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CaAl,Si; type Zintl phases have long been known to be promising thermoelectric materials. Here we report for the first

time on the thermoelectric properties of CaMg,Sb, along with the transport properties of CaZn,Sb,-CaMg,Sb, solid
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solution. The charge carrier tuning in this system was carried out by substituting divalent Ca®* with monovalent Na*. To

check a possible band convergence, we applied an effective mass analysis to our samples and found an abrupt doubling of
the samples’ effective masses as the composition switches from Zn-rich to Mg-rich. We further analyzed the effect that
alloy scattering plays in the lattice thermal conductivity of our samples with a Modified Klemens model. We showed that
the reduction seen in the lattice thermal conductivity of the alloyed samples can be well explained based on the mass
difference of Mg and Zn in the poly-anionic metal site. Our best p-doped sample with a composition of Ca gsNa c:MgZnSb,
displays relatively high peak zT of 0.87 at 850K.

Introduction

Creating a sustainable renewable energy future relies on
diversifying our current energy resources (solar, wind, geothermal,
etc.) and a reduction in overall energy consumption. In 2016 over
half of all energy used in the United States was lost to waste heat,
and if even a small portion of this energy was recaptured it could
transform the energy Iandscapel. Thermoelectric materials are a
category of materials that can interconvert gradients in electrical
potential and temperature, which allows for waste heat to be
harvested into usable energy. Thermoelectric devices are scalable
and have no moving parts making them incredibly reliable and
suited for some niche applications where traditional heat engines

could not be employed.

The efficiency of thermoelectric generators, like all heat engines,

AT VT+2zT-1
————). Here zT
Thot V1+2zT+1

a®T

is material’s thermoelectric figure of merit defined as zT =

are limited by the Carnot efficiency (Nqx =

where «a is Seebeck coefficient, p is resistivity, T is temperature,
and k is thermal conductivity. Optimizing a material’s efficiency has
proven challenging due to the conflicting and intertwined nature of
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these transport properties. In order to maximize zT a material must
have a high Seebeck coefficient, (found in low carrier concentration
insulators), and a low resistivity (found in high carrier concentration
metals)z. One way of maximizing both Seebeck coefficient and
conductivity is by looking for materials with high valley degeneracy
36, Increasing the number of valleys present increases a materials

Seebeck coefficient while minimally impacting the carrier’s mobility.
3,7,8

The material’s thermal conductivity, which is desired to be low, can
be broken into its electronic and lattice parts given by k¥ = k, + K;.
The electronic portion is directly tied to the materials conductivity
given by k., = LoT where L is the materials Lorenz number,
however the lattice portion of the thermal conductivity isn’t directly
related to carrier concentration. Avenues of decreasing k; such as
increasing the complexity and size of the unit cell ° changing the
materials microstructure to scatter phonons 10'13, and alloying the

. 14-16
material to scatter phonons have been shown to work well.

Zintl phases constitute large group of materials many of which
(Yb14MnSb1117 , CaaAlasba18 Ca92n45bgl19 BaGa,Sb, 20, Mg3Sb221, etc. )
are known for having high thermoelectric efficiencies. These phases
are made up of an electropositive metal (alkali, alkali earth or rare-
earth) that donates its electrons to an anionic substructure forming
covalent bonds. This unique way of bonding often leads to very
complex and sometimes large crystal structures leading inherently
low lattice thermal conductivities.”

P-type 1-2-2 Zintls have been shown to display high thermoelectric
2232 CaZn,Sb, and CaMg,Sh, both have the CaAlSi,
structure type (P3m1) (Fig.1). Having isotypic crystal structure,
these compounds very easily form solid solutions with one another.

efficiencies

The structure can be described as having two-atom thick layers of
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an ionic substructure of (an_ngbez)'z, where each Sb and Zn(Mg)
atom is four-fold coordinated. Ca atoms separate these layers and
are located in the octahedral interstices formed by Sb atoms 3,

Zhang et al. largely inspired this work where they laid out an
approach to create valley degeneracy in a material by converging
the energies of the p,, p,, and p, valence band maximum in
compounds of the CaAl,Si, structure ** These different bands may
each have a different mobility and effective mass that will affect
transport in the material 3 In CaMg,Sb, the p, band is above the p,
and p, bands by approximately 0.13 eV, while in CaZn,Sb, the p,
and p, bands are above the p, band by approximately 0.1 eV.
Assuming linearly changing rigid bands and an inverse lever law
relationship, we determined convergence would occur around the
composition CaMggsZny 14Sh, (Fig.2) . Analyzing transport using a
single parabolic band type model, we would expect the DOS
effective mass of the converged sample to peak at a local maximum

3
according to (mpps*)z = Ny(m,)3/?, with the masses of the
samples on the zinc rich side of this sample decreasing to one value,
and another value for samples on the magnesium rich side 8,

These offsets and band positions can change, and even flip,
depending upon the calculation 263438 More specifically Zhang et
al. reports CaMg,Sb, to have a singly degenerate band with a higher
energy than a doubly degenerate band at Gamma at the valence
band maximum®*. Meanwhile Singh et al. reports CaMg,Sb, to have
a doubly degenerate band with a higher energy than a singly
degenerate band at Gamma at the valence band maximum?.
Furthermore a sample’s physical properties measured at elevated
temperatures may differ from DFT calculations run effectively at 0 K
due to thermal expansion and phonons 3 Therefore in addition to
this predicted converged sample, samples of the end members and
various compositions in between the solid solution were also
synthesized and studied.

. . . 8,38
In this paper we analyze our data using an effective mass model

and show that while we don’t see a peak in effective mass, which
would indicate converging bands, we do see an abrupt change,
doubling the effective mass near the predicted composition. This
indicates transport is changing from one set of band(s) on the Zn
side to another on the Mg side. Additionally we analyze the thermal
conductivity of our samples with a modified Klemens model used by
Yang et al. % and show samples are getting a boost in zT due to
alloy scattering in the lattice thermal conductivity. Furthermore we
report the thermoelectric properties of CaMg,Sb, for the first time
and obtain a peak zT of 0.87 in the sample Ca ggNa ; MgZnSb, at 850
K.

2 | J. Name., 2012, 00, 1-3
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Figure 1. Crystal structure of CaZn,,Mg,Sh, with layers of anionic
(an_,(Mg,(sz)'2 separated by Ca** cations.
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Figure 2. Visualization of the predicted energy offsets of the
valence bands in the CaZnzSbz-CaMgzSb2 solid solution. Offsets
in the end members were taken from Zhang et al. 3¢ and then
linearly interpolated with changing composition.
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Experimental Methods

Sample Preparation

Samples of Ca;,Na, Zn, Mg,Sb, (x = 0, .25, .5, .86, 1, 1.5,2) (y = 0,
.01) were prepared via a high-energy ball mill using stoichiometric
ratios of bulk Ca dendrites (99.99% Sigma-Aldrich), Zn shot
(99.999% Alpha Aesar), annealed Mg slugs (99.95% Alpha Aesar), Sb
shot (99.999% Alpha Aesar), and Na sticks (99% Alpha Aesar).
Starting elements were cut into small pieces and loaded into a steel
ball-milling vial with two % inch and four % inch stainless steel balls.
All samples were milled using a SPEX Sample Prep 800 Series
Mixer/Mill for 3 90-minute periods in between which the contents
of the vial were scraped in an inert atmosphere in order to ensure
elements were reacting homogenously. Samples were consolidated
using an induction heated rapid hot-press ¥ Under a flowing argon
atmosphere within a % in diameter high-density graphite die
(POCO) into pellets approximately 2 mm in thickness. Samples were
pressed at 350 °C for 30 minutes to ensure any elemental zinc was
fully reacted and then 700°C for 90 minutes at a pressure of 45
MPa. Resulting Samples were found to have densities exceeding
95%. All Samples are metallically shiny and relatively stable under
ambient conditions.

Sample Characterization

XRD was performed on polished pellets using a Rigaku Dmax
Powder X-Ray Diffractometer (45kV, 40 mA, Cu Ka radiation) with
reflection geometry. Density of the samples was measured using
the Archimedes’ principle. Electronic transport measurements were
measured under dynamic high vacuum up to 875 K with a ramp
speed of 75 K/h. Resistivity and hall coefficients were measured
concurrently using the Van Der Pauw technique with pressure-
assisted molybdenum contacts equipped a 2 T magnet4°. Thermal
diffusivity measurements were taken with a Netzch LFA 457 under
purged flowing argon up to 875K with a ramp speed of 75 K/h.
Thermal conductivity was calculated estimating heat capacity with
the Dulong-Petit law. Seebeck coefficients were measured under
dynamic high vacuum up to 875 K with a homebuilt system using
Chromel-Nb thermocouples Al Samples were investigated in
pellet form with Seebeck and thermal diffusivity being measured
out of plane and resistivity and Hall coefficient being measured in
plane direction. From the analysis of X-ray diffraction data, there
appears to be no form of texturing or preferred orientation after
pressing.

Results and Discussion
X-Ray Diffraction

X-ray diffraction shows a solid solution was indeed obtained for all
compositions tried with the lattice parameters linearly increasing as
Mg substitutes Zn on the transition metal site (Fig. 3). X-ray analysis

This journal is © The Royal Society of Chemistry 20xx

further reveals there is no substantial impurity phase in our samples
(See Figure S1in Sl).
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Figure 3. Lattice parameters a and c¢ for compounds CaZna-
xMgxSbz (x = 0, .25, .5, .86, 1, 1.5, 2) determined from x-ray
diffraction analysis. The error is shown in red, and the dashed
line is a guide to the eye. Note that the error in all samples is less
than the point side of the data.

Results

From previous DFT studies we expect the band gap to widen as we

substitute Mg on to the Zn site %62

. Samples without Na doping
decrease in carrier concentration as Mg2+ substitutes Zn®* widening
the band gap and changing the sample from degenerately doped p-
type at the Zn side to an intrinsic insulator on the Mg side (See
Figure S3 & S4 in Sl). Seebeck coefficient and resistivity follow a

similar trend; both increasing with the substitution of Mg for Zn.

Samples with nominal composition CaZn sMg; sSb, and CaMg,Sh,
were too resistive to measure in our hall measurement system.
Therefore Na was chosen as a p-dopant for samples whose carrier
concentrations were less than optimal, because of its similar ionic
radii to Calcium (See Figure S4 in Sl). Samples with nominal
compositions  CagggNag ¢1Zn,,Mg,Sb, then
degenerately dope all samples (Fig. 4 & S5) in which an effective

were created to

mass model ®** indicated doping was less than optimal.

Substituting Mg on to the Zn site has the effect of lowering the
(Fig. 5). Displaying the temperature
, the mobility data on the Zn rich-side of the
solid solution is characteristic of deformation potential scattering.
Moving to the Mg-rich side it appears some other type of scattering

mobility of samples
dependence of 73

low temperatures but deformation potential
scattering is still effective at higher temperatures. This low
temperature behavior is likely due to grain boundary scattering

dominates at

seen in the related compound Mg3Sb242. We attribute U shaped

J. Name., 2013, 00, 1-3 | 3
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curve in sample Ca ggNa g;Mg,Sb, to grain boundary scattering, with

the decrease in resistivity at higher temperatures likely due to Figure 4. (a) Resistivity , (b) Seebeck, and (c) thermal
bipolar conductivity. conductivity data for samples with 1% nominal Na substitution
on the Ca site

The thermal conductivity of the two end member samples shows an
expected higher thermal conductivity than samples that are solid

solutions, primarily due to alloy scattering in the solid solution 10 y T T u u
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Figure 5. Mobility vs temperature for all samples measured. The
addition of Mg onto the Zn site has the effect of decreasing
mobility as well as changing its temperature dependence. At
higher temperatures most samples have a temperature
dependent mobility characteristic of deformation potential
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% 3 d 4 ¥ v E [[; g B - compare data because it is before the onset of bipolar conduction
B 150F ¢ A4 g E g 1 for most samples, indicated by a flat carrier concentration and
e E B B increasing Seebeck value with temperature. Furthermore at 600 K
1001:(p: i most samples have a mobility that has a temperature dependence
P ‘ ‘ ‘ , . indicating deformation potential scattering allowing us to analyze
So0 400 500 Tefnog(K) 700 800 200 all our data in a similar fashion (Fig. 5). We should note grain
5 boundary scattering does not significantly affect a materials
o (c) Seebeck, or hall coefficient. Therefore it is reasonable to extract a
45¢ .

DOS effective mass from Mg rich samples using deformation

potential scattering, even if the mobility’s temperature dependence
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varies from T2,
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T
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E
53.5» o g
Z
-.E 3F o 1 In this system we expect Zn rich samples to have conduction from
§ | H o | one band(s), and Mg rich samples get transport from a different
8 a] o band(s). At some intermediate composition we expect the bands to
g 2p > O o g 1 cross creating a converged sample with transport from both sets of
5 | ¢ > o . . , .
E 15 g 6 6 > " J bands. Modeling this converged sample’s bands as a single
] ¥ g q g g o 5 g >y op parabolic band would give an effective mass larger than non-
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0200 200 500 500 700 800 900 we do not see a local maximum in effective mass for a particular
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effective mass acting as a step function with the Mg side having an
effective mass roughly double the Zn side (Fig. 6). This indicates
that transport is indeed changing from one set of bands to another.

Figure 7 shows mobility vs magnesium content for all samples at
600K. In this figure we have adjusted the data point for
Ca ggNa y;Mg,Sh, in an attempt to compare all samples in a regime
where grain boundary scattering does not dominate conduction.
This was done by scaling the mobility data of CagyNay;Mg,Sb, at
750K by (750K/600K)*? to estimate what the mobility would be at
600K if instead deformation potential scattering were to dominate.
The trend in mobility can be described using a combination of alloy
and deformation potential scattering“. The trends can be
qualitatively explained using a single deformation potential
% =10 eV and the same scattering potential U = 0.5 eV for both
the Zn-rich and Mg-rich samples — if one assumes the bands of the
Mg-rich material is doubly degenerate and the Zn-rich is a single
band .

Lattice thermal conductivity does benefit from the solid solution
with compositions close to half the Zn sites filled with Mg having

the lowest thermal conductivity resulting in a unitless quality factor
388

3
3, (M2
B = B emkpt Holi,) T2
T e 3m2h3 Ky

(eq1)

that peaks around these compositions (Fig. 8). Quality factor is a
material metric that is independent of reduced chemical potential
and therefore should be the same for samples of the same
composition with different carrier concentrations. However our
data shows that wundoped samples with composition
CazZny 14MgegeSb, and CaZn,sMgsSb, have much lower quality
factors than their doped counterparts. This is due to the weighted
mobilities of these samples being different from their undoped
counterparts.
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Figure 6. Seebeck effective mass 35 vs Mg content of samples at
600 K. While we do not see a maximum indicating band
convergence, we do see a step function around the composition
we expected convergence to appear indicating that transport is
changing from one set of bands to another. The dashed line is a
guide for the eye.
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Figure 7. Mobility vs Mg content of different samples at 600 K.
The data for Cag9Nao1Mgz2Sbz was taken at 750K then adjusted
back to 600K assuming only acoustic phonon scattering The
dashed line is a guide for the eye. The decrease in mobility is
most likely due to alloy scattering.
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Figure 8. Quality factor vs Mg content of different samples at 600
K. Samples near the middle point of the solid solution get a boost
in quality factor which is due to alloy scattering in the lattice
thermal conductivity. The dashed line is a guide for the eye.
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Table 1: A comparison between the solid solutions end member’s
thermoelectric properties at 600K. Note how the larger effective
mass and grain boundary scattering in the Mg containing compound
hamper mobility. Furthermore zinc’s atomic mass being double that
of magnesium lowers the thermal conductivity, and overall helps
boost the material’s quality factor (B).

CaZnzSb2 Ca99oNa.01Mg2Sbz
mg* [m,] 0.6 1.1
cm? 100 19
Ho Vs
3
(ms*)f cm? 45 23
Ho m, Vs
w 1.3 2.4
L mk
B 0.135 0.037

Lattice Thermal Conductivity Modeling

To analyze the lattice thermal conductivities we use a model
described by Yang et al. % hased on the theory of Klemens and
Calloway 47 This model proposes a relationship between the
lattice thermal conductivities of an alloyed sample (, 4110y ) and of
a pure compound used in that alloy (¥ ;yre) When Umklapp and
point-defect scattering are dominant.

(eq.2)

KLalloy _ tan™*(u)
KLpure u

2
2 _ m6pn
us = 2 KL,pure[;zxpt (eq.3)

where u is a scaling parameter, 6, is the Debye temperature, 2 is
the average atomic volume per atom, h is Planck’s constant, v is the
average speed of sound given by a weighted harmonic mean of the
longitudinal and transverse speeds of sound, and [,y is the
experimental disorder scaling parameter. The experimental scaling
parameter can be calculated by summing its mass I}, and strain [
contributions. In this work, we assume the strain fluctuations are
negligible compared to the mass difference of Mg and Zn. The mass
disorder scaling parameter is given by weighted summation over all
sub-lattice sites in the primitive unit cell:

Mp\? k1 ko ME-MF :
n
Zi=1ci(ﬁ’) fi'tfi ( 7 l)
I-' =
M
(O

(eq.4)

where M represents mass, i is the indexed sub-lattice site, c; is the
relative degeneracy of the sub-lattice c, fik is the occupational
filling fraction of sub-lattice site i of atom type “k”, M; represents
the average mass atomic mass of an atom on site i and is given by

6 | J. Name., 2012, 00, 1-3
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M; = ¥ firmk, M is the average atomic mass of all atoms in the

compound and is given by M= %

In this study, since the metal atoms (Zn or Mg) tetrahedrally
bonded to the anion constitutes most of the disorder, these
formulas simplify as follows:

1\7=§[Mf“+2 X MZM(1—x) +2 x MY9(x) +2 x M5?]

— 2 Mg 2
1 M, o (ME"—M
I; =—0+ = zn 9 *2 +0
M CZ(M) fz 2 ( M,

5

zn Mg\ 2
I, = Sl My — M,
M_S x( X) 1\7

Where x is the occupational fraction of Mg on the transition metal
site. Therefore with only inputs of lattice thermal conductivity and
speeds sound of the two end members compounds, the lattice
thermal conductivities of alloy compositions given between can be
predicted (Fig. 9). The Debye temperature was calculated using the

speed of sound by 6, = ’WT'", where the Debye frequency is given by

35\1/3 . , ) ,
Vi = (E) Vs, h is Plank’s constant, k is Boltzmann’s constant, §

is number density of atoms, and v; is the average speed of sound.

Table 2: Speeds of sound for CaZn,Sb, and CaMg,Sb

vr (m/s) | vi(m/s) | vs (m/s)
Cazn,Sh, 2094 3903 2476
CaMg,Sh, 2716 4330 3101
45l |— 32K n |
" | =523k
4l |=——723K i

° Caan_Xngsz
o CagNag,Zn, Mg,Sb,

Lattice Thermal Conductivity (W/mK)

06 08 1 12 14 16 18 2

0 0 02 04

(x) CazZn, Mg Sb,

Figure 9. Lattice thermal conductivity vs Mg content. This shows
a model based on simply the mass difference of the metals in the
polyanionic layers can very accurately explain lattice thermal
conductivity. Circles represent samples with nominal
composition CaZnzxMgxSbz. Squares represent samples with
nominal composition Ca.g9Nao.o1Znz-«MgxSb2.
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Fig. 10. shows the zT values of all the samples with respect to
temperature. The samples with compositions of Cag9Na.o1
Zn1.14MgseSb2 and Cas9Nao1ZnMgSbz have the highest quality
factors of all samples produced and correspondingly display the
highest zT values. Using an effective mass model indicated that
both samples were already optimally doped. (See Fig. S6 in SI).

1 r T T T T
x=0 v=0 | Ca, NaZn Mg Sb,
x=0.25 y=0 -y Ty 2=x Yx 2
x=0.5 y=0
x=0.5 y=0.01
x=0.86 y=0
x=0.86 y=0.01
x=1 y=0
x=1 y=0.01
x=15 y=0.01

0.8
0.7H
0.6

OCAA]4

zT
o
[$)]

;

S0t oo 500 600 700 800

Figure 10. Thermoelectric figure of merit zT vs temperature for
all the samples investigated.

Conclusions

We prepared a number of solid solution of the Zintl compounds
CaZn,Sb, and CaMg,Sb, crystallizing in the CaAl,Si, structure. The
thermoelectric properties of Na-doped CaMg,Sb, were investigated
for the first time in this study. An effective mass analysis finds a
step like function with regards to composition, indicating transport
is changing from one set of bands to another roughly at the
composition CaMgZnSb, We find the sample with composition
Ca g9Na g:ZnMgSb, has the highest zT of 0.87 at 575 °C at optimum
carrier concentration and due to the low lattice thermal
conductivity reached. Herein, we also demonstrate how a Klemens
type model taking into account disorder on the transition metal site
can explain the lattice thermal conductivities of the alloyed

compositions.
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