune the thermoelectric trans-
port property.

EXPERIMENTAL

Polycrystalline of Ca;_,Eu,ZnsSb, (0<x<1)
compounds were prepared by direct reactions of a
mixture of properly weighed Eu (99.99%), Zn
(99.9999%), Sb (99.99%) and Ca (99.95%). All mate-
rials are managed in a nitrogen-filled glove box with
Hy0/0, levels below 1.0 ppm. The stoichiometric
mixtures were loaded in a boron nitride crucible
enclosed in fused-silica ampoules that were flame-
sealed under dynamic vacuum. These assemblies
were then held at 1000°C for 3 days and subse-
quently cooled to room temperature. The products
were finely ground, pressed into pellets, and
annealed at 800°C for 5 days. The annealed samples
were then sintered by spark plasma sintering (SPS
2040) at 525°C for 15 min under a uniaxial pressure
of 50 MPa in vacuum. The density of all the samples
was measured by the Archimedes method and the
densities of the measured samples were around
~96% of the theoretical value. X-ray diffraction was
performed using PANalytical X’Pert PRO diffrac-
tometer operated at 45 kV and 40 mA, and Rietveld
analysis was performed using HighScore Plus. The
electrical conductivity and Seebeck coefficient were
simultaneously measured using ZEM-3. The ther-
mal conductivity (x) was calculated from the mea-
sured thermal diffusivity (D), specific heat (c;,) and
density (d) using the relationship x = Dcyd. The
thermal diffusivity was measured by the laser flash
diffusivity method using a Netzsch LFA 457 system,
cp was estimated by Dulong—Petit law and d was
obtained using the Archimedes method. The Hall
carrier concentration was measured using a phys-
ical property measurement system (Quantum
design, USA) with magnetic field of +2T.

RESULTS AND DISCUSSION

The x- ray diffraction (XRD) patters were taken to
examine the phase purity of the samples. The XRD
patterns for Eu-substituted Ca;_,Eu,Zn,Sh,,
(0<x<1) samples are shown in Fig. 2a. All of
which are identified as a CaAl,Sis structure. The
scattering peaks were indexed to CaZnySby struc-
ture (reference code: 01-071-1815) and a trace
amount of second phase was detected. The
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Fig. 1. The crystal structure of Ca;_,Eu,Zn,Sb, showing (Zn,Sb,)2~
layers and Eu*?, Ca*? cations.
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Fig. 2. (a) The XRD patterns for Ca;_,Eu,Zn,Sb, and the asterisks

indicate the presence of impurity phases. (b) The calculated lattice
parameters a, b- and c-axis as a function of Eu content.

additional peaks seen in the XRD spectra are most
likely due to small amounts of oxidation results
during unavoidable exposure of the sample to air.
This impurity phase may affect the transport prop-
erty of the sample, but only to a negligible extent.
The corresponding room temperature lattice param-
eters as a function of the Eu content are indicated in
Fig. 2b. The lattice parameters of a, b and c-axis
increase linearly with increasing Eu content (x).



1944
ol @ _
E 1
g
T ©f -
! M
10l M-

W0 40 500 60 700
Temperature (K)

300 400 500 600 700
Temperature (K)

Fig. 3. The temperature dependence of Ca;_,Eu,Zn,Sb, samples.
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Table I. The room temperature carrier concentrations (n), carrier motilities (ug), Seebeck coefficients (S),
electrical resistivity (p), and calculated carrier effective mass m*/mg of the Ca;_,Eu,Zn,Sb, samples

Nominal composition n (10%m™3) pa (em?V—1s71) S (VK™ p(uQ m) m*/my
CaZnySb, 3.04 63.6 119.7 31.2 0.58
Cag gEug 1ZnsShe 3.29 117.4 111.7 15.5 0.57
Cag.7Eug 3ZnySby 3.59 120.8 109.9 144 0.59
Cag sEug 7ZnyShe 3.81 123.6 111.0 13.3 0.62
Cao'lEuovgznzsbg 3.83 140.0 111.7 11.6 0.63
EuZn,Sby 2.94 186.2 111.6 11.5 0.52

Which is obtained by Reitveld refinement method.
This result is in agreement with Vegard’s law. As
shown in Fig. 2b, the lattice parameters of
EuZn,Sb, are larger than that of CaZnySby, and
this trend agrees with atomic sizes.'®2° All of these
findings give a reasonable indication that Eu atoms
successfully occupy Ca sites in CaZnySh,.

Figure 3 shows the temperature dependence of
electrical and thermal transport properties of the
samples in the 300-720 K. As shown in Fig. 3a, the
electrical resistivity p of all samples increase with
increasing temperature, indicating the transport
property of a semi-metal or degenerate semiconduc-
tor. Similar trends were also observed in
Ca,Yb;_,ZnySby, AZnsSby (A = Sr, Ca, Yb, Eu) and
EuZn,Sb, crystals.?'®?! It also shows that p can be

greatly reduced by Eu substitution. Recent study of
a single crystal AZn,Sbo(Ca, Eu, Yb) phase clearly
shown that larger carrier mobility of rare-earth
related compounds appears to be an inherent fea-
tures of these materials, and is not related to sample
purity.'® This confirms that larger 27T is found in Eu
doped samples due to higher carrier mobility. In
addition, the carrier concentration slightly
increases with increasing Eu content. This result
is similar to that of reg)orted polycrystalline and
single crystal samples'®!®1%2! but with a small
difference. This small difference may be due to the
presence of unavoidable trace amount of impurity
phases in Ca;_,Eu,Zn,Sbs samples. Meanwhile, the
carrier mobility of Eu-substituted samples upsurges
about twofold compared to that of pristine
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Fig. 4. Temperature dependence of thermoelectric figure of merit zT
and the inset shows the power factor of Ca;_,Eu,Zn,Sb, (0 < x < 1)
samples.

CaZnySbs. Since 1/p = neu, the increase in carrier
mobility leads to the significant reduction in elec-
trical resistivity.

Figure 3b shows the temperature dependence of
Seebeck coefficient S for the series of compounds.
The Seebeck coefficient rises almost linearly as the
temperature increases, which is analogues to pre-
viously reported data.®'® Surprisingly, the S curves
of all Eu-substituted samples are almost invariant
when electrical resistivity p decreases. They are
slightly lower than that of CaZnySby by 10%. For
metals or degenerate semiconductors, with the
assumption of parabolic band and energy indepen-
dent scattering,?>?3 the Seebeck coefficient is pro-
portional to T and n~%? according to Eq. 1.

8n?KiT ./ m\}
§= 3en2 (STL) (1)

where n is a carrier concentration, e is the charge of
an electron, 4 is plank’s constant, m* is the effective
mass and kg is Boltzmann’s constant. This relation
gives m* = (0.59 + 0.03) mg for all x (Table I). The
low effective mass, relatively high mobility and high
Seebeck coefficient indicate the band semiconductor
behavior as opposed to the bipolar conduction.’
Figure 3c gives the temperature dependence of
the total thermal conductivity x. It is the contribu-
tion of phonon (lattice part ki) and charge carriers
(electronic part k). The total thermal conductivity
decreases with increasing Eu content(x). Further-
more, the lattice thermal conductivity is signifi-
cantly reduced which could be ascribed to
enhancement of phonon scattering by dopants with
greater atomic weight. For all the series of
Ca;_,Eu,Zn,Sb, the k value decreases dramatically
with increasing temperature. As shown in Fig. 3d,
the lattice thermal conductivity monotonically
decreases as the Europium content (x) increases.

The lattice thermal conductivity ki,.; of each series
is calculated by subtracting electronic thermal
conductivity x, from total thermal conductivity x.
The k. can be evaluated from Wiedemann—Franz
relation «, = LTo, where L is 2.45 x 10 *WQK 2, ¢
is the electrical conductivity, and T is the corre-
sponding absolute temperature. The x value of
EuZnsSbs, and Eu substituted samples are lower
than CaZnySbs, which is in agreement with rare-
earth derived compounds reported in the
literature.>'®

Since the Eu-substituted samples exhibit lower
electrical resistivity, they would possess much
higher power factor. The power factors S%p of all
the samples were calculated and indicated in the
inset of Fig. 4. It shows that the S%p curve rises
with increasing Eu content and it achieves
1.93 mW m ! K 2 at 690 K for EuZnySby, which is
about three times higher than CaZny,Sb,. The
higher power factor arises from the lower electrical
resistivity, which are typically associated with a
large carrier mobility and an optimal carrier con-
centration, while the Seebeck coefficient is almost
invariant.

The temperature dependence of zT curves for
Ca;_,Eu,ZnyShy are calculated from the measured
value of p, S, and k as shown in Fig. 4. All the Eu-
substituted samples show comparable zT in the
temperature range measured from 300 K to 720 K.
It is noticed that the zT values increase when
CaZnySby is doped with Eu that means small
amount of Eu could significantly enhance the ther-
moelectric performance of CaZnySbs. The 2T value
of heavily doped Cag1Eug9ZnysShy achieved 0.8 at
720 K. Meanwhile, the highest zT value was
observed in EuZn,Sby, consistent with previously
reported literature data®! which was about 0.98 and
CaZnySby achieved zT value of about 0.26 at 720 K.

CONCLUSION

In summary, we investigated the thermoelectric
favorable transport properties of Ca;_,Eu,Zn,Sh,
(0 £x £1) Zintl phase compounds. Tuning the elec-
trical and thermal transport property could be a
powerful method to achieve a larger zT'. Thus, the
carrier mobility of all Eu-substituted samples
increase about twofold higher than the pristine
CaZnySbs. As a result the electrical resistivity
decreases significantly. The power factor increases
remarkably because of the decreasing electrical
resistivity but almost invariant Seebeck coefficient.
Furthermore, this favorable thermoelectric perfor-
mance originated from reduction of thermal con-
ductivity due to phonon scattering by the rare earth
element Eu and substantial increment of electrical
conductivity. Consequently, cationic substitution of
rare earth element significantly increased the ther-
moelectric dimensionless figure of merit for all
Europium substituted samples.
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