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High pressure and high temperature (HPHT) technology, as an extreme physical condition, plays an important role
in regulating the properties of materials, having the advantages of enhancing doping efficiency, refining grain size, and
manufacturing defects, therefore it is quite necessary to study the effectiveness on tuning thermoelectric properties. El-
emental telluride, a potential candidate for thermoelectric materials, has the poor doping efficiency and high resistivity,
which become an obstacle for practical applications. Here, we report the realization of a dual optimization of electrical be-
haviors and thermal conductivity through HPHT method combining with the introduction of black phosphorus. The results
show the maximum z7 of 0.65 and an average zT of 0.42 (300 K-610 K), which are increased by 55% and 68% in the
synthesis pressure regulation system, respectively. This study clarifies that the HPHT method has significant advantages in
modulating the thermoelectric parameters, providing a reference for seeking high performance thermoelectric materials.

Keywords: high pressure, thermoelectric, thermal conductivity, power factor

PACS: 73.50.Lw, 91.60.Gf, 61.82.Fk

With the advent of the electronic information age, it has
become the strategic focus of sustainable development to build
a new energy system, develop green and recyclable renewable
resources and improve energy conversion efficiency.!!"?! Ther-
moelectric materials with the most potential candidate for en-
vironmental energy are mainly determined by the dimension-
less coefficient zT' = ST /p(Ke + Kph + Kbip), Where S is See-
beck coefficient, p is resistivity, T is Kelvin temperature, K,
Kph, and Kyip are electron, phonon, and bipolar thermal con-
ductivities, respectively.>=! However, due to the strong cou-
pling between carriers and phonons, it is a great challenge to
optimize the related parameters together. Over the past few
decades, classical, high-performance, multicomponent com-
pounds such as BiryTe; and SnSe have produced encourag-

6101 However, the diversity of elements leading

ing results.!
to the segregation and complex structure increases the diffi-
culty to get clear about the mechanism of the improvement.
Hence, many research have been focused on single-element
semiconductors. 11121

Elemental semiconductor thermoelectric materials, such
as black phosphorus (BP) and tellurium (Te), provide a bet-
ter basis for interpreting the relationship between the inter-
nal physical parameters of the material due to the unicity

of the elements. Theoretical predictions demonstrate that
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BP and its derivatives show great potential for novel eco-
friendly thermoelectric applications because of the unique in-
plane anisotropic electronic structure.!!%13-1°1 Element Te, a
narrow band gap semiconductor, has been considered as a
potential candidate for thermoelectric materials because of
its high degeneracy, large effective mass and high Seebeck
coefficient.?”) Many attempts have been made to further im-
prove the efficiency of thermoelectric conversion.?"-??! Lin er
al. realized doping by hot pressing, and finally optimize the
carrier concentration to 2.65x10'” cm™3, thus improving the

(231 An et al. used the spark plasma

electrical properties of Te.
sintering (SPS) method combined with the intrinsic quasi-one-
dimensional (1D) structure of the sample, which contributed to
form the chain texture along the crystallographic c-axial direc-
tion, to optimize the carrier and phonon scattering to a certain
extent.!”! Su et al. effectively replaced the alloying of sam-
ples by using the high pressure and high temperature (HPHT)
method, and the phonon thermal conductivity of the material
decreased from 0.65 W-m~'-K~! to 0.45 W-m—!-K~!, which
optimized the phonon transport and ultimately improved the
thermoelectric performance. [25] Therefore, it is not hard to see
that an effective synthesis method is vital to obtain high qual-
ity thermoelectrics. Among them, HPHT technology is play-

ing an important role in synthesizing specimens because of the
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advantages, such as time-saving, high efficiency, manufactur-

[25-291 In our

ing defects and controllable reaction conditions.
previous work, we constructed a BP-Te heterogeneous struc-
ture to optimize the thermoelectric performance of Te through
HPHT method.['®) Hence, it is essential to investigate the ef-
fect of pressure on Te.

In this work, we successfully synthesized Te samples with
doping BP under different pressures to explore the impact
of pressure on electrical and thermal properties. Our results
demonstrate that z7T' vlues of Te-based materials are greatly
improved under high pressure. The maximum z7 value (zTmax)
and the average zT value (z7T,e) of Te + 0.25 wt% GeP5 sam-
ples synthesized at 5.5 GPa are significantly enhanced by 55%
(68%) compared to 3.0 GPa. Moreover, with the content of
GePs increasing, the performance is further optimized. Thus,
high pressure is proved to be an effective means for seeking
high performance thermoelectrics.

Using high purity germanium (Ge, 99.999%) and phos-
phorus (P, 99.999%) ingot as raw material, single crystal GePs
was prepared by HPHT method. The high purity Te ingot
(99.999%) and GePs were weighed by mass ratio. The raw
materials were then packaged in a mortar and ground for an
hour. Then the target polycrystalline samples were prepared at
1000 K and 3.0 GPa-5.5 GPa for 30 minutes through HPHT
method.

The crystal structures of powder samples had been char-
acterized by Cu-K ¢ radiation x-ray diffraction (XRD) (PAN-
alytical X’pert3, Holland). Raman spectroscopy (HR Evo-
lution, JY Horiba) was carried on a spectrometer with exci-
tation wavelength of 633 nm. The surface morphology and
element distribution of the samples were tested by scanning
electron microscope (SEM, Carl Zeiss Sigma 500 VP). TEM
images were obtained on a Thermo Fisher Talos F200S G2
(United States). The carrier-dependent parameters were mea-
sured at room temperature on the Hall device (Lake Shore
8404, USA) using van der Pauw geometry. Resistivity (p)
and Seebeck coefficient (S) were measured simultaneously in
CTA-3s (Cryoall China). Thermal conductivity (k) is calcu-
lated by kK = D x C, x d where D is the thermal diffusion coef-
ficient measured on a laser heat-conducting instrument (Net-
zsch LFA457, Germany). The heat capacity (Cp,) values were
estimated by Dulong—Petit law. The density (d) was deter-
mined by Archimedean principle.

Figure 1(a) shows powder x-ray diffraction (XRD) data of
Te and GePs-composited Te samples synthesized under differ-
ent pressures. The collected XRD patterns can be well charac-
terized as hexagonal structure of P3;21 group.*’! As shown
in the figure, no other second phase was observed. Figure 1(b)

shows the typical Raman spectra of all sample prepared un-

der various pressures. It can be observed that the peaks lo-
cated at 91 cm™!, 119 cm~!, 138 cm™! are correspond to the
three characteristic peaks of elemental Te phase, represent-

ing the three vibration modes E!, A, and E?, respectively.3!]

Meanwhile, three obvious characteristic peaks at 358 cm™!,

434 cm~!, and 462 cm™!, can be attributed to BP phase, rep-

resenting Aé, B, and Aé vibration modes, respectively.3?!

The results show that GePs decomposed into BP and Ge via
HPHT conditions.
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Fig. 1. Phase characterization of produced GePs-composited Te samples un-
der different synthetic pressures: (a) XRD patterns and (b) Raman spectrum.

Hall effect test of the prepared samples was carried out at
room temperature, listed in Table 1. The positive Hall coeffi-
cient reveal that all samples are p-type semiconductor. It can
be seen that the introduction of GePs significantly increased
the carrier concentration (nyg) of Te. The decomposed Ge has
two less electron than Te, and when it replaces Te as an accep-
tor impurity, it can introduce holes, meaning that the electrons
in the valence band are transferred to the acceptor level, which
leads to a significant increase in hole concentration. More im-
portantly, with the synthetic pressure increasing, we find that
the ny are improved up to 2.5 x 10 ¢cm™3, which is two or-
ders of magnitude higher than the pure Te sample, while the
fluctuation of mobility (ug) is in a small range. The result

leads to substantial optimization of electrical properties.
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Table 1. The Hall effect test for the samples synthesized under different pressures.

Samples Hall coefficient Carrier concentration Hall mobility
Ry (cm?.C™1) ny (cm=3) Uy (cm?.V-ls~1
Te (3.0 GPa) 8.02 7.8x1017 146.00

Te + 0.25 wt% GePs (3.0 GPa) 0.31 1.9x101° 95.58

Te + 0.25 wt% GePs (4.5 GPa) 0.28 2.2x101° 93.91

Te + 0.25 wt% GePs (5.5 GPa) 0.25 2.5%x101° 92.62

Te +0.50 wt% GePs (5.5 GPa) 0.16 3.9x101° 72.67
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Fig. 2. Temperature-dependent electronic transport properties of Te, GePs-composited Te samples synthesized under different pressures.
(a) Resistivity. (b) Seebeck coefficient. (c) Relationship between the carrier concentration and Seebeck coefficient. (d) Power factor (PF).

The electrical transport performance depending on tem-
perature was measured in the range of 300 K-610 K.
Figure 2(a) shows the lower resistivity of the GePs-
composited Te samples. In addition, as plotted in Fig. 2(b),
GePs-introduced samples exhibit higher Seebeck coefficient
comparing with pristine Te when the test temperature is
above 450 K. Both the parameters are optimized in higher
temperature range, and the values increase continuously with
the temperature increasing. When the temperature exceeds
550 K, the S gradually decreases due to the appearance
of intrinsic excitation, resulting in an increase in minority
carriers,?*! which restrains the S of the sample. Comparing
with pure Te, the introduction of GeP5 makes the bipolar ef-
fect move to high temperature region. Figure 2(c) shows the
relationship between S and nyg based on the single parabolic
band model. We can find that the carrier effective mass (m”*,
black line) of pure Te is smaller than the GePs-composited
Te samples, which can partly eliminate the reduction of S by
the increasing of ny. Combined with the changes in the p
and S, we noted that the PF values of the sample were signifi-

cantly enhanced with the synthetic pressure rising, reaching a
maximum value of 10.18 pW-cm™!.K=2 at 490 K of
Te +0.50 wt% GePs sample synthesized at 5.5 GPa, as
shown in Fig. 2(d). Higher fabricating pressure improves the
decomposition efficiency of GePs, thus leading to the
increase of ny, ultimately optimizing the electrical transport
property.

Figures 3(a)-3(c) is the scanning electron microscope
(SEM) images of the GeP5-composited Te sample synthesized
at 3.0 GPa, 4.5 GPa, and 5.5 GPa, respectively. The images
show that with the increase of synthetic pressure, the grain
boundaries become more abundant (as shown in Figs. 3(d)—
3(e)), indicating that high pressure has an inhibitory effect
on grain growth. The affluent boundaries in the sample can
enhance the phonons scattering, and then reduce the phonon
conductivity. 34

Figures 4(a)-4(e) show the SEM images and the corre-
sponding energy dispersive spectrometer (EDS) mapping of
the sample synthesized at 5.5 GPa. It can be clearly observed
that the BP embedded in the matrix, indicating that GePs have
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decomposed into Ge and P, and the elemental P has been con-
verted into BP phase basing on the Raman results in Fig. 1(b),
randomly distributing around the grain boundaries. In addi-

tion, the element Ge uniformly disperses in the basis materi-
als, which has positive influence on the diminution of thermal

conductivity.
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Fig. 3. (a)—(c) SEM images for the produced GePs-composited Te samples synthesized under different pressures, (d)—(f) grain size distribution

corresponding to panels (a)—(c).

Fig. 4. (a) SEM image of Te + 0.5 wt% GePs, (b)—(e) the corresponding EDS
elemental mappings.

The detailed microstructure of Te +0.50 wt% GePs syn-
thesized at 5.5 GPa was characterized by high-resolution
transmission electron microscopy (HRTEM) and inverse fast
Fourier transform (IFFT) as shown in Fig. 5. We can ob-
serve the clear lattice fringes of the sample, and then select
the yellow and red regions for IFFT in Fig. 5(a). As shown in
Figs. 5(b) and 5(c), the Te can be observed in the sample, evi-
denced by the gauged interplanar distances of 0.323 nm, corre-
sponding to the (101) planes. Meanwhile, (041) planes of BP
is also observed, proved by the measured interplanar distances
is 0.223 nm. It indicates that BP acts as the second phase in Te

matrix, which is benefit for enhancing the scattering of inter-
mediate frequency phonon. Moreover, the lattice deformation
and dislocation can also be found in the domains within our
samples, which can effectively disperse the transportation of
phonons, reducing the lattice thermal conductivity, thus opti-
mizing the thermoelectric properties.

’

Ge'@10),

Fig. 5.
(a) HRTEM image, and (b), (c) the IFFT images.

Microstructure of produced GePs-composited Te sample:

Figure 6(a) shows the temperature dependence of the to-
tal thermal conductivity (k) in the range of 300 K-610 K. The
K of all samples prepared under high pressure markedly de-
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creases comparing with the pristine Te. With the increase of
temperature, the k gradually decreases in the range of 300 K—
550 K, and then shows an upward trend due to the emer-
gence of intrinsic excitation. The minimum thermal conduc-
tivity is achieved 0.61 W-m~!.K~! at 550 K for the sample of
Te + 0.25 wt% GePs synthesized at 4.5 GPa. We further cal-
culated the phonon and bipolar thermal conductivity accord-
ing to Wiedemann-Franz law: Ky bip = K — Ke, (ke = Lo T,
L is the Lorenz number, which is estimated by the equation
L= 1.5+exp(—|S|/116),1333] as shown in Fig. 6(b), about
36% decrease for the sample synthesized at high pressure. The
reduction of Kyn 4 bip can be attributed to the combining effect
of the existence of BP, lattice defects, and more grain bound-
ary density introduced by high pressure.

(a) —m—3.0 GPa Te
1.4r —8—3.0 GPa Te+0.25 wt% GePs;
—A—4.5 GPa Te+0.25 wt% GePj5
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Fig. 6. Temperature-dependent of Te, GePs-composited Te samples under
different synthetic pressures: (a) total thermal conductivity and (b) phonon
and bipolar thermal conductivities.

Benefitting from the superiority of high pressure and
the introduction of BP, the figure of merit, z7, of GePs-
composited Te sample is significantly improved, as shown in
Fig. 7(a) and Fig. S1(f). The zTy.x of Te +0.50 wt% GePs
sample synthesized at 5.5 GPa is obtained of 0.76 at 524 K,
which is ~ 11 times that of the pure Te. In Fig. 7(b), the zT4ve
presents a progressive increase with the synthetic pressures ris-
ing. The peak and average zT values of Te 4 0.25 wt% GePs at
the temperatures range of 300 K-610 K are increased by 55%
and 68% compared with the sample synthesized at 3.0 GPa.

1.0 —— 3.0 GPa Te (a)

—@— 3.0 GPa Te+0.25 wt% GePs
0.8 | —&— 4.5 GPa Te+0.25 wt% GePs
—¥— 5.5 GPa Te+0.25 wt% GeP; @
—9— 5.5 GPa Te+0.50 wt% GeP,

0.6
&~
N
0.4F

0.2F

300 350 400 450 500 550 600 650
T (K)

0.6
2The@300 K—600 K (b)
0.5f 5.5 GPa

4.5 Gpa °-5 GPa
0.4

z Tave
(=)
w

T

3.0 GPa
0.2F

0.1

0 0.25 0.25 0.25 0.50
x wt% GePs

Fig. 7. Temperature-dependent of Te, GePs-composited Te samples un-
der different synthetic pressures: (a) figure of merit z7' and (b) the aver-
age zT value zTyye.

In short, we demonstrated that, under HPHT conditions,
the dynamic regulation of carrier behavior and grain bound-
ary density can achieve the double optimization of the electri-
cal property and thermal transport for element Te. The results
show that the peak zT" of Te + 0.25 wt% GePs synthesized at
5.5 GPa reaches 0.65 at 524 K, which is 55% improvement
compared with the lower preparation pressure. Importantly,
this work clearly confirms the advantages of pressure that can
dramatically modulating the thermoelectric transport proper-
ties, being an effective way for searching high performance
thermoelectric materials.
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