RESEARCH ARTICLE

A DVAN -gmck for updates

ELECTRO IC
MATERIALS

0 L Open Access]

www.advelectronicmat.de

Enhanced Thermoelectric Performance of MnTe by
Decoupling of Electrical and Thermal Transports

Abdul Basit, Jiwu Xin, Yubo Luo, Ji-Yan Y. Dai,*

Lead-free polycrystalline manganese telluride holds great potential in the

development of waste heat recovery due to its fascinating physical properties.

However, the poor thermoelectric (TE) performance in the p-type MnTe alloys
always results from their inferior carrier concentration, leading to low power
factor and high thermal conductivity which restrict the overall thermoelectric
performance. In this work, the problem is solved by decoupling its electrical
and thermal transports through the hole donor Ge-deficiency in

MnTe + x mol.% GeTe (0 < x < 4) compounds. Intrinsically, extra GeTe in
MnTe + x mol.% GeTe compound offers free charge carriers due to a narrow
bandgap comparatively, realizing not only a full assessment of stimulated
electrical performance but also an enhanced power factor. Moreover,
benefiting from the nano-precipitates and tweed microstructures, the lattice

and Junyou Yang*

sustainable global climate. In general,
the major restriction to TE materials’
large-scale applications is inferior con-
version efficiency as characterized by
the figure of merit ZT = S%6'T/x. Opti-
mizing an ideal TE material and scaling
a higher conversion efficiency requires
an enhanced Seebeck coefficient (S)
and electrical conductivity (c), while
in the meantime, suppressed thermal
conductivity (k) is needed.'*?}] In this
scenario, a variety of strategies such as
band structure engineering and energy
filtering approaches have been adopted
to optimize the power factor;[124958.68]

thermal conductivity effectively reduces due to the intensive phonon
scattering accordingly. Ultimately, a maximum ZT of 1.2 at 873 K in the

3 mol.% GeTe doped MnTe sample is realized.

1. Introduction

Owing to the increasing demand for energy devices and a
dramatic escalation of fossil fuels, thermoelectric (TE) ma
terials have demonstrated a large range of potential appli-
cations in power generation and thermal cycling with high
scalability,[1928434] leading to the environmental impact of a
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while more specifically, a synergistic
nano-structuring has been proposed to
reduce the thermal conductivity**%]
in skutterudites,®! clathrates,!®! half-
Heuslerl*!! and Zintl-phases!?! etc.
Moreover, entropy engineering has also
been adopted to manipulate and stabilize the TE materials with
high symmetries, and thus the thermal conductivities are re-
duced by the mass fluctuation and point defects, etc.[1839-66]
Therefore, the challenging counterparts electrical and thermal
transports properties in thermoelectric materials have been
successfully decoupled to attain significant ZT in some com-
pounds i.e; PbTe, 1348631 AgMnGeSbTe,[** PbSe,[®] GeTe, 1934
AgSbTe, 2240 Cu, Se, 246641 SnSe, 2731453 and CulnTe, .75

During searching for green, non-toxic, and large-scale thermo-
electric materials, manganese chalcogenides have gained much
attention recently, among them, MnTe is a typical chalcogenide
possessing a hexagonal (NiAs) crystal structure and a space group
P63/mmc.[*2#7] Referring to the literature, high carrier concen-
tration and reduced thermal conductivity are associated with
the development of new thermoelectric materials, thus, doping
of various compositions in MnTe is preferred to obtain high
TE performance in MnTe-based compounds. However, the wide
bandgap (~0.82 eV), and inferior intrinsic carrier concentration
(~10' cm™) have always restricted a significant thermoelectric
performance in MnTe compounds.[>*11-26] Some reports have re-
vealed the regulation of thermoelectric properties in MnTe-based
compounds, for example, the inferior ZT of 0.41 was realized
from the enhanced power factor #0.414 x 10> W mK~2 at 773 K
in Mny, Te, .o compound without deteriorating the lattice ther-
mal conductivity.[??! Further, the cation doping of sulfur and cop-
per was employed in Te and Mn sites to regulate the carrier con-
centration in the MnTe compound separately, resulting in in-
creased ZTs of 0.65 and 0.55 in MnTe; S, ; and Mny, 4,5 Cu, o5 Te
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Figure 1. a) Schematic illustration of the preparation of MnTe + x mol.% GeTe (0 < x < 4); b) powder XRD diffraction patterns of MnTe + x mol.% GeTe

(0 < x < 4); c) representation for the replacement process of Mn by Ge-site.

samples, respectively.l’”>®! In addition to the optimized electri-
cal performance, a significant increase in power factor was also
reported from stimulated holes in pristine MnTe from the incor-
porated Na and Ag into the Mn-site.l®?) Another report reveals
the addition of Na, S in the MnTe compound facilitating the car-
rier density along with a greatly reduced thermal conductivity,
hence resulting in an enlarged ZT of 1.09 at 873 K.[*®] Recently,
significant transport properties in MnTe-based compounds were
reported with the effect of co-doping Li, Na, and K, through
which the ZT up to 0.93, 1.09, and 1.3 at 873 K, respectively
have been reached.’l Though the above-mentioned progress has
been realized, the doping of volatile metals may bring reliabil-
ity issues due to the high diffusivity of those metal ions. Be-
sides, Jinfeng et al. employed Se and Na into MnTe by a facile
and SPS process separately and reported a maximum ZT of 1.03
at 873 K due to the suppression of lattice thermal conductivity
(0.56 W/mK) of MnTe, 4, Se, o5 /) However, the carrier concentra-
tion of MnTe was tuned through enhancement in density-of-state
effective mass by Na that resulted in a high power factor ~900
uWm~'K~2 at 873 K.I8] Familiar with the drawback of inferior car-
rier concentration, Yiyuan et al. realized an impressive ZT ~1.3
in Mn ,Ge,, Sb,Te, at 873 K due to the effective increase in
carrier mobility, however, the corresponding single-stage gener-
ated module led to the efficiency of 4.6% at temperature gradient
480 K.[?! Furthermore, the development of moderate thermo-
electric applications in MnTe compounds is still rather inferior
compared to other state-of-the-art telluride TE compounds.!*¢!
Intuitively, GeTe is a degenerate semi-conductor possessing
an extremely high intrinsic hole density of ~3.6x10?! cm~3 com-
ing from the extensive Ge deficiency.>*%! Considering the lower
bandgap and higher carrier concentration of GeTe comparatively
to pristine MnTe, the doping approach could be an effective route
in boosting the TE performance of MnTe. This work reveals the
development in TE properties of MnTe from the optimized carri-
ers and mobility and overcomes the hindrance in the Seebeck co-
efficient owing to the hole donor Ge-deficiency. Also, the residual
GeTe nano-precipitates effectively suppress the thermal conduc-
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tivities and thus improve the ZT up to ~#1.2 at 873 Kin a 3 mol.%
GeTe doped MnTe.

2. Results and Discussion

2.1. Phase and Microstructure of MnTe + x mol.%
GeTe (0 <x<4)

XRD diffraction patterns from the prepared GeTe and the hot-
pressed MnTe + x mol.% GeTe bulk samples are shown in
Figure 1b. For XRD patterns of the x < 1 sample, all the reflec-
tion peaks can be indexed based on the hexagonal structure of
MnTe with a space group P63/mmc (PDF# 01-089—-2886). Extra
peaks of GeTe (PDF# 52—0849) can be detected in the patterns of
samples with x > 1, indicating the existence of a GeTe secondary
phase in these samples. The single phase of pure MnTe suggests
that Ge can easily be substituted to the Mn-site by the hot-press
process as noticed in Figure 1c. However, GeTe crystallizes as a
secondary phase in the matrix of MnTe at high content and will
be introduced in the following sections.

To analyze the microstructure of the GeTe-doped MnTe sam-
ples, FE-SEM observations and EDX analysis were carried out
and presented in Figure 2, where Figure 2a—c represents the frac-
tographs with the x = 1, 2, and 3 mol.% GeTe added MnTe sam-
ples, respectively. The fractographs of the samples show their
good crystallinity and EDX composition analyses to the corre-
sponding marked points also show consistency with the nomi-
nal compositions in Figure 2d—f. Figure 2g demonstrates some
secondary phases of layer-structured GeTe in the marked circles,
while the enlarged image of a typical GeTe crystal structure in
the rectangular area of Figure 2c was also reported in some other
works.!131+50] Furthermore, EDX mapping (Figure 2h—j) for the
area of Figure 2g shows that this area is (Ge, Te)-rich and Mn-
poor in composition indicating its nature of GeTe precipitation,
as presented in Figure 2h,i.

To further characterize the microstructure of the 3 mol.% GeTe
doped sample, TEM characterization was carried out and the
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Figure 2. FE-SEM fractographs of the MnTe with a) x = 1%GeTe; b) x = 2%GeTe; c) x = 3%GeTe respectively; d-f) EDS of the marked points in Figure 2a—c
respectively; g) enlarged fractograph of the rectangular area in Figure 2¢; h—j) corresponding mapping of the morphology in Figure 2g.

results are presented in Figure 3a. As illustrated in Figure 3b
there are some lamellar structures in the matrix with widths of
50—100 nm; these streaks are attributed to GeTe precipitates re-
sulting from the high content of GeTe in MnTe. HRTEM im-
age (shown in Figure 3c) of the rectangular area (A) indicated
in Figure 3b reveals the cubic structure of GeTe by the corre-
sponding lattice plane of (111). One can also clearly see the
tweed-structured (like Moiré fringes circled in Figure 3c) nano-
regions presented in the GeTe metrics which may result from
structural or elemental modulation; these nano-regions act as
phonon scattering source, leading to reduced thermal conductiv-
ity. Figure 3d presents the HRTEM image of the selected area (B)
in Figure 3b, where the lattice spacing of (102) for hexagonal and
(200) for cubic correspond to the well-matched planes with XRD
data of MnTe and GeTe, respectively. In addition, we conducted
strain analysis alongside geometric phase analysis (GPA) using
the HRTEM image (Figure 3e). The inverse FFT image (see in-
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set Figure 3e) revealed an inhomogeneous stain distribution with
aligned strain centers which can be observed in the tensor map
(Figure 3f) representing the ¢,, to €, directions. This result sug-
gests that the incorporation of GeTe induces elastic strain and
results in a wide scattering effect on acoustic phonons.

2.2. Thermoelectric Performance of MnTe + x mol.%
GeTe (0 <x<4)

Figure 4 presents temperature-dependent electrical transport
properties of the hot-pressed MnTe + x mol.% GeTe (0 < x <
4) samples. At room temperature, the carrier density and mobil-
ity for the MnTe + x mol.% GeTe (0 < x < 4) samples demon-
strate the increasing trend of carrier concentration with the ad-
dition of GeTe content resulting from the effective high hole
Ge deficiency (Figure S3, Supporting Information). As shown in
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Figure 3. a) TEM micrograph of the sample with the addition of 3 mol.% GeTe; b) enlarged TEM image in Figure 3a; c) TEM image of area A in Figure
3b; d) HRTEM of area B in Figure 3b; e) HRTEM of 3 mol.% GeTe added MnTe and corresponding inverse FFT image (inset of Figure 3e); and f) GPA

analysis along the (i) €,,, (i) €y, (iii) €,, and (iv) ¢, directions.

Figure 4a, this characteristic can further decrease the electrical re-
sistivity sharply for all the GeTe-doped MnTe samples at higher
temperatures. It suggests that a higher GeTe content led to high
carrier concentration and thus significant reduction in electri-
cal resistivity of MnTe-compounds has been attained which can
be attributed to the thermal excitation with increasing temper-
atures. In addition, the deviation of carrier concentration in x =
4% mol.% GeTe sample suggests that Ge may not be easily added
into the site of Mn as ascribed by the over-solubility limit (Figure
S3, Supporting Information), and thus the electrical resistivity
slightly increases as compared to the other samples. By contrast,
carrier mobility decreases with increased GeTe amount (Table S1,
Supporting Information); this can be attributed to the electroneg-
ativity differences of Mn, Ge, and Te that facilitate the scattering
effect of point defects. For instance, as observed in some previous
works, 133871 3 constant increase in the peaks of electrical resistiv-
ity for all the MnTe + x mol.% GeTe (0 < x < 4) samples reveal the
intrinsic bi-polar nature of MnTe at 410 K.I'*7] Likewise, as shown
in Figure 4b, the Seebeck coefficient for all the MnTe + x mol.%
GeTe (0 < x < 4) samples also decrease with the increased carrier
concentration at the entire range of temperatures. It should be
noticed that all the samples exhibit positive Seebeck coefficients,
demonstrating the p-type nature of all samples. However, the in-
creased amount of GeTe in the pristine MnTe results in degen-
erate characteristics at elevated temperatures. Such features elu-
cidate that employed GeTe has a vital role in the electrical trans-
port properties of MnTe. In addition, as given in Figure 4c, the
estimated Pisarenko curve for the Seebeck coefficients and car-
rier densities () also reveals a similar trend to the calculated
S which is close to the experimental values. The major limita-
tion to the high electrical resistivity of pristine MnTe has been
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substantially revealed with effective optimization of the Seebeck
coefficient in MnTe + x mol.% GeTe (0 < x < 4) samples, result-
ing in an improved power factor of 3 mol.% GeTe added MnTe at
873 K which is 91% higher than that of pristine MnTe as shown
in Figure 4d.

Temperature-dependent total thermal conductivity (k) and lat-
tice thermal conductivity (k;) for MnTe + x mol.% GeTe (0 < x
< 4) samples are presented in Figure 5. One can see that the
thermal conductivities of samples decrease with the increased
temperature due to the GeTe influence. Whereas the propaga-
tion of heat-carrying phonons results in a substantial decrease
of thermal transport specifically for x = 4 mol.% GeTe sam-
ple (see Figure 5a). Generally, the reduction in thermal conduc-
tivities can be ascribed to the decreasing behaviors of thermal
diffusivity in MnTe-based materials owing to the mass fluctua-
tions with the doping content at elevated temperatures.['] Here,
the obvious decreasing trend in thermal transport is consistent
with the electrical resistivity and Seebeck coefficient governed by
the addition of GeTe content. Such behavior suggests the scat-
tering of high-frequency phonons to the boundaries of the ma-
trix and other phases and thus facilitates the reduction in ther-
mal conductivities>®?! due to the possible planar defects as dis-
cussed in Figure 3b. In this work, total thermal conductivities (k)
have been reduced effectively and the lattice thermal conductiv-
ities were obtained by subtracting electronic thermal conductiv-
ities (k,) from x (Figure S4, Supporting Information) using the
Wiedemann-Franz law k, = Lo'T.[**] However, the planar defects
might not be sufficient to facilitate the suppressed lattice thermal
conductivity with a small content of GeTe in the MnTe as shown
in Figure 5b. Besides, some observed lamella nano precipitates
and other planar defects originating from the high GeTe content
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Figure 4. Electrical transport properties of MnTe + x mol.% GeTe (0 < x
relation between the S and nyy; d) power factors (P.F).

have further reduced the lattice thermal conductivity. This ap-
proach suggests that originated precipitates in the matrix can lead
to sufficient phonon scattering and hence reduce x; as compared
to the 1.5 at% Sb,Te; added MnTe.[?] The lattice thermal conduc-
tivity (k;) was determined using the Callaway model (Figure 5¢;
Table S2, Supporting Information), considering various phonon
scattering centers such as U (umklapp-process), EP (electrons-
phonons), GB (grain boundaries), and NP (nanoparticles) in the
GeTe added MnTe sample, in comparison to the MnTe matrix (U
+ EP + GB). The results clearly demonstrate that the presence
of GeTe secondary phases leads to a substantial reduction in «;,
with a particularly pronounced effect at high temperature (873K)
within the Deby-cutoff phonon frequency range (Figure 5d).
Benefiting from the well-organized strategy, the electrical and
thermal transport properties of the MnTe compound have tact-
fully decoupled with the introduction of GeTe. The electrical re-
sistivity reduces sharply with increased carrier concentration in
the MnTe + x mol.% GeTe (0 < x < 4) samples, and thus the
power factor increases by ~91% for the MnTe + 3 mol.% GeTe
sample in comparison to the pristine MnTe. However, a vari-
ety of defects results in the strengthening of phonons scatter-
ing in MnTe + 3 mol.% GeTe sample at elevated temperatures
especially. Thus, Figure 6a illustrates that the MnTe + x mol.%
GeTe materials exhibit a relatively high average ZT,,. value of 0.9
within the medium-temperature range of 770 K — 873 K. More-
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over, the resultant ZT increases with the increase of GeTe content
as presented in Figure 6b. Here, a maximum ZT reaches ~1.2
for MnTe + x mol.% GeTe (x = 3%) sample at 873 K, which sug-
gests that GeTe might be a convincible route to explore the other
Mn-based chalcogenides as obvious from the other reports (see
Figure 6c).

3. Conclusion

In summary, a series of MnTe + x mol.% GeTe (0 < x < 4) com-
pounds have been prepared to explore the influence of GeTe dop-
ing on the thermoelectric properties of the MnTe compound.
This study demonstrates a concurrent optimization of electrical
and thermal transport properties of MnTe + 3 mol.% GeTe sam-
ple in the presence of stimulated carrier density and some lamel-
lar defects with other nano-inclusions at elevated temperatures.
On one hand, the enhanced hole concentration from the Ge defi-
ciency increases the electrical performance and thus power factor
t0~1036 mW m~! K2 at 873 K for MnTe + 3 mol.% GeTe sample.
On the other hand, secondary phases as well as the originated de-
fects result in a strong phonon scattering and hence a suppressed
lattice thermal conductivity ~#0.73 W m~ K~! in MnTe + 3 mol.%
GeTe sample. Ultimately a ZT reaches ~1.2 for MnTe + x mol.%
GeTe (x = 3%) sample at 873 K, which increases ~#93% in com-
parison to the pristine MnTe.
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Figure 5. Temperature-dependent thermal transport properties of MnTe + x mol.% GeTe (0 < x < 4). a) Total thermal conductivities; b) lattice thermal
conductivities; c) the lattice thermal conductivity k; for MnTe matrix and composited sample compared with the calculated «; by using the Callaway
model; d) the theoretic spectral lattice thermal conductivity k; with phonon scattering centers.

4. Experimental Section

Synthesis of Materials:  The pristine MnTe ingot was prepared by melt-
ing high-purity commercial powder of Mn and Te (99.99%, Aladdin, China)
in a vacuum-sealed (1073 Pa) quartz tube at 1473 K for 2 days. Similarly,
a pristine GeTe ingot was prepared by melting and annealing high-purity
commercial powder of Ge and Te (99.99%, Aladdin, China) in a vacuum-
sealed (1073 Pa) quartz tube at 973 K for 2 days. Further, the MnTe and

GeTe ingots were pulverized in an agate mortar separately and then the
powder was mixed within the ratios of MnTe + x mol.% GeTe (0 < x < 4)
and densified using hot-press at 873 K under a pressure of ~90 MPa for 2
hin Ar atmosphere as shown schematically in Figure 1a.

Measurement and Characterization: The composition, morphology,
and crystal structure were characterized by means of X-ray diffraction
and transmission electron microscopy (TEM) JEOL JEM—2100dispersive
equipped with energy dispersive X-ray (EDX) analysis. Seebeck coefficient

1.0 1.4 1.5
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Figure 6. a) Average ZT values of this work in the temperature range 773 K — 873 K; b) Thermoelectric figure of merit of MnTe + x mol.% GeTe (x =0,
1,2, 3, 4); ¢) comparison of the figure of merit of MnTe + 3 mol.% GeTe sample with the other reported in.[23.6:2122,38,67]
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and electrical resistivity for all the samples were measured with a custom-
designed thermoelectric measurement system (Namicro—lll), and elec-
tric transport properties were characterized by a Hall effect measurement
system (HMS 5500) with a Van der Pauw electrode configuration. The
thermal conductivities of the samples were measured based on the equa-
tion k = DCpd,°®] where the thermal diffusivity (d) was measured by
the laser flashing method (LFA—427, NETZSCH) in the N, atmosphere
(Figure S1, Supporting Information), and the density (D) was estimated by
the Archimedes’ method. Further, the specific heats (Cp) were taken from
the measured reference value (Figure S2, Supporting Information).[>®!
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