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Abstract GeTe is an excellent mid-temperature
thermoelectric material with high ZT values at temperatures
over 600 K. Its near-room-temperature performance is less
studied due to the intrinsic high carrier concentration. Here,
we successfully enhance the Seebeck coefficient of GeTe
from ~30 uV/K to 220 uV/K at 300 K, which is achieved by
AglnSe; alloying and Bi doping. It is demonstrated that Bi
doping helps to optimize the Seebeck coefficient without
deteriorating the intrinsic electrical transport properties of
the matrix. A high room-temperature PF of ~ 11 pWcm?*K2
is achieved for a wide range of Bi doped samples. The
simultaneously introduced abundant point defects cause
mass and strain fluctuations, which decreased the lattice
thermal conductivity (x.) to a low value of 0.6 WmK™* at
300 K. Thanks to the synergetic effects of Bi doping in
AglnSez-alloyed GeTe, a high room-temperature ZT value
of 0.46 is obtained together with a high ZT value of 1.1 at
523 K.
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1 Introduction

Thermoelectric devices, which are capable of converting
waste heat into electrical energy and enabling solid-state
cooling in a green and quiet manner, has received soaring
attention due to the rising concerns of global energy shortage
and pollution to the ecosystem [1-3]. The efficiency of a
thermoelectric module is related to the performance of its
thermoelectric materials, which is characterized by the
dimensionless figure of merit ZT. The ZT value can be
determined by the Seebeck coefficient (S), electrical
resistivity (p), thermal conductivity (x) and absolute
temperature (T) through the equation: ZT = S%%'T [4-6].
While these physical parameters are closely related to each
other, two other important parameters, namely the quality
factor (B) and reduced Fermi level (), can be applied to
better understand and guide the development of
thermoelectric materials through the equation ZT=f (B, ) [7,
8].

As a hot research topic, the family of thermoelectric
materials has expanded tremendously [9], where novel
materials such as layered compound SnSe [10, 11] and
Sh,Si;Tes [12], copper-based chalcogenide [13, 14], Mgs(Sh,
Bi)2 [15, 16] and half Heusler alloys [17, 18] have emerged.
Among them, GeTe has recently been demonstrated to be a
promising medium-temperature thermoelectric material with
an outstanding ZT >2 [19, 20]. Various attempts have been
made to elucidate the underlying mechanisms and further
enhance the thermoelectric performance of GeTe.
Particularly, utilizing the rhombohedral-to-cubic phase
transition, a subtle tuning of the structure can lead to an ideal
band convergence of valence band maxima [21, 22]. In
tackling the intrinsic excessive Ge vacancies, Ge self-
compensation and Cu doping were found to lessen the
impact of Ge vacancies on electronic mobility [23, 24].
Taking the advantage of the domain structure in GeTe,
mesoscopic structure such as the charged domain wall or
vacancy layers have been introduced to dramatically reduce
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the thermal conductivity [25, 26]. Phase mapping also
demonstrated that proper thermal treatment can result in the
Spinodal fluctuation in Sb-doped GeTe, achieving a ZT
value of >2.6 at 723 K [27]. Nano particle addition, entropy
engineering and decreasing phase transition temperature
have also proven to be effective method in tuning the
properties of GeTe [28-32]. High-performance GeTe based
module for power generation has also been reported [33].

Compared to the medium temperature thermoelectric
properties of GeTe, near-room temperature thermoelectric
properties are less studied. The main obstacle is the
intrinsically high carrier concentration (~10%* cm®), which
induces a very low Seebeck coefficient (<50 pV/K). Such a
carrier concentration not only leads to low Seebeck
coefficient that deviates largely from the optimal range
(170-200 uV/K) for room temperature applications, but also
results in an extremely high electronic thermal conductivity.
The lattice thermal conductivity of pristine GeTe is also far
from the satisfactory value and current studies of GeTe only
realize a very low lattice thermal conductivity due to the
more intensified scattering of phonons at high temperature,
which further hinders the improvement of near-room-
temperature ZT. The adjustable electronic properties of
GeTe and the synthetic methods developed for decreasing
the thermal conductivity have promised the possibility for
enhancing its near-room-temperature ZT [31]. Also, Pb
alloying has been proven to increase the room-temperature
ZT significantly, demonstrating the potential of GeTe as a
near room-temperature thermoelectric material [34, 35]. But
the use of Pb is less favorable due to its toxicity.

In this work, AginSe; was first alloyed into GeTe to
decrease the lattice thermal conductivity, which was
suppressed from >1.5 WmK? to 0.75 WmK" at 300K.
The introduction of In also enhances the Seebeck coefficient
to 70 pV/K due to its ability to induce a resonant level near
the valance band edge [36]. Further Bi doping increases
Seebeck coefficient to 180-220 uV/K at 300 K without
causing noticeable deterioration to the intrinsic electrical
transport properties. The lattice thermal conductivity
decreases to a low value of ~0.6 W m1K at 300 K, which
is induced by the scattering of phonons due to the various
point defects. Based on the synergy of the above factors, the
room-temperature ZT value was improved from 0.05 for
pristine GeTe to 0.46 for AIS8-Bi8 sample as well as a high
ZT of 1.1 at 523 K.

2 Experimental

Ge (pieces, 99.999%), Te (chunks, 99.99%), Ag (powder,
99.9%), In (powder, 99.9%), Se (lump, 99.99%) and Bi
(lumps, 99.99%) were adopted as raw materials and were
weighted according to the stoichiometric ratio ((1-x)GeTe-
xAgInSe,, labelled as AIS series). For Bi doping samples,
the percentage of Bi is calculated according to the total
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cation number and labelled as AIS8-Bi series. They were
then loaded into quartz ampules and flame-sealed under
vacuum. Subsequently, the quartz ampules were placed into
a box furnace and heated to 950 °C within 10 h. Before
quenching into ice water, they were held at 950 °C for 6h.
The quenched ampules were put back into the furnace for
annealing at 550 °C for 72h. The synthesized samples were
ground into fine powders with a mortar and pestle. The
obtained powders were loaded into graphite dies and
consolidated at 550 “C for 5 min under a pressure of 40 MPa
(Ed-PaslVJ, 6T-3P-30, Japan). All the pellets have a high
density of over 98 %.

The phase purity was examined using the ground powders
by X-ray diffractometer (XRD) with Cu target (D8 Advance,
Bruker, Germany). Freshly broken surfaces and finely
polished surfaces of the pellet samples were used to identify
the morphology and elemental distribution respectively, with
a scanning electron microscope (SEM, JEOL JSM 7600F,
Japan). Bar shaped and disc-like samples were cut to test the
thermoelectric performance. The electrical resistivity and
Seebeck coefficient were measured using an electrical
resistivity/Seebeck coefficient measuring system (ZEM3,
Ulvac-Riko, Japan). The thermal conductivity was
calculated by the equation: x = DCpd, where D denotes
thermal diffusivity and is obtained using the laser flash
method (LFA 457, Netzsch, Germany), C, is the specific
heat capacity adopted by Dulong-Petit approximation, d
represents density that was determined by Archimedes
method.

3 Results and discussion
3.1 Influence of AgIinSe: alloying on GeTe

We first investigated the effects of AgInSe; alloying on the
phase structure and thermoelectric performance of GeTe. As
shown in the XRD patten of powdered GeTe with various
contents of AginSe2 alloying (Fig. 1a), all samples are well-
indexed to a-GeTe, where the diffraction peaks shift slightly
to higher 20 values with increasing AglInSe, content. This is
most likely due to the lattice contraction caused by the
smaller Se? ions (ionic radius: 198 pm) replacing the larger
Te? ions (ionic radius: 221 pm) in the GeTe lattice, which
also overwhelms the lattice expansion from the larger ionic
size of Ag* (ionic radius: 115 pm) and In3* (ionic radius: 80
pm) as compared to Ge?* (ionic radius: 72 pm) [37]. The
typical double peak of rhombohedral structure at 26 = 43°
approaches each other, indicating the rhombohedral structure
is evolving towards cubic structure after AginSe. alloying.
After adding more than x=8% in (1-x)GeTe-xAgInSe;, a
minor secondary phase peak appeared, as indicated by the
black arrow, which is related to In-Te phases. Ge
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precipitates, which is common for GeTe, were observed in
the SEM image and highlighted (Fig. 1b to Fig. 1d). Besides
Ge, no other secondary phases or elemental segregation
have been observed.

All the AgInSez-alloyed GeTe samples display
degenerate semiconductor behaviors, as indicated by the
monotonically increased Seebeck coefficient and electrical
resistivity with increasing temperature (Fig. 2a and Fig. 2b).
With the increase of AglnSe; alloying content, the Seebeck
coefficient gradually increases at temperatures below 600 K
and reached ~70 puV/K at 300K for x=8% or 10% samples.
This enhanced Seebeck coefficient, which is comparable to
that of In-doped GeTe reported in other works, is most
likely due to the resonant level near the valence band
maximum induced by In [38, 39]. Meanwhile, due to the
introduction of foreign atoms as well as the higher effective
mass from In doping, the electrical resistivity increases
monotonically with the increase of AglnSe, content.

A drastic decrease of total thermal conductivity is
realized with an impressive room-temperature value of 1.6
WmK?, demonstrating the effectiveness of AginSe;
alloying in reducing the thermal conductivity of GeTe. The
introduced various point defects help suppress the lattice
thermal conductivity and enhance Seebeck coefficient,
which lead to a low electronic thermal conductivity as well
(Fig. S1). A detailed analysis of the lattice thermal
conductivities is performed in the following parts. Although
the reduction of the thermal conductivity is significant, the
increased electrical resistivity makes the ZT value show an
overall decreasing tendency at temperatures higher than 600
K. At temperatures below 600 K, the decreased thermal
conductivity manifests itself with an enhanced ZT value,
which motivates us to further improve it at the low-
temperature range by tuning the Seebeck coefficients.

3.2 Enhancing near room-temperature ZT by Bi doping

To tune the Seebeck coefficient, Bi doping is selected, as it
has proved itself effective in reducing the hole
concentrations and lattice thermal conductivity [40, 41].
Since the 8%AgInSez-alloyed GeTe sample (AIS8) has the
highest room temperature ZT without any observable In-Te
based secondary phases, the AIS8 sample was chosen as the
control sample (0% Bi) for the Bi doping series.

A series of Bi-doped AIS8 samples were prepared, which
can be indexed to a-GeTe phase with traces of Ge secondary
phase (Fig. 3a). After the introduction of the larger Bi®*
(ionic radius: 103 pm), the diffraction peaks shift slightly to
lower 26 angles for GeTe phase [37]. The two peaks of the
AIS8 sample at 26 = 43° gradually merge together with

increasing Bi content, which implies the ability of Bi to
enhance the structural symmetry of rhombohedral GeTe [22,
23]. The elemental mapping again confirms the existence of
Ge secondary phase (Fig. 3b and Fig. 3e), where other
elements were homogenously distributed, indicating the
successful doping of Bi.

After Bi doping, both the Seebeck coefficient and
electrical resistivity (Fig. 4a and Fig. 4b) increase gradually
with a maximum Seebeck coefficient of over 220 pV/K at
room temperature, which indicates the effectiveness of Bi in
reducing hole concentration. Furthermore, with the
temperature increasing, Seebeck coefficient and electrical
resistivity first increase and then decrease. This phenomenon
implies the occurrence of bipolar conduction, which is
discussed in greater detail in the Supporting Information.
Also, the temperature for the Seebeck coefficient to reach
the peak value gradually decreases when the doping content
of Bi increases. This is most likely due to the reduced
majority charge carrier concentration (holes in this case)
upon Bi doping.

In order to further investigate the underlying mechanisms
for the electrical transport properties, room temperature
Seebeck coefficient and electrical resistivity of the samples
were analyzed using the Jonker plot with the assumption of
acoustic phonon scattering mechanism [42, 43] (Fig. 4c). It
can be seen that AginSe; alloying gradually degrades the
electronic transport coefficients (ogg) from 109000 S/m to
38000 S/m. Such a dramatic decrease can be related to the
large content of Indium introduced as In will significantly
decrease the carrier mobility [36]. Whereas the Seebeck
coefficient and electrical conductivity of Bi doped samples
can be fitted with the same ogo curve. From the
undeteriorated ogo, it can be concluded that Bi doping only
causes minimal degradation to the intrinsic electronic
transport properties of the AIS8 sample. The effectiveness of
Bi doping in modulating the electrical properties can also be
well-reflected in the plot of room-temperature thermoelectric
power factor (PF = S%/p) against Seebeck coefficient (Fig.
4d). Bi doping enables the attainment of the optimum range
of Seebeck coefficients (140 — 230 wpV/K), which are
required to reach the theoretical maximum room-
temperature PF. Finally, a high PF of ~ 11 pWem™K™2 can
be obtained at 300 K for a wide range of Bi doping contents
(fromy =4 to 8 %).

Besides optimizing the room temperature PF, Bi doping
also helps to greatly decrease the total thermal conductivity
from ~1.9 WmK to ~0.7 WmK! at 300 K (Fig. 5a). This
decrease is attributed to the suppression of both the
electronic thermal conductivity (Fig. S2) and the lattice
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thermal conductivity (Fig. 5b). The room-temperature lattice
thermal conductivity can be reduced to ~0.6 Wm™K after
8% Bi is introduced. While the rapid increase of thermal
conductivity after 500 K is also caused by the bipolar effects,
coinciding with the decrease of Seebeck coefficient and
electrical resistivity mentioned above.

In order to understand the reduction of lattice thermal
conductivity, the Callaway and Klemens’ model is applied
with the formula [45, 46]:

KL, alloy/KL, pure = @rc tan (u)/ u

Where u is determined by:

,uz = (TEHDQ/ZhVZ) KL, purel’

6p denotes Debye temperature, Q is the average volume
per atom and v represents the average sound velocity. The
calculation of the scattering parameter I' can be divided into
the mass term (I'm) and strain term (I's), which can be
determined by the following formula [45, 47]:

i (M) am Y
Ty ZZ”{W*)] f@ f.)[<MGe>]

1o [ (Mg, AR

r5_22'1[<<|w>>] f.a- f')g[<RGe>]
Where <Mge> and <Rge> represent the average mass and
radius of the Ge sublattice, <M™> is the average mass of the
total sublattice, fi is the concentration of i" atom, ¢ is a
parameter related to the elastic properties and is simulated,
AM and AR denote the difference of mass and radius
between the i atom and the host atom, respectively.
Detailed values used in the simulation are summarized in
the Supporting Information.

The room-temperature lattice thermal conductivity fits
nicely in this point defect model (Fig. 5¢). Thus, it can be
concluded that the decrease of lattice thermal conductivity
arises from the scattering of phonons by the abundant point
defects. Although the reduction of x is abrupt with a lower
amount of AglnSe,, the simulated curve indicates the degree
of x. reduction becomes much less after many point defects
are introduced. This means other phonon scattering sources
like dislocations or planar defects are required to further
reduce x.. A comparison of x_ values at 300 K is also
performed (Fig. 5d), where the low x,_ achieved in this work
is less than or comparable with some reported data [22, 25,
29, 35, 44].

Due to the optimized PF and low x_ achieved by Bi
doping, the ZT wvalue is enhanced to 0.46 at room
temperature, as well as a high ZT value of 1.1 at 523 K. This
enhancement is also well understood with a quality factor of
0.14 (Fig. 6b). The doping of Bi gradually enhances the
Seebeck coefficient to the optimized range, while the
deviation between the simulation and the experimental value
is due to the variances of «.. It can also be noticed that using
a minimum value of lattice thermal conductivity (#xiLmin)
based on the Debye-Cahill model [48], the ZT value can be
further enhanced to ~0.6 at 300 K.

4 Conclusion

In this work, the near-room-temperature thermoelectric
properties of GeTe was especially focused on. The alloying

Ghse, successfully decreased the lattice thermal
conductivity from over 1.5 WmK in pristine GeTe to ~0.8
WmiK? in the 8% AgInSez-alloyed GeTe at 300 K.
Moreover, it also leads to a higher Seebeck coefficient and
electrical resistivity at 300 K, facilitating the decrease of
electronic thermal conductivity. It was revealed that further
doping with Bi optimizes the Seebeck coefficient without
significantly damaging the intrinsic electrical transport
properties of the matrix. Meanwhile, Bi doping also helps to
lower the lattice thermal conductivity to 0.6 Wm™Kat 300
K. The decrease of lattice thermal conductivity can be well
explained by the scattering of phonons due to the various
point defects introduced. Due to the synergetic effects of Bi
in modulating the electrical and thermal transport properties,
a largely enhanced ZT value of 0.46 at 300 K was achieved
together with a high ZT value of 1.1 at 523 K.
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%2 (Chinese Abstract)
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Fig. 2 a Seebeck coefficient, b electrical resistivity, ¢ total thermal conductivity and d ZT value of (1-x)GeTe-xAgInSe; as a function
of temperature.
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