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Inspired by the promising thermoelectric properties in the Zintl compounds Ca3AlSb3 and Ca5Al2Sb6,

we investigate here the closely related compound Sr3GaSb3. Although the crystal structure of Sr3GaSb3
contains infinite chains of corner-linked tetrahedra, in common with Ca3AlSb3 and Ca5Al2Sb6, it has

twice as many atoms per unit cell (N ¼ 56). This contributes to the exceptionally low lattice thermal

conductivity (kL¼ 0.45Wm�1 K�1 at 1000 K) observed in Sr3GaSb3 samples synthesized for this study

by ball milling followed by hot pressing. High temperature transport measurements reveal that

Sr3GaSb3 is a nondegenerate semiconductor (consistent with Zintl charge-counting conventions) with

relatively high p-type electronic mobility (�30 cm2 V�1 s�1 at 300 K). Density functional calculations

yield a band gap of �0.75 eV and predict a light valence band edge (�0.5 me), in qualitative agreement

with experiment. To rationally optimize the electronic transport properties of Sr3GaSb3 in accordance

with a single band model, doping with Zn2+ on the Ga3+ site was used to increase the p-type carrier

concentration. In optimally hole-doped Sr3Ga1�xZnxSb3 (x ¼ 0.0 to 0.1), we demonstrate a maximum

figure of merit of greater than 0.9 at 1000 K.
Introduction

Thermoelectric materials, which allow for solid-state conversion

of heat into electricity, have the potential to reduce the huge

quantity of energy currently lost in the form of waste heat.

However, to make widespread implementation practicable,

improvements to the efficiency of thermoelectric materials are

necessary.1,2 Thermoelectric efficiency is a function of the figure

of merit of a material, given by zT ¼ a2T/rk, where a is the
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Broader context

Thermoelectric materials have the potential to reduce the huge quan

to make widespread implementation possible, improvements to b

necessary. Inspired by promising thermoelectric properties in the re

and Ca5Al2Sb6, this study investigates the closely related Zintl co

transport properties of Sr3GaSb3 and show that these properties can

the p-type carrier concentration and ultimately optimize the therm

and Ca5Al2Sb6, the larger unit cell and increased density of Sr3GaSb

mK�1 at 1000 K). This, combined with optimization of the electroni

of 0.94 at high temperatures. This is a significant improvement over p

the improved power factor and significantly reduced thermal condu
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Seebeck coefficient, r is electrical resistivity, and k is the thermal

conductivity. Most easily achieved in heavily doped semi-

conductors, a careful balance must be obtained between these

often conflicting and highly interdependent material properties.3

Zintl compounds, characterized by covalently bonded

‘‘substructures’’, surrounded by highly electropositive cations,

have recently attracted attention due to their often complex

crystal structures.4,5 In general, the lattice thermal conductivity

of Zintl compounds trends with unit cell complexity;6,7

Yb14AlSb11, containing 104 atoms per unit cell, exhibits one of

the lowest known lattice thermal conductivities of any bulk

material.8 In contrast, the electronic mobility in Zintl compounds

is more difficult to predict, though the nature of the covalently

bonded substructure is thought to play a major role. For
tity of energy currently lost in the form of waste heat. However,

oth the efficiency and toxicity of thermoelectric materials are

latively inexpensive and earth-abundant compounds Ca3AlSb3
mpound Sr3GaSb3. We report on the electronic and thermal

be controlled by substituting Zn2+ on the Ga3+ site to increase

oelectric properties. Compared to previously studied Ca3AlSb3

3 leads to an extremely low lattice thermal conductivity (0.45 W

c properties through doping, leads to a peak figure of merit (zT)

reviously studied chain-forming Zintl compounds, arising from

ctivity.
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example, a relatively high electronic mobility has been demon-

strated in AM2Sb2 (A ¼ alkaline or rare earth, M ¼ transition

metal) compounds, which form 2-dimensional covalent planes

(m � 100 cm2 V�1 s�1),9–11 while Yb14AlSb11, characterized by

isolated AlSb4 tetrahedra and Sb3 moieties exhibits extremely

low carrier mobility (�5 cm2 V�1 s�1).8 This is not true in all

cases however; despite being highly covalent, 3-dimensional

anionic structures, the clathrate compounds generally do not

exhibit high carrier mobility, due to disorder in the anionic

sites.12,13

Bridging these well-characterized 3-, 2-, and 0-dimensional

structures are the relatively little-known 1-dimensional, chain-

forming Zintl compounds. We have recently reported on the

thermoelectric properties of Ca3AlSb3 and Ca5Al2Sb6,
14,15 each

of which forms a distinct structure characterized by infinite,

parallel chains of corner-sharing AlSb4 tetrahedra, shown in

Fig. 1b and c.16,17 The large, complex unit cells of Ca3AlSb3 and

Ca5Al2Sb6 (28 and 26 atoms per cell, respectively) lead to low

lattice thermal conductivities (<0.6Wm�1 K�1 at 1000 K). Upon

carrier concentration optimization, promising figures of merit

have been obtained (0.78 and 0.6 at 1000 K, respectively).

Further improvements to zT in this class of compounds might be

achieved by further reducing the acoustic contribution to the

lattice thermal conductivity (kacoustic), given by eqn (1) in the limit

of Umklapp scattering.

kacoustic ¼ ð6p2Þ2=3
4p2

�Mvs
3

TV 2=3g2

1

N1=3
(1)

Here, �M and V are average atomic mass and atomic volume,

respectively, vs is the average speed of sound, g is the Gr€uneisen

parameter, and N is the number of atoms per unit cell.6 Since

nsf
ffiffiffiffi

E
p

=
ffiffiffi

d
p

, where E is the stiffness and d is the density, heavy

atoms and soft bonds lead to low vs and thus low kL. This

motivates our current study of the compound Sr3GaSb3, which

has not been previously investigated for thermoelectric applica-

tions.18 While Sr3GaSb3 is a chain-forming compound similar to

Ca3AlSb3 and Ca5Al2Sb6 (see Fig. 1a), it has twice as many

atoms per unit cell (N ¼ 56) and significantly higher density.

Additionally, our previous study of the Ca5M2Sb6 system

suggests that M ¼ Ga leads to a greater degree of covalent
Fig. 1 The distinct chain-like polyanions formed by the Zintl antimo-

nides Sr3GaSb3, Ca3AlSb3 and Ca5Al2Sb6. Sb (orange) resides at the

tetrahedral corners, while either Ga (green) or Al (blue) resides in the

centers.
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bonding in the anionic sub-structure thanM¼Al, which leads in

turn to a lighter band mass and higher mobility, further moti-

vating the current study.19,20

Sr3GaSb3 is the only compound known to crystallize in a

unique, chain-based structure that, according to Sch€afer et al.,

can be considered a connecting link between the structures based

on either linear chains or isolated tetrahedra-pairs formed by all

other known A3MPn3 compounds (A ¼ Ca, Sr, Ba, M ¼ Al, Ga,

In, and Pn ¼ P, As, Sb).18 The monoclinic structure of Sr3GaSb3
(space group P21/n, lattice parameters a ¼ 11.855 �A, b ¼ 14.649
�A, c¼ 11.876�A, and b angle¼ 109.963�) contains infinite, closely
packed, non-linear chains of corner sharing tetrahedra, charac-

terized by four-tetrahedra repeat units, as shown in Fig. 2a. This

four-tetrahedra periodicity in Sr3GaSb3 leads to a larger unit cell

than that of Ca3AlSb3, which has a single-tetrahedron period-

icity. The chains in Sr3GaSb3 are aligned along the [101] direc-

tion, shown pointing into the page in Fig. 2b. A single chain is

highlighted in red. Note that while the chains appear to overlap

with nearby chains to form zigzagging planes, staggering along

the [101] direction prevents strong interactions between neigh-

boring chains.

Here we use high temperature thermal and electronic transport

measurements to characterize the thermoelectric properties of

Sr3GaSb3. Doping with Zn2+ on the Ga3+ site is used to optimize

the electronic properties according to a single band model. In

addition, we have employed electronic structure calculations to

shed light on the role of bonding in the electronic transport

properties of Sr3GaSb3, potentially contributing to the devel-

opment of guiding structure–property relationships for ternary

Zintl thermoelectrics.
Experimental

Bulk, polycrystalline Sr3Ga1�xZnxSb3 samples with composi-

tions x ¼ 0.00, 0.02, 0.05, 0.07, and 0.1 were prepared by ball

milling followed by hot pressing, starting with elemental Sr, Zn,

Sb, and GaSb. A GaSb precursor was synthesized from Ga

(99.99% shot, Sigma-Aldrich) and Sb (99.9999%, shot, Alfa

Aesar) in an evacuated quartz ampoule which was held at 1000 K

for 12 hours followed by water-quenching. The elements (99%
Fig. 2 a) Sr3GaSb3 contains unique chains of corner-sharing GaSb4
tetrahedra, formed from four-tetrahedra repeat units. Ga atoms are

green, those of Sb are orange, and Sr atoms are not shown. (b) The

structure of Sr3GaSb3 viewed down the [101] axis, with chains going into

the page (Sr atoms shown in blue). In both orientations, a single chain is

highlighted in red.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Top: back-scattered electron image of a polished Sr3GaSb3
sample reveals the secondary phase Sr2Sb3 as white specks, while

secondary electron imaging of a fracture surface shows the very small

grain size (<1 mm). Bottom: X-ray diffraction data for Sr3Ga1�xZnxSb3
including profile fit, profile difference, and profile residuals from the

corresponding Pawley refinement including the secondary phase Sr2Sb3.

The inset shows the reflections indexed to the impurity phase marked by

asterisks.
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pieces Sr, 99.99% Zn shot, and 99.9999% Sb shot from Alfa

Aesar) were cut into small pieces and loaded with the GaSb

precursor in stoichiometric amounts into stainless-steel vials,

with stainless-steel balls in an Ar dry box. The mixtures were

milled for 90 min using an SPEX Sample Prep 8000 Series Mixer/

Mill. The resulting powder was consolidated by induction hot

pressing in high density graphite dies from POCO. The die was

heated to 873 K in 2 hours and held for 1.5 hours, followed by a

30 min ramp to 973 K, at which point a pressure of 120 MPa was

applied. These conditions were maintained for 2 hours, followed

by a 2 hour pressure-free cool down. The resulting ingots, which

were sensitive to air and moisture, were sliced into disks for

characterization.

X-ray diffraction measurements were carried out on a Philips

PANalytical X’Pert Pro with CuKa radiation. Pawley refine-

ments were performed using TOPAS Academic V4.1,21 applying

the fundamental parameter approach using the crystallographic

data from Cordier et al.18 Scanning electron microscopy (SEM)

and energy-dispersive X-ray spectroscopy (EDS) of the

consolidated material were performed using a Zeiss 1550 VP

SEM. The samples used in the measurements of thermal diffu-

sivity, Seebeck coefficient and Hall coefficient were disks (cut

perpendicular to the pressing direction) 12 mm in diameter, and

approximately 1 mm thick. Furthermore, for comparison, slices

were cut parallel to the hot pressing direction, to test for

anisotropic transport properties. Thermal diffusivity was

measured using a Netzsch laser flash diffusivity instrument

(LFA 457) with samples coated in a thin layer of graphite to

minimize errors in the emissivity. The data were analyzed using

a Cowan model with pulse correction. Heat capacity (Cp) was

estimated using the method of Dulong–Petit. The Seebeck

coefficient was calculated from the slope of the thermopower vs.

temperature gradient measurements from chromel-Nb thermo-

couples.22 Electrical resistivity and Hall coefficients were

measured using the van der Pauw technique under a reversible

magnetic field of 1 T using pressure-assisted contacts. All

measurements were carried out during both heating and cooling

cycles, and for samples with high zT, each measurement was

repeated for further verification. There was no hysteresis found

between heating and cooling, nor between subsequent

measurements. The combined uncertainty for all measurements

involved in zT determination is �20%.

Density functional calculations were performed with the

WIEN2K code23 based on the full-potential linearized

augmented plane-wave (FP-LAPW) method under the general-

ized gradient approximation (GGA) as parameterized by Per-

dew, Burke, and Ernzerhof (PBE).24 A plane wave basis cutoff of

RmtKmax ¼ 9 was used in terms of the smallest muffin tin radius

and maximum plane wave vector respectively. Muffin tin radii

were 2.4 a.u. for Sr and 2.5 a.u. for both Ga and Sb. Calculations

were performed at the theoretical ground state lattice parameters

as determined by structural minimization of the unit cell. Atomic

positions were relaxed to converged forces below 0.025 eV �A�1

on each atom. Total energy convergence was achieved in the self-

consistent calculations with a shifted 6 � 4 � 6 k-point mesh,

which reduced to 36 symmetrically unique k-points. The modi-

fied Becke–Johnson (TB-mBJ)25 semi-local exchange potential

was employed, which has been shown to improve the band gap in

sp bonded semiconductors.26 This method was used to produce
This journal is ª The Royal Society of Chemistry 2012
the density of states and electronic dispersions shown in this

work.

Results and discussion

Following ball milling and hot pressing, the polycrystalline

Sr3Ga1�xZnxSb3 (x ¼ 0, 0.02, 0.05, and 0.07) samples had

geometric densities that were �98% of the theoretical density.

SEM analysis using backscattered electrons reveals small, light-

colored precipitates (see upper left panel of Fig. 3), identified by

EDS as the Zintl phase Sr2Sb3. This phase appears to comprise

approximately 1–3 vol% of each sample. X-ray diffraction

confirms that Sr3GaSb3 and Sr2Sb3 were the only phases present

in samples with x¼ 0.0 to 0.07 (shown in Fig. 3). The inset shows

a magnified view in which the most prominent Sr2Sb3 peaks are

marked with asterisks. The fraction of this phase was comparable

in each of the samples with x¼ 0.0 to 0.07. In the sample with the

nominal composition, Sr3Ga0.9Zn0.1Sb3, additional phases were

present, including SrZn2Sb2, indicating that the solubility limit of

Zn in Sr3GaSb3 was exceeded. We have therefore not included

the transport properties of this composition. In all samples, the

grain size after hot pressing was extremely small, estimated from

fracture surfaces to be in the sub-micrometer range (upper right
Energy Environ. Sci., 2012, 5, 9121–9128 | 9123
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panel in Fig. 3), in accordance with the broad profiles of the

XRD reflections. No obvious texturing was seen in the diffrac-

tion patterns, despite the anisotropic crystal structure.

Electronic structure

Sr3GaSb3 forms a valence precise crystal structure that can be

described within the Zintl formalism as follows: the highly elec-

tropositive Sr (3 Sr2+) atoms donate their valence electrons to the

anionic chains. Two of the Sb atoms making up the chains have

only one covalent bond, leading to a valence state of �2, while

one Sb atom is shared between two tetrahedra, leading to two

covalent bonds and a valence state of �1. Assigning a valence

state of�1 to the four-bonded Ga leads to overall charge balance

and the formation of the covalent anionic chains.27

The basic features of this simple bonding description are

reflected in the calculated density of states, shown in Fig. 4a. The

prominent Ga and Sb electronic states deep in the valence band

(�4 to �6 eV) and at the conduction band minimum likely

correspond to Ga–Sb bonding and anti-bonding interactions,

respectively. The valence band maximum is dominated by Sb

states, likely arising from non-bonding Sb lone-pairs. In contrast,

the conduction band is formed primarily by Ga–Sb anti-bonding

states and by Sr states at higher energies, consistent with the

assumption that Sr donates its valence electrons to form the

anionic substructure. A band gap of �0.75 eV is predicted,

qualitatively consistent with the experimentally observed

behavior described below.
Fig. 4 a) Density of states and (b) the band structure of Sr3GaSb3 reveal

an indirect band gap of �0.75 eV. The upper and lower blue lines

correspond to carrier concentrations of 1019 and 1020 holes per cm3,

respectively. Inset: Brillouin zone of Sr3GaSb3 with selected k-space

directions labeled.

9124 | Energy Environ. Sci., 2012, 5, 9121–9128
The electronic band structure of Sr3GaSb3 is shown in Fig. 4b

in the k-space direction parallel to the GaSb4 chains (G–A[101]),

and in the two perpendicular directions (G–Z and G–A[�101]). The

k-space points G,A andZ are labeled in the Brillouin zone shown

in the inset. The band structure is characterized by an indirect

band gap (�0.75 eV) with the valence band maximum at G and

the conduction band minimum between G and Z. The upper and

lower blue lines correspond to carrier concentrations of 1019 and

1020 holes per cm3, respectively. At energies very close to the

valence band maximum (0 to �0.1 eV), the dispersion is aniso-

tropic, with the effective mass along the chains (m*
[101] ¼ 0.18 me)

smaller than the mass in the perpendicular directions (m*
[�101] ¼

0.57 me and m*
[010] ¼ 0.66 me). In contrast, the two additional

bands with maxima at ��0.1 eV are nearly isotropic. When

electrons are scattered primarily by acoustic phonons, as is the

case in most known thermoelectric materials, the improvement in

carrier mobility conferred by a light band mass outweighs the

detrimental effect that low m* has on a. In this case, the ther-

moelectric quality factor is given by bf
Nv

m�
i kL

, where m*
i is the

mass of a single hole pocket along the conduction direction.20,28,29

This suggests that the light band mass in Sr3GaSb3, particularly

in the direction of the chain substructures (m*
[101]), may be

advantageous.

The number of bands contributing to transport (Nv) at a given

carrier concentration influences the figure of merit of a material,

as illustrated by the thermoelectric quality factor. If Nv is high, it

is possible to simultaneously have light bands (small m*
i ) and

large density of states effective mass. In Sr3GaSb3, only one band

contributes to transport at energies very close to the valence band

maximum. In heavily doped Sr3GaSb3 (n > 1020 holes per cm3),

the contribution from the two bands with maxima at about

�0.1 eV could potentially lead to Nv ¼ 3.
Electronic transport properties

Fig. 5b shows the measured Hall carrier concentrations (nH) of

Sr3Ga1�xZnxSb3 samples as a function of temperature. Despite

Sr3GaSb3 being a valence-precise Zintl compound, the undoped

material has an extrinsic p-type carrier concentration of 4 � 1018

holes per cm3 at room temperature, most likely due to intrinsic

defects in the crystal structure. The resistivity of undoped

Sr3GaSb3 is very high (Fig. 5a), decreasing due to thermal acti-

vation of carriers into the conduction band above 800 K.

With each substitution of Zn2+ on a Ga3+ site we expect to

introduce one additional free hole (h+), due to the difference in

valence states.4 In many Zintl compounds, this simple assump-

tion works well for predicting nH of doped samples (i.e.

Yb14Al1�xMnxSb11, Ba8Ga16�xGe30+x
8,12), indicating that the

dopant primarily substitutes on the intended crystallographic

sites. However, in the case of Sr3GaSb3, in common with

Ca3AlSb3,
31 doping with Zn results in only a fraction of the

predicted hole concentration. For example, when x ¼ 0.07

(equivalent to a synthetic concentration of 1 at% Zn) we would

predict n ¼ 2.1 � 1020 h+ cm�3. However, the measured nH is

only 5� 1019 h+ cm�3. If each measured hole is assumed to result

from a Zn atom on aGa site, then only one-fourth of the synthetic

Zn content resides on the intended site, while the remainder may

form secondary phases too small to identify or perhaps becomes
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 The temperature dependence of (a) the electrical resistivity, r, and

(b) the Hall carrier concentration, nH, in Sr3Ga1�xZnxSb3 illustrates the

transition towards degenerate semiconducting behavior upon Zn doping.

(c)TheHallmobility,mH, reveals activatedbehavior at low temperature and

(d) the Seebeck coefficient, a, becomes more metallic with increasing Zn.
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trapped at grain boundaries. However, estimating the matrix Zn

content from the measured Hall coefficient can be misleading.

Sources of error might include Zn defects with an effective charge

other than +1, formation of compensating n-type defects,32 or a

Hall factor (rH ¼ n/nH) that deviates significantly from unity.

As a function of temperature, nH in Sr3Ga1�xZnxSb3 is

constant at low temperatures, indicative of extrinsic transport,

and increases at high temperature as intrinsic carriers are acti-

vated across the band gap. The increase in nH leads to the

decrease in electrical resistivity with Zn-doping as shown in

Fig. 5a.

The Hall mobility, mH, is shown in Fig. 5c, calculated from r¼
1/nHemH. At low temperatures (T < 500 K), mH exhibits a positive

temperature dependence that can be fit using mH f e�EA/kBT,

where EA is the activation energy associated with a potential

barrier.30 Such behavior may arise from barriers at the grain
This journal is ª The Royal Society of Chemistry 2012
boundaries, such as oxide layers or secondary phases, requiring

an activation energy to overcome. Our previous study of

Ca3AlSb3 indicates that with the correct processing it is possible

to avoid this activated behavior, drastically increasing electrical

conductivity.31 At higher temperatures (>600 K) the mobility in

Sr3Ga1�xZnxSb3 is limited by acoustic phonon scattering, for

which the temperature dependence is given by mH f T�v, with n

between 1 and 1.5 for degenerate and non-degenerate behavior,

respectively.33

The Seebeck coefficients, a, of the Sr3Ga1�xZnxSb3 samples

shown in Fig. 5d are positive, consistent with the p-type carrier

concentrations. The Seebeck coefficient of undoped Sr3GaSb3
increases up to a temperature of 700 K, at which point thermally

activated electrons result in a decay of a. From the resulting

maximum (amax � 340 mV K�1, Tmax � 700 K), a rough estimate

of the band gap using Eg ¼ 2eamaxTmax
34 yields Eg � 0.5 eV,

which is in general agreement with the results of the DFT

calculations (see Fig. 4). As expected, the Seebeck coefficients

decrease with increasing carrier concentrations. This is best

illustrated by the Pisarenko relation shown in the left panel of

Fig. 7a), with experimental a and nH (diamond symbols)

obtained at 700 K. The solid curve was generated using the single

parabolic band (SPB) model described in ref. 15 with a valence

band effective mass of m* ¼ 0.9 me. All of the doped samples in

this study appear to be well described by me ¼ 0.9 m* at 700 K,

suggesting that, within experimental uncertainty, it is not

possible to see any evidence of multi-band behavior at these

doping levels. Although not shown here, the same effective mass

also provides a good fit for the experimental Seebeck coefficients

at 300 K and 500 K.

To investigate the possibility of anisotropic transport prop-

erties, the Hall and Seebeck coefficients of Sr3Ga0.93Zn0.07Sb3
were measured on disks cut in different directions (perpendicular

and parallel to the hot pressing direction). An �5% disparity in

resistivity measured to 1000 K appeared to stem from a higher

hole concentration in the perpendicular slice, while the mobility

was identical in both directions. The difference in the Seebeck

coefficients at 300 K was within the measurement uncertainty of

5%. Together, these results suggest that the anisotropy of

Sr3GaSb3 does not significantly influence transport properties in

our polycrystalline samples. This is in agreement with XRD

measurements, which show no signs of preferred grain orienta-

tion (Fig. 3).
Thermal transport properties

The thermal conductivity (k), shown in Fig. 6a was calculated

from thermal diffusivity (D) using k¼DdCp (here, d¼ geometric

density and Cp ¼ Dulong Petit heat capacity, 0.250 J g�1 K�1).

While generally accurate at room temperature, the Dulong Petit

heat capacity often underestimates Cp at high temperature by as

much as 10–20%, leading to an overestimation of zT. The elec-

tronic contribution to the thermal conductivity (ke) was esti-

mated using theWiedemann–Franz relation ke¼ LT/r, where the

Lorenz number, L, was determined from experimental Seebeck

coefficients using an SPB model (inset of Fig. 6).12 Subtracting ke
from k leaves the combined lattice (kL) and bipolar (kB) contri-

butions shown in Fig. 6b). Of the samples in this study, only

undoped Sr3GaSb3 exhibits a significant bipolar contribution,
Energy Environ. Sci., 2012, 5, 9121–9128 | 9125
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Fig. 6 a) Total thermal conductivity and (b) lattice thermal conductivity

of Sr3Ga1�xZnxSb3. The calculated minimum lattice thermal conduc-

tivity kmin is shown as a broken line, and the inset shows the calculated

Lorenz numbers generated using an SPB model.12

Fig. 7 a) Seebeck coefficients (diamonds) and zT (circles) vary with

carrier concentration approximately according to an SPB model at 700

K. The solid and broken curves represent the predicted SPB behavior of a

and zT, respectively, assumingm*¼ 0.9 me, m0¼ 17 cm2 V�1 s�1 and kL¼
0.55 W m�1 K�1 (see Table 1). (b) The measured figure of merit of

Sr3Ga1�xZnxSb3 exceeds 0.9 when heavily doped.
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evidenced by the increase in kL + kB at high temperatures relative

to the doped samples.38 In the remaining compositions (x¼ 0.02,

0.05, 0.07), the lattice thermal conductivity is the dominant term,

decreasing with the 1/T temperature dependence expected when

scattering is dominated by Umklapp processes (eqn (1)).6

The large number of atoms per unit cell in Sr3GaSb3 (N ¼ 56),

leads, by definition, to a phonon dispersion with 3 acoustic

modes and 55 � 3 optical modes. Such complexity in the

dispersion leads to both enhanced Umklapp scattering and flat-

tened, low velocity optical modes that contribute very little to

heat transport.6,7 These features, combined with the small grain

size in our Sr3GaSb3 samples, lead to the extremely low lattice

thermal conductivity observed in this material. To estimate the

minimum lattice thermal conductivity, kmin, for Sr3GaSb3, and

thus to determine whether further nanostructuring would be

beneficial, we have employed Cahill’s formula for disordered

crystals.35,36 kmin is dependent on the longitudinal and transverse

sound velocities, which were determined from ultrasonic

measurements to be 3750 m s�1 and 2130 m s�1, respectively.

These yield an estimated Debye temperature of qD ¼ 243 K and

kmin¼ 0.43Wm�1 K�1. At high temperatures, the lattice thermal

conductivity of Sr3GaSb3 approaches the estimated kmin, in

common with Ca3AlSb3 and Ca5Al2Sb6, adding to the growing

body of evidence suggesting that large unit cell size leads to the

glass-like high temperature kL observed in a number of ther-

moelectric materials.
Figure of merit

The figure of merit of Sr3Ga1�xZnxSb3 is shown in Fig. 7b as a

function of temperature. The transition from nondegenerate

behavior to degenerate semiconducting behavior upon doping

with zinc leads to an increase in the maximum zT from 0.4 for
9126 | Energy Environ. Sci., 2012, 5, 9121–9128
x ¼ 0 to greater than 0.9 when x ¼ 0.07. To provide a rough

estimate of the optimal carrier concentration in this material we

have employed an SPB model at 700 K (see Fig. 7a). At 700 K, it

is reasonable to assume that extrinsic carriers still dominate

transport and acoustic phonons are the primary scattering

source. Using input parametersm*¼ 0.9 me, m0 ¼ 17 cm2 V�1 s�1

and kL ¼ 0.55 W m�1 K�1, the predicted optimum carrier

concentration is approximately 5 � 1019 h+ cm�3. The doped

samples in this study have carrier concentrations clustered

around this optimum, explaining their similar zT values.

Relative to the previously studied chain-based Zintl

compounds, Ca5Al2Sb6 and Ca3AlSb3, Sr3GaSb3 exhibits a

higher figure of merit across the entire measured temperature

range. As discussed above, the maximum figure of merit in a

given thermoelectric material is related to its quality factor,

bf
Nv

m*
i kL

. It is instructive to compare these fundamental material

properties across closely related Zintl compounds. Here, we

consider the three chain-forming Zintl antimonides, Ca5Al2Sb6,

Ca3AlSb3, and Sr3GaSb3. The distinct chain-based anionic

structure of each compound is shown in Fig. 1.

The density of states effective mass of each compound (m*),

determined by fitting experimental Seebeck coefficients using a

single band model,14,15 are given in Table 1. The density of states

effective mass is related to the average mass of individual hole

pockets, m*
band, by the expression m* ¼ N2/3

v m*
band. Note that

m*
band is directly related to the inertial mass, m*

i . Since Nv � 2 in
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Experimental properties of chain forming Zintl antimonides14,15 are given at 300 K unless otherwise specified. Nv is the approximate band
degeneracy at optimal doping levels, m* is the effective mass obtained by fitting an SPB model to the experimental Pisarenko relation, d is theoretical
density, G and K are the shear and bulk moduli determined from the transverse and longitudinal sound velocities, nT and nL. From ref. 16–18, �M and V
are the average atomic mass and atomic volume, and N is the number of atoms per unit cell

zTmax �1000 K Nv m* (me) d (g cm�3) G (GPa) K (GPa) nT (m s�1) nL (m s�1) M (amu) V (�A3) QD (K) N

Sr3GaSb3 0.9 1–3 0.9 4.92 22.3 39.4 2130 3750 99.7 33.6 246 56
Ca5Al2Sb6 0.6 2 2.2 4.31 24.8 39.4 2400 4100 75.8 29.2 286 26
Ca3AlSb3 0.75 2 0.8 4.14 24.6 39.1 2440 4170 73.2 29.4 292 28
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each compound at optimal doping levels, the larger m* in

Ca5Al2Sb6 derives almost entirely from its heavier m*
band. This

explains the low mobility of Ca5Al2Sb6 samples (mf m*
i ), shown

in the left panel of Fig 8. In contrast, both Ca3AlSb3 and

Sr3GaSb3 have similar lighter m* and thus relatively high hole

mobilities. This is contrary to our expectation that Ga would

lead to a lighter effective mass than that found in the Al-based

compound. The difference in the mobility of these two

compounds at low temperatures most likely stems from different

degrees of processing-related deffects such as grain boundary

oxidation or impurity phases, which lead to the activated

temperature dependence. As discussed above, when acoustic

phonons are the primary electron scattering source, the

maximum zT in a given material is inversely proportional to the

effective mass. It is likely, then, that the heavy effective mass of

Ca5Al2Sb6 contributes to its relatively low peak zT, compared

with Ca3AlSb3 and Sr3GaSb3.

The improved peak zT of Sr3GaSb3 (zT � 0.9) compared with

Ca3AlSb3 (zT � 0.75) can be attributed almost entirely to its

lower kL. Shown in the right panel of Fig. 8 are the lattice thermal

conductivities of each compound, estimated from the measured

diffusivity of Zn-doped samples.31,37 Though all three

compounds exhibit an identical temperature dependence indic-

ative of Umklapp scattering, kL in Sr3GaSb3 is about 25% lower

across the entire temperature range. Accounting for traditional

factors such as �M, V, and sound velocity (given in Table 1)

explains only �10% of the disparity, assuming that the

Gr€uneisen parameter does not vary greatly between these three

compounds (see eqn (1)). The remaining difference in kL can be

explained by the exceptionally large unit cell of Sr3GaSb3 (N ¼
56), which is twice the size of Ca5Al2Sb6 and Ca3AlSb3 and thus

significantly reduces the acoustic lattice thermal conductivity

(eqn (1)).
Fig. 8 Left: hole mobility of undoped Ca5Al2Sb6, Ca3AlSb3, and

Sr3GaSb3 samples. Right: lattice thermal conductivity of Zn-doped

samples.31,37

This journal is ª The Royal Society of Chemistry 2012
Conclusion

Here, we have described a new thermoelectric material,

Sr3GaSb3, which has a crystal structure characterized by chains

of corner-linked tetrahedra, similar to the polyanions found in

the previously studied Zintl compounds, Ca5Al2Sb6 and

Ca3AlSb3. In Sr3GaSb3, however, the chains are characterized by

a repeating unit containing four tetrahedra, as opposed to the

single tetrahedra repeat-unit found in Ca5Al2Sb6 and Ca3AlSb3.

The resulting large unit cell and comparatively high density in

Sr3GaSb3 combine to yield the exceptionally low lattice thermal

conductivity observed in this study (kL ¼ 0.45 W m�1 K�1 at

1000 K). High temperature transport measurements reveal that

Sr3GaSb3 is a nondegenerate p-type semiconductor, with a

relatively large band gap (Eg > 0.5 eV) and high electronic

mobility. Density functional calculations are in qualitative

agreement, predicting a band gap of�0.75 eV and a light valence

band edge (�0.5 me). Doping with Zn2+ on the Ga3+ site leads

to degenerate semiconducting behavior, allowing us to obtain

p-type carrier concentrations near the optimum value predicted

by a single parabolic band model. The combination of low lattice

thermal conductivity, reasonable electronic mobility, and a

sufficiently large band gap to maintain degenerate behavior at

high temperature leads to a zT of 0.9 at 1000 K. Compared with

previously studied chain-based Zintl compounds, both the

peak zT and integrated zT of Zn-doped Sr3GaSb3 samples are

significantly higher.
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