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Zintl compound n-type Mg3(Sb,Bi)2 was recently found to exhibit excellent thermoelectric figure

of merit zT (�1.5 at around 700 K). To improve the thermoelectric performance in the whole tem-

perature range of operation from room temperature to 720 K, we investigated how the grain size of

sintered samples influences electronic and thermal transport. By increasing the average grain size

from 1.0 lm to 7.8 lm, the Hall mobility below 500 K was significantly improved, possibly due to

suppression of grain boundary scattering. We also confirmed that the thermal conductivity did not

change by increasing the grain size. Consequently, the sample with larger grains exhibited

enhanced average zT. The calculated efficiency of thermoelectric power generation reaches 14.5%

(DT¼ 420 K), which is quite high for a polycrystalline pristine material. Published by AIP
Publishing. https://doi.org/10.1063/1.5016488

Thermoelectric power generation is a solid-state, scal-

able, and direct energy conversion process from heat into

electricity.1,2 The performance of thermoelectric materials is

evaluated using the material figure of merit zT¼ S2T/(qj),

where S is the Seebeck coefficient, q is the electrical resistiv-

ity, j is the thermal conductivity of thermoelectric materials,

and T is the absolute temperature. In thermoelectric power

generation, the temperature difference applied across a ther-

moelectric material could reach several hundred K, depend-

ing on heat sources. A problem is that zT and its constituent

parameters, S, q, and j, are generally a strong function of

temperature. Thus, it is challenging to achieve a high aver-

age zT, which is crucial to realize high conversion efficiency.

Recent progress in understanding the relationship between

materials chemistry and thermoelectric transport has

unveiled high average zT by modifying the composition and

texture of existing materials. Examples of such materials

include hole-doped single-crystalline SnSe3 and PbS-alloyed

PbTe with a phase-separated nanostructure.4

Recently, Tamaki et al. found that the n-type Zintl com-

pound Mg3Sb2 with a modified nominal composition, Mg3.2

Sb1.5Bi0.49Te0.01, has excellent zT� 1.5 at 716 K.5 Since the

first report, at least two groups have not only reproduced

the result but also reported improved average zT either by

compositional modification or by different sintering tempera-

tures.6–10 Te is an n-type dopant; Se has also been investi-

gated as a donor.9,11 The appropriate nominal composition to

optimize the thermoelectric properties depends on prepara-

tion techniques, but generally, Mg excess in the nominal

composition is required to mitigate Mg vacancies and

stabilize the n-type character of this material. Considering

charge balance and defect formation energies, the actual

composition of the main phase is close to Mg3Sb1.5Bi0.49

Te0.01.12 Shuai et al.6 reported suppression of electron scat-

tering below 500 K in Nb-incorporated Mg3.2–xNbxSb1.5

Bi0.49Te0.01. Zhang et al.7 reported a similar improvement in

the Hall mobility in Mg3Sb1.5–xBi0.5–0.5xTex samples, whose

composition is almost the same as that in Ref. 5, but the sin-

tering temperature was significantly higher (1123 K) com-

pared with Refs. 5 and 6. (873 K). Comparison of these

results suggests that the microstructure of Mg3Sb2 samples

has a strong influence on the Hall mobility, but the details

remained unknown.

Here, we investigated the relationship between the

microstructure and thermoelectric properties in Mg3.2Sb1.5

Bi0.49Te0.01. We found that, by increasing the grain size,

electron scattering was significantly suppressed while the

thermal conductivity was kept unchanged. Enhanced average

zT was observed in the sample with the average grain size of

7.8 lm, and the calculated efficiency at the temperature dif-

ference of 420 K reaches 14.5%.

We prepared samples with a nominal composition of

Mg3.2Sb1.5Bi0.49Te0.01, which is the same as that of Ref. 5,

by mechanical alloying and spark plasma sintering.

Elemental powders of Mg, Sb, Bi, and Te were used as start-

ing materials. In the mechanical alloying process, elemental

powders were loaded to a stainless-steel jar in an Ar-filled

glove box and subjected to planetary ball-milling. Here, a

multistep milling process was adapted by using stearic acid

as a milling agent. The details of the process can be found

elsewhere.5 Next, the mechanically alloyed powder (�3 g)

was filled in a graphite die (u 10 mm) in an Ar-filled glovea)E-mail: kanno.tsutomu@jp.panasonic.com
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box and loaded into a spark plasma sintering (SPS) chamber.

SPS was performed in an Ar atmosphere of approximately

0.05 MPa. During the SPS process, a uniaxial pressure of

50 MPa was applied. To compare the thermoelectric proper-

ties of samples with different grain sizes, we prepare two

kinds of samples with different SPS temperatures, 873 K and

1123 K. The sintered pellets had the shape of approximately

10 mm in diameter and 9 mm in height. The relative density

was within the range between 92% and 96%. We cut the

pellets into a rectangular shape (approximately 2 mm� 2 mm

� 8 mm) for the measurement of the Seebeck coefficient and

the electric resistivity and into a disk shape (approximately

u10 mm� 1 mm) for the thermal conductivity and the Hall

measurement.

Figure 1(a) shows X-ray diffraction (XRD) patterns of

the polished surface of sintered Mg3.2Sb1.5Bi0.49Te0.01 sam-

ples. Comparing the measured diffraction intensities with

those of the simulated powder reflections (see supplementary

material S1 for the crystal structure refinement), one can

notice that the samples have no preferential crystalline orien-

tation. Indeed, we confirmed no noticeable difference in ther-

moelectric properties between measurements in different

directions with respect to the pressing direction during SPS.

The XRD pattern for the sample sintered at 1123 K has rela-

tively sharp peak profiles, which imply that there exists a

difference in sample crystallinity. Figures 1(b) and 1(c)

show crystal-orientation maps obtained by the electron back-

scattering diffraction (EBSD) technique.13 A large difference

in the grain size was observed: the average grain size was

1.0 lm and 7.8 lm for the samples sintered at 873 K and

1123 K, respectively (supplementary material S2). Using

energy-dispersive X-ray spectroscopy (EDS) and inductively

coupled plasma atomic emission spectroscopy (ICP-AES),

we observed that elemental compositions of both samples

were almost the same as the nominal composition (supple-

mentary material S3).

In contrast to the typical strategy to nanostructure ther-

moelectric materials to reduce thermal conductivity, the

thermal conductivity shown in Fig. 2(a) did not increase after

growing the grain size by a factor of 8 (from 1.0 lm to

7.8 lm). This result can be explained considering the accu-

mulated lattice thermal conductivity (ALTC) as a function of

the phonon mean-free-path [Fig. 2(b)] for Mg3Sb2 at 300 K

calculated using Phono3py.14 The limit of ALTC at an infi-

nitely large phonon mean free path corresponds to the lattice

thermal conductivity of a large single crystal. One can notice

that ALTC is quite isotropic despite the layered crystal struc-

ture [see the inset of Fig. 1(a)] and saturates around 0.6 lm

in the ab plane and 1.8 lm along the c axis. The similar ther-

mal conductivities for the average grain size of 1.0 lm and

7.8 lm is reasonable because both are already near the satu-

rated region of ALTC. In addition, one can conclude that the

observed low thermal conductivity of Mg3.2Sb1.5Bi0.49Te0.01

is intrinsic and not due to boundary scattering of phonons.

Similar behavior is also observed in thermoelectric com-

pounds with low intrinsic lattice thermal conductivity, e.g.,

PbTe,15 Mg2(Si,Sn),16 and ZrCoSb,17 whose ALTC as a

function of mean free path saturates around 100–101 lm (at

room temperature) such that the grain size in this range is

FIG. 1. (a) XRD patterns of the polished

surface of sintered Mg3.2Sb1.5Bi0.49

Te0.01 samples obtained using Cu-Ka
radiation (Rigaku RINT-TTR III;

Japan). Inset: crystal structure of

Mg3(Sb,Bi,Te)2. (b) EBSD crystal-

orientation maps of the sample sintered

at 873 K (average grain size: 1.0 lm)

and (c) 1123 K (average grain size:

7.8 lm). Map colors are assigned using

the inverse pole figure (IPF) color

scheme shown in the legend under (b).

Grain boundaries were drawn where the

misorientation angle between grains is

more than 15�. The grain size was aver-

aged over a 20 lm� 10 lm area [Fig.

1(b)] for the sample sintered at 873 K

and a 180 lm� 60 lm area (see supple-

mentary material S2) for the sample sin-

tered at 1123 K. EBSD measurement

was performed using an EBSD detector

(EDAX; USA) equipped with a scan-

ning electron microscope (Zeiss Supra

55VP; Germany).

FIG. 2. (a) Thermal conductivity of Mg3.2Sb1.5Bi0.49Te0.01 sintered at 873 K

and 1123 K. (b) Accumulated lattice thermal conductivity of Mg3Sb2 at

room temperature as a function of phonon mean-free-path.
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large enough to utilize all the lattice thermal conductivity

reduction possible from nanostructuring.

The large grain size has a positive impact on the elec-

tronic transport and the thermoelectric performance. The

electrical resistivity of the sample sintered at 1123 K was sig-

nificantly reduced and showed metallic behavior [Fig. 3(a)].

The Seebeck coefficient did not change significantly [Fig.

3(b)], and thus, we achieved considerable enhancement in the

power factor especially below 500 K [Fig. 3(c)]. These results

are reasonable if we assume that electron scattering of extrin-

sic origins, e.g., grain boundary scattering, was suppressed

without changing the intrinsic material properties such as the

electronic band structure and the carrier concentration.

To further investigate the electronic transport of Mg3.2

Sb1.5Bi0.49Te0.01 samples sintered at different SPS tempera-

tures, we performed Hall measurements using the van der

Pauw technique. Figures 3(d) and 3(e) show the carrier den-

sity and the Hall mobility, respectively. We observe a similar

carrier density of 2.5–3.5� 1019 cm�3 for both samples. For

the sample sintered at 1123 K, we observed a higher mobility

(108 cm2 V�1 s�1 at 300 K), which monotonically increases

with decreasing temperature. Conversely, the mobility of the

sample sintered at 873 K decreases at lower temperature due

to strong electron scattering although it had the similar value

at around 700 K. The temperature dependency at higher tem-

perature may be explained well by the acoustic phonon scat-

tering (�T�3/2) with additional contribution from excited

optical phonons. The increasing Hall mobility with respect

to temperature (observed at<500 K) was previously attrib-

uted to ionized-impurity scattering.5,6 However, we find that

the temperature dependency below 500 K is more complex

and cannot be explained by a single mechanism, e.g.,

ionized-impurity scattering (�T3/2).

Investigation of the log jSj � logr relation (at each tem-

perature) shown in Fig. 3(f) indicates that the energy depen-

dency of the charge carrier scattering time is not well

explained with a simple ionized impurity scattering model.

The curve shape of the log jSj � logr plot is indicative of the

energy exponent r of the carrier relaxation time s

sðT;EÞ ¼ s0ðTÞ �
E

kBT

� �r

:

Here, E is the free carrier energy of the charge carrier and s0

is a reference scattering time at E¼ kBT. As an example, in

the degenerate limit (low thermopower), jSj / r
1

rþ1:5 [see

supplementary information in Ref. 18]. The ionized impurity

scattering model predicts r¼ 3/2, whereas the acoustic-

phonon scattering model predicts r¼�1/2 (Table I); the

FIG. 3. (a) Electrical resistivity, (b)

Seebeck coefficient, (c) power factor

(¼ S2/q), (d) carrier density, and (e)

Hall mobility of Mg3.2Sb1.5Bi0.49Te0.01

sintered at 873 K and 1123 K. (f)

Comparison of the experimentally

found log jSj � logr relation with dif-

ferent energy dependent scattering

models. At all temperatures between

300 and 470 K, better agreement with

the curve shape of s / E�1=2 (rather

than s / E3=2) is found, which is an

energy dependency that is predicted by

acoustic-phonon and point defect scat-

tering models rather than ionized

impurity scattering (see Table I). The

open circle data points are from the lit-

erature where thermally activated con-

duction was attributed to ionized

impurity scattering.6 Solid square data

points are from a group of samples in

this work (with smaller grain size) that

had similar low temperature resistivity.

TABLE I. Parameters for various scattering models.19

Scattering mechanism Scattering parameter (r) s0 Tð Þ

Point defects �1/2 / T�
1
2

Acoustic phonons �1/2 / T�
3
2

Ionized impurities 3/2 / T
3
2
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log jSj � logr curves of each model are shown in Fig. 3(f) to

have a different slope in the low jSj regime due to different

exponents r. Comparison of experimental data to the scatter-

ing model curves in Fig. 3(f) shows that the energy depen-

dency of scattering time better resembles acoustic phonon

scattering than ionized impurity scattering at all temperatures

from 300 to 470 K.

The fact that the energy dependency (similar to acoustic

phonon scattering) and temperature dependency (thermally

activated such as ionized impurity scattering) do not provide

a consistent description indicates that a model different than

those listed in Table I is required to adequately describe the

transport of Mg3.2Sb1.5Bi0.49Te0.01. The grain size depen-

dency found in our current work suggests that grain bound-

ary effects must be addressed for a good model description.

Details of this grain boundary transport model are published

elsewhere.20

Consequently, the thermoelectric figure of merit zT was

significantly improved in the whole measured temperature

range [Fig. 4(a)]. For comparison, zT of state-of-the-art ther-

moelectric materials, hole-doped SnSe single crystal along

the b axis,3 and PbS-alloyed PbTe with the phase separated

nanostructure4 were also plotted. To examine how the present

improvement of thermoelectric properties affects the energy

conversion performance, we calculated the conversion effi-

ciency. The efficiency of a thermoelectric material with

temperature-dependent properties under a given operating

condition is precisely calculated by considering thermoelec-

tric compatibility.21,22 Here, a material is regarded as a series

connection of infinitesimally sliced elements, each of which

has different local temperatures and thermoelectric proper-

ties. Optimization of the efficiency is done by adjusting the

relative current density u¼ J/(j$T), where J is the electric

current density. The reduced efficiency gr¼ u(S� uqj)/

(uSþ 1/T), which is a local parameter in a material subjected

to a temperature difference, determines the overall efficiency.

gr is maximized when u¼ s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zT
p

� 1
� �

= STð Þ, where s
is the compatibility factor. In general, however, u inevitably

deviates from s because u must also satisfy the heat flow

equation, r jrTð Þ ¼ �T dS
dT JrT � qJ2, at any point of a

material. Therefore, to enhance the efficiency, it is important

to have both high average zT and small deviation of u from s
in the whole temperature range of operation.

We confirmed a large enhancement in the calculated

conversion efficiency [Fig. 4(b)] due to the improvement

of average zT. The maximum efficiency of Mg3.2Sb1.5

Bi0.49Te0.01 sintered at 1123 K was 14.5% (cf. 9.8% for the

sample sintered at 873 K) with the temperature difference of

420 K (Th¼ 720 K and Tc¼ 300 K). The efficiency is almost

the same as hole-doped single-crystalline SnSe3 (15.4%) and

PbS-alloyed PbTe with the phase-separated nanostructure4

(12.7%), despite the large difference in the peak zT. The

high efficiency can be explained by the smaller deviation of

the relative current density u from the compatibility factor s
compared with that of SnSe and PbTe [Fig. 4(c)]. As is also

shown in the reduced efficiency gr [Fig. 4(d)], this small u-s
deviation makes Mg3.2Sb1.5Bi0.49Te0.01 as efficient as SnSe

or PbTe.

In summary, we investigated the relationship between

the microstructure and thermoelectric transport in sintered

Mg3.2Sb1.5Bi0.49Te0.01 samples. By increasing the grain-size

from 1.0 to 7.8 lm, the Hall mobility considerably improved

in a broad temperature range, while the thermal conductivity

remained intact. The calculated conversion efficiency

reaches 14.5%, which is as excellent as other state-of-the-art

thermoelectric materials. We also confirmed good thermal

stability of Mg3.2Sb1.5Bi0.49Te0.01 against an oxidizing atmo-

sphere (supplementary material S4). The high thermoelectric

performance in its pristine polycrystalline form is advanta-

geous for practical applications of waste heat recovery.

See supplementary material for the crystal structure

refinement, the details of EBSD mapping, the composition

analysis, and the thermal stability study.
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FIG. 4. (a) Figure of merit zT, (b) calculated conversion efficiency, (c) absolute values of compatibility factor jsj and relative current density juj, and (d)

reduced efficiency gr of Mg3.2Sb1.5Bi0.49Te0.01 sintered at 873 K and 1123 K. Properties of a hole-doped SnSe single crystal along the b axis3 and PbS-alloyed

PbTe with the phase separated nanostructure4 were plotted for comparison. In (b)–(d), the cold side temperature Tc was fixed to be 300 K. For (c) and (d), the

hot side temperature Th was fixed to be 720 K. The efficiency, s, u, and gr were calculated using the spreadsheet calculator reported in Ref. 22.
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