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Na- or K-doped samples of Ba;.,(Na, K),Ga,Sb, were prepared by ball-milling followed by hot-pressing. The topological
analysis of the electron density of BaGa,Sh, implies a polar covalent nature of the Sb—Ga bonds in which the Sb atoms

receive the electrons transferred from Ba rather than the Ga atoms. Successful doping of BaGa,Sb, with Na or K was

confirmed with combined microprobe and X-ray diffraction analysis. Alkali metal doping of BaGa,Sb, increased the p-type

charge carrier concentration to almost the predicted optimum values (~ 10%° h'/cm® needed to achieve high

thermoelectric performance. With increasing alkali metal concentration, electronic transport was shifted from non-

degenerate semiconducting behaviour observed for BaGa,Sh, to degenerate one for Na- or K-doped compounds. Overall,

the thermoelectric figure of merit, zT, values reached up to ~0.65 at 750 K, considerably higher than the undoped sample

(zT ~ 0.1),

1. Introduction

Thermoelectric materials have many potential applications for
the recovery of waste-heat energy.l‘ 2 However, to be useful
for broad applications, improved thermal to electrical energy
conversion efficiencies are necessary. The thermoelectric
efficiency of a material is determined by the dimensionless
thermoelectric figure of merit, or zT = ozzT/Kp.3 High zT
exhibit high Seebeck
coefficients (thermopower), «, high electrical conductivity, o=

materials must simultaneously
1/p (pis electrical resistivity), and low thermal conductivity, x.
There are three contributions to thermal conductivity: the
electronic contribution, x,, which is given by the Wiedemann-
Franz law, k. = LT/p, where L is the Lorenz number, the bipolar
contribution due to both electrons and holes, x, and the
lattice part, i, which is due to phonons. The combination of
desirable material properties is challenging to obtain, primarily
because of the conflicting dependence of «, p, k. and &3 on
the material’s carrier concentration, n. In semiconductors,
optimized carrier concentrations of n = 10"°-10"* ¢m™ can
typically be achieved by doping.

Zintl phases are a promising class of thermoelectric
materials, characterized by complex anionic frameworks
accommodating mainly ionically-bonded cations, such that the
octet rule is satisfied.” > These compounds are often narrow
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and a slight improvement relative to previously reported Zn-doped samples (~0.6 at 800 K).

band gap semiconductors with exceptionally low lattice
thermal conductivities due to their structural complexity.6 Zintl
compounds with diverse anionic structures have been shown
to be promising thermoelectric materials. These range from
isolated moieties (e.g., 14-1-11, Zn4Sb3),7’10 to 1-dimensional
chains or tetrahedra (e.g., 5-2-6, 3-1-3, 9-4-9),11’18 2-
dimensional layers (e.g., 1-2-2, Mg3Sb2),19’21 and 3-dimensional
frameworks (e.g., clathrates, skutterudites, Mo;,Sb7).22’29

So far, many 1-2-2 ternary pnictides have been revealed in
the system A-(T, Tr)-Pn (T = Mg, Mn, Zn, Cd; Tr = Al, Ga, In; Pn
= P, As, Sb) with divalent alkaline earth metals (e.g., A = Ca, Sr,
Ba) and rare earths (e.g., A = Eu and Yb).30'38 Most of the A-T-
Pn phases crystallize in the well-known CaAl,Si, structure type
including YbT,Sb,, EuZn,Pn,, EuMn,Pn,, CaMn,Pn, and
SranPnz.?’O'?’2 When the divalent transition metal is
substituted with a triel element (e.g., Ga or In), completely
different crystal structures are formed with two or three-
dimensional polyanions (Fig. 1).3 3 For example, most
phosphides and arsenides consist of polyanionic layers of
2 [(Ga,In), (P, As),]?>" separated by divalent cations as in the
case of BaGa,As, (Fig. 1d).35 On the other hand both BaGa,Sb,
and EuGa,Sh, are comprised of three dimensional polyanionic
network of [Gaszz]z' in which Ba and Eu atoms are aligned
along the large tunnels in the b-axis (Figl a, )3 Apparently,
the size of the cationic filler determines the size of the cavities
in which four rows of Ba atoms are fitted in one channel in
BaGa,Sb, compared to two rows of Eu atoms in EuGa,Sb,.
Moreover, the size of the pnictide atom is decisive for the
dimensionality of the anionic structure (3D for Sb case and 2D
for As and P cases).

The Zintl phase BaGa,Sb, (space group Pnma, no. 62) was
first reported by Kim et al*® Based on the simple Zintl
counting, [Ba2+][(4b)Ga1_]2[(3b)Sb°]z, BaGa,Sb, is a charge
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balanced Zintl compound predicted to show semiconducting
behavior. Recently, we reported on the high temperature
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b)

thermoelectric

Fig. 1 a), c), d) Crystal structures of three dimensional BaGa,Sb, and EuGa,Sb, and two dimensional BaGa,As, along the b-axis,

respectively. b) Local arrangement of Ga and Sb atoms in the crystal structure of BaGa,Sh, with Ga-Ga dimers, distorted

pentagons and ladder-like square chains.

properties of that compound and showed that substitution of
Zn on the Ga site could be used to increase the carrier
concentration and improve the thermoelectric properties.37
Maximum zT values of ~0.6 at 823 K were achieved in Zn-
substituted samples. However, the carrier concentrations in
these samples (~ 5 - 8 x 10" h*/ecm® at room temperature)
were slightly lower than the expected values, suggesting that
alternative dopants might provide even better results.
Motivated by previous studies in which alkaline earth metals
were substituted by the alkali metals (e.g., Cas_,Na,Al,Sbg, Cas.
xNaxAISb3),39 here we investigate the influence of Na or K
substitutions on the Ba site in BaGa,Sb,. Additionally, density
functional calculations and analysis of the electron
localizability indicator are used to further characterize the
bonding chemistry of BaGa,Sb..

2. Experimental

2.1 Sample Preparation

GaSb was used as a precursor for the synthesis of undoped
and doped BaGa,Sh,. For preparation of GaSb, stoichiometric
amounts of Ga shot (Alfa Aesar, 99.99 %) and Sb shot Aesar,
99.999 %) were weighed and transferred to a quartz ampoule
in

2 | J. Name., 2012, 00, 1-3

an Ar-filled glove box. The ampoule was then sealed under
vacuum (~ 10°® mbar) and heat treated in a vertical furnace:
heated up to 800 eC in 6 h, annealed there for 12 h and cooled
down to room temperature in 6 h. For the synthesis of
BaGa,Sbh,, crystalline dendritic Ba (Alfa Aesar, 99.9 %) was cut
into small pieces, mixed with GaSb and loaded into a steel vial
together with two steel balls of % inch diameter. Ball-milling
was carried out for 90 min. in Ar atmosphere by a SPEX Sample
Prep 8000 Series Mixer/Mill. To obtain alkali metal doped
samples, small pieces (1-2 mm) were cut from Na ingot (Alfa
Aesar, 99.8 %) or K cubes (Alfa Aesar, 99.5 %) and mixed with
stoichiometric amounts of Ba and GaSb for ball milling. For
consolidation, samples were hand-ground in the glove box and
placed in % inch diameter high-density graphite dies (POCO)
and hot-pressed at 550 °C for 1 h under Ar atmosphere and 40
MPa pressure.

2.2 Sample Characterization

Sample purities were checked by X-ray diffraction (XRD) data
using a Philips XPERT MPD diffractometer (Cu-Ko radiation)
with reflection mode. The calculation of the lattice parameters
using o-Si as internal standard and the Rietveld refinements

This journal is © The Royal Society of Chemistry 20xx
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were carried out with WinCSD program package.40 Sample
densities were measured with Archimedes’ principle. Scanning
electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) investigation was performed using a Zeiss
1550 VP Field Emission SEM equipped with Oxford X-Max SDD
EDS system. The chemical compositions of the target phases
were determined by microprobe analysis with wavelength
dispersive X-ray spectroscopy (WDS, JEOL JXA - 8200 system)
based on an average of 10 different measurement points on
the bulk materials.

2.3 Transport Properties Measurements

Electrical and thermal transport properties were measured
between 300 and 823 K. The electrical resistivity and Hall
coefficient measurements were performed using Van der
Pauw technique under a reversible magnetic field of 1 T
(undoped sample) or 2 T (doped samples) using pressure-
assisted tungsten electrodes.** The Seebeck coefficients of the
samples were determined using chromel-Nb thermocouples
by applying an oscillated temperature gradient of +7.5 K.*2
Thermal diffusivity, D, was measured with a Netzsch LFA 457
laser flash apparatus. Thermal conductivity was calculated
using the relation: K= D x d x C,, in which d is the density of
material being investigated (obtained by Archimedes’ method)
and C, is the heat capacity at constant pressure. For C,, the
Dulong-Petit limit was used, which may lead to overestimation
of the thermal high
temperatures.

conductivity values mainly at

2.4 Electronic Structure Calculations

The all-electron full-potential local orbital method (FPLO)43
was used in the first-principles electronic structure calculations
reported here. The local density approximation (LDA) as
parametrized by Perdew—Wang44 was employed. The crystal
structure data for BaGa,Sb, were taken from Ref. 3% A k-mesh
of 5 x 28 x 12 giving 315 irreducible points was sufficient for
converged results. Real space chemical bonding analysis was
carried out by applying the concept of electron localizability
indicator (ELI).45' % Both electron density (ED) and ELI can be
computed by first-principles electronic structure methods, and
both of these computed quantities are scalar functions of the
real space coordinates. Hence, the techniques of Bader's
quantum theory of atoms in molecules (QTAIM)47 are
applicable to both. The ED-based analysis provides effective
The ELl-based analysis
determine how many electrons participate in each bond and
how many atoms (centers) contribute to it. Individual atom
contributions and the bond polarity can also be obtained by
applying the basin intersection technique.48 The ED and ELI
calculated using a module implemented in the FPLO package49
were analyzed by the program DGRID.*® AVIZO software is

atomic charges. enables us to

. . . 51
used for ELI visualization.

3. Results and Discussion
3.1 Phase Analysis

This journal is © The Royal Society of Chemistry 20xx
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Nearly single phase BaGa,Sh, was obtained after ball-milling (Fig. 2).
However, a partial decomposition to GaSb phase (< 2-3 wt.%) was
observed after hot-pressing, due probably to the sublimation of Ba
during high temperature consolidation, as no Ba-containing
secondary phase was detected by XRD or SEM analysis (Fig. 2, 3).
The compositions of the target phases are tabulated in Table 1.
According to the microprobe analysis, the determined chemical
composition of BaGa,Sb, is almost the same as the nominal one. For
Na- or K-substituted samples, although K content was found to
increase with rising substitution level, the concentration of Na in
the target phase remained almost constant suggesting that K has
higher solubility in the crystal lattice than Na. The densities of disk-
shaped samples were measured to be greater than 95 % of the
theoretical value.
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Fig. 2 XRD patterns of ball-milled (x =0, bm) and hot pressed (x = 0)
BaGa,Sh, together with Na- or K-substituted samples (xy, = 0.05 and
x¢ = 0.05, respectively). Small amount of GaSb was precipitated in
hot pressed samples, marked by asterisks. Ticks mark the
theoretical peak positions of BaGa,Sb,.
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BaGa,Sb,

Ba, o:Na, ,sGa,Sb,

Bay, o:K; 1sGa,8b,

Fig. 3 SEM images of Bay,(Na, K),Ga,Sh, (x = 0, 0.05) samples in
back-scattered electron mode. The secondary phase GaSb
precipitated within the large grains of the target phases.

Table 1: The nominal and WDS compositions of the target
phases together with standard uncertainties.

Journal Name

Bao.975Ko0.025GazSb2 Bao.953(3)Ko0.010(1)Gaz.07(1)Sb1.964(9)
Bao.95Ko.0sGazSb2 Bao.935(3)Ko0.028(1)Gaz.07(1)Sb1.970(9)
Bao.oKo.1GazSb2 Bao.894(3)Ko0.067(1)Gaz.06(1)Sb1.982(9)

Nominal Comp. WDS Comp.

BaGazSb2 Ba1.0143)Ga1.99(1)Sb1.999(8)
Bao.975sNao.o25GazSb2 Bao.936(3)Nao.037(4)Gaz.06(1)Sb1.970(9)
Bao.osNao.osGazSb2 Bao.947(3)Nao.035(4)Gaz.05(1)Sb1.964(9)
Bao.oNao.1GazSb2 Bao.gos3)Nao.o41(4)Gaz.07(1)Sb1.981(9)

4| J. Name., 2012, 00, 1-3

3.2 Crystal Structure

BaGa,Sh, has a distinct crystal structure comprising large tunnels
(open cages) running along the b-axis (Fig. 1a). These tunnels are
formed by 26-membered rings of Ga and Sb atoms. In the
framework, each Ga atom is four-fold coordinated with one Ga and
three Sb atoms, while each Sb atom is three-fold coordinated with
Ga atoms. Overall, six Sb atoms are connected to a Ga—Ga dimer
forming [GaZSbGB]Z_ units with an ethane-like staggered
conformation (Fig. 1b). Square nets (similar to BaZn,Sn, 52) and five-
membered rings of Ga and Sb atoms are formed in this way
resulting in narrow tubes along the b-axis. In BaGa,Sh,, Ba atoms
are accommodated in the open cages similarly found in
intermetallic clathrates or clathrate-like structures.”*>* The lattice
parameters of undoped and doped samples are shown in Fig. 4. By
substituting Ba with alkali metals, it was observed that b decreases,
while a and c increase. The trend in volume is not monotonic: while
it remains almost constant for Na-doped samples, the volume
increases slightly for K-doped samples with x, = 0.025 and 0.05 and
returns to almost the same value as the undoped compound for x =
0.1 sample. As the doping efficiency was found to be lower than
100 % (see WDS results in Table 1), the presence of small amount of
Na or K in the other atomic or interstitial sites should be
considered, which is subject of our future project based on
synchrotron X-ray and high resolution electron microscopy analysis.
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Fig. 4 The lattice parameters and the volumes of Ba,.,(Na, K),Ga,Sh,
samples with standard deviations.

The crystal structure of BaGa,Sh, possesses 2 x Ba, 4 x Ga and 4 x
Sb atomic positions (Wyck Symb 4c : x, %, z). The Rietveld
refinements were performed for two representative compounds:
Baj gsNag 0sGa,Sb, and Ba, g5Kp g5Ga,Sb, (Fig. 5). All the Ga and Sb
positions were considered to be fully occupied. The Ba sites were
refined as mixed occupied with Na or K atoms. According to the
Rietveld results, the compositions of these phases were determined
to be BaggsNag 0sGa,Sb, and Bag ggKo 0,Ga,Sh,, which are similar to
the microprobe results.

Ba, 5sNa, o:Ga,Sb,

Jaoa P

14“.“ RV
T

Ba, 45K 0sGa,Sb,

Intensity (arb. units)

T & TR 00 W 1] TR Y e e e et o e e
| N

AL LU | I A ’
T T T T T T T T T T T T T T

T
20 30 40 50 60 70 80 90

100

Fig. 5 The Rietveld refinement plots for Ba;gsNaggs;Ga,Sb, and
Ba; 95Kg 05Ga,Sbh, (Cu-K,; radiation). Upper and lower ticks mark the
calculated reflection positions of the target phases and GaSb,
respectively. The baselines correspond to the residuals of Rietveld
refinements based on the reported structure model.*®
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3.3 Chemical Bonding in Real Space

The topological analysis of the electron density shows that the Ba
atoms lose 1.2 electrons and the Sb atoms gain on average 0.6
electrons (actual values vary between 0.4 and 0.7) with the Ga
atoms being approximately neutral (effective charges are in the
range -0.05 and 0.05). This finding implies that the Sb atoms rather
than the expected Ga atoms are the recipients of the electrons
transferred from the Ba atoms so that the implied charge balance
looks like [Ba1'2+][Ga°]2[Sb°‘6']2. In order to understand this result we
should examine the nature of the atomic interactions as revealed
by the topological analysis of the ELI (Fig. 6).

As discussed in section 3.2, in BaGa,Sb, each Sb atom has three
Ga neighbors, one in the same y layer and two equidistant in the
adjacent y layers. Although Sb1, Sb2 and Sb3 have Ga neighbors
from two different Wyckoff positions, Sb4 is coordinated only with
Ga4. In addition to these Sb—Ga contacts there are two pairs of Ga—
Ga contacts. Hence, each Ga atom has four near neighbors in total.
According to the topological analysis of the ELI, there are three
separate sets of attractors (local maxima of the ELI) for each Sbi,
Sb2 and Sb3 atoms. One set represents the lone pair like
interactions to which the Ba atoms contribute less than 5% of the
corresponding basin's total electron population. These populations
are 2.5, 2.9 and 2.8 for Sb1, Sb2 and Sb3, respectively. The other
sets represent two-center Sb—Ga bonds. The number of electrons
found in these bond basins range between 1.5 and 2.0. Sb
contributions are between 1.2 and 1.7 times Ga contributions
implying polar covalent interactions. This bond polarity is in
agreement with the electronegativities of Ga and Sb, which are 1.81
and 2.05 in Pauling's scale,56 respectively. In the case of Sb4, the
attractors of the lone pair like feature and the ELI bond with the
Gad atom in the same y layer merge into a single attractor. The
resulting basin holds 4.5 electrons with Sb4 and Ga4 providing 3.8
and 0.6 electrons, respectively. Ba atom contributions are less than
2 %. The remaining Sb4—Ga4 bonds have bond electron count and
bond polarity values similar to those of the other Sb—Ga bonds. The
Gal-Ga3 bond contains 2.2 electrons with essentially equal
contributions, whereas in the Ga2—Ga4 bond case, Ga4 contributes
slightly more, 1.21 versus 1.06.

In summary, although the Ga atoms are four-coordinated and
thereby expected to need four electrons according to the standard
2-center 2-electron scheme, we find that, the Sb—Ga bonds are of
polar covalent nature, reflecting mainly the electronegativity
difference between Ga and Sb, so that Ga contributions to these
polar bonds are less than one electron. As a result, Ga atoms
manage four bonds with three valence electrons, while the Sb

Gaz-Sb1

ThigipwnabiihE s RabiPreBaef £3eistri@Bited by the ELI isosurface plot with ¥'= 1.21. Ba, Ga and Sb atodV4rBe&nd@h3ir®8rardel 5

black, and blue, respectively. Some of the two-center interactions and the lone-pair-like features of the Sb atoms are labeled.
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atoms end up receiving the electrons transferred from Ba.

3.4 Electronic Transport

BaGa,Sb, exhibits non-degenerate semiconducting behavior with a
low p-type carrier concentration that increases exponentially with
temperature (Fig. 7). Correspondingly, the resistivity is high and
decreasing with temperature. As previously reported, the high
temperature resistivity yields a band gap of 0.4 eV, which was also
confirmed by optical absorption measurements.® ¥ Due to its
intrinsic behavior, the peak zT of BaGa,Sbh, was limited to around
0.1, therefore, necessary to increase the
concentration to further increase zT. Previously, we showed that Zn
substitutions (BaGa,.Zn,Sh,) can be used to increase the carrier
concentration and obtain extrinsic semiconducting behavior.”
However, the maximum n achieved in this way was less than 10%
h+/cm3, likely limited by low Zn solubility on the Ga site. Here,
substitutions of either Na* or K™ on the Ba®' site were employed as
an alternative to Zn doping. As illustrated in Fig. 7a, Na and K are
both effective as dopants in BaGa,Sb,, leading to decreased pand a
transition to degenerate behavior.

The predicted carrier concentration for Na or K substitutions of
x=0.025isn=1.7 x 10° h+cm_3, assuming that each substitution of
Na'* or K** on a Ba”" site leads to one free hole (h*). Shown in Fig.
7b, x\,=0.025 and xy=0.025 samples have ny ~ 1.2 x 10%° h*/em’
experimentally. Thus, while less than 100 % efficient, Na and K are
both more effective dopants than Zn in BaGa,.,Zn,Sb,. The carrier
concentration plateaus beyond x = 0.025 in Na-doped samples and
beyond x = 0.050 in K-doped samples, consistent with the lattice
parameter behavior. The Hall mobility (141 = 1/nep) is shown in Fig.
7c. For all the samples, the mobility decreases as temperature
increases with u « T7P (1.0 < p £1.5) indicative of transport limited
by acoustic phonon scattering.57 Surprisingly, the mobility of lightly
doped K and Na samples are higher than that of BaGa,Sb,. It is
likely that ny of the undoped sample has been overestimated due to
the assumption of a single carrier type in the relation Ry, = 1/ (ny x
e) (where Ry is the Hall coefficient). This can then lead to an
underestimation of the mobility in intrinsic semiconductors.

The Seebeck coefficients, a, of samples are shown in Fig. 8a and
b as a function of temperature and carrier concentration,

it was carrier

respectively. With increasing Na or K content, the Seebeck
coefficients decrease and show an increasingly linear temperature
dependence. The curves in Fig. 8b were calculated using a single
parabolic band model (SPB) assuming a constant effective band
mass of 1.7 m, and acoustic phonon scattering.57 The same
effective mass can be used to fit K-, Na-, or Zn-doped samples. The
calculated and measured Seebeck values were found to be very
similar, indicating that the electronic transport can be explained

adequately by the SPB model.

3.5 Thermal Transport

The total thermal conductivity of Na- or K-substituted samples is
shown in Fig. 9a. The electronic contribution, x,, was estimated
using the Wiedemann-Franz relation as described above with
Lorenz numbers (L) calculated using an SPB model (inset of Fig. 9b).
Subtracting &, from the total thermal conductivity yields the lattice
(k1) and bipolar contributions (xg), shown in Fig. 9b. In general, the

6 | J. Name., 2012, 00, 1-3

lattice thermal conductivity is the dominant contribution for all
samples over the entire temperature range. The bipolar term
becomes less significant with increased carrier concentration. The
measured x; of all samples remains higher than the calculated
7 which suggests that further efforts should be directed to
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Fig. 7 a) The resistivity of Na- or K- substituted samples
linearly with temperature, and b) the carrier
concentrations are relatively temperature-independent,
typical of degenerate semiconductors. c¢) Na or K substitutions
lead to increased mobility in BaGa,Sh,.
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Fig. 8 a) The Seebeck coefficients decrease with increasing K
and Na content, showing the linear temperature dependence
expected for degenerate semiconductors when x > 0.50. b) The
n-dependence of the Seebeck coefficients can be described
using an SPB model with m*=1.7me at 350 and 550 K.
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Fig. 9 a) Total and b) lattice plus bipolar thermal conductivity of Ba,.
«(Na, K),Ga,Sh, samples.

3. 6 Thermoelectric Figure of Merit

The figure of merit, or zT, for each sample was calculated by
polynomial fitting of the experimental data (Fig. 10a). Due to low
carrier concentration and intrinsic behavior, undoped BaGa,Sb,
sample shows a peak zT of around 0.1 at 600 K. The values are
increased dramatically by alkali metal doping, reaching up to 0.65 at
750 K, which is a slightly higher than previously reported Zn-doped
samples (~0.6 at 800 K).37 To check if the optimum concentration
levels are achieved, the n-dependence of Lorenz number, mobility
and Seebeck coefficients was calculated based on the SPB model,
which was used to estimate zT as a function of n, by assuming a
constant x; (Fig. 10b). The following parameters were used in the
model: g =17 em?/Vs, K = 0.81 W/Km, and m*sps= 1.7 m.. Details
of the equations and assumption used in this model can be found in
Ref. [57]. Based on Fig. 10b, the optimum carrier concentration (1-2
x 10% h+/cm3) was reached and even surpassed (for the case of x =
0.05, 0.1) by alkali metal substitution in BaGa,Sb,. It was shown in
the previous study that at very high carrier concentrations, single
parabolic band behavior can no longer be expected for BaGa,Sh,, as
additional bands are expected to contribute to transport.37
However, evidence of such behavior was not observed within the
carrier concentration range achieved in this study.
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Fig. 10 a) The temperature dependence of zT of the Bai,(Na,
K),Ga,Sb, samples. b) Experimental zT values at 550 K show that the
carrier concentration is nearly optimized within an SPB model at
this temperature.

4. Conclusions

Na- and K-doped samples of Ba;(Na, K),Ga,Sb, (x =0, 0.025, 0.05,
0.1) were successfully prepared. According to the topological
analysis of the ELI, the Sb—Ga bonds in BaGa,Sb, are of polar
covalent nature and Sb atoms receive the electrons rather than Ga
atoms transferred from Ba. Successful substitution of K or Na on the
Ba site up to x ~ 0.07 was confirmed by lattice constant refinements
and microprobe analysis. The p-type carrier concentrations
increased with increasing K or Na content, leading to a transition
from nondegenerate to degenerate semiconducting behaviour of
the resistivity and Seebeck coefficients. The doping effectiveness of
alkali metals on the Ba site in BaGa,Sh, was found to be higher with
K than with Na, but in both cases higher than achieved previously
using Zn on the Ga site. The optimum carrier concentrations were
achieved with values reaching ~10%° h+/cm3, resulting in
considerably high peak zT value of ~ 0.65 at 750 K.
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Carrier tuning of BaGa,Sb, by Na or K doping significantly enhance the thermoelectric efficiency (zT ~

0.65 at 750 K).
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