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Robust electronic transport properties is a crucial in designing high performance thermoelectrics. A key

similarity between superconductor and thermoelectric lies in their generally high electrical conductivity,

even at above its superconducting temperature. In this work, we design a nanocomposite between

Nb5Ge3 and GeTe-based thermoelectric to improve its thermoelectric figure of merit zT. Phase and

microstructural characterization shows distinct Nb5Ge3 precipitates embed in Ge0.9Sb0.1Te matrix. In

addition, experimental electronic and thermal transport analysis, together with density functional theory

calculation were employed to show the synergistic effect of doping Sb and Nb5Ge3 nanocomposite

approach. 10% Sb doping was found to optimize the electronic properties of the GeTe-based matrix.

Further addition of 2 wt% Nb5Ge3 nanocomposite to the matrix enhances the phonon scattering, which

consequently lowers the lattice thermal conductivity, which results in zT of up to 2.0 at 723 K. Such

superconductor nanocomposite approach shown in this work can be employed to enhance the pro-

perties of other thermoelectric materials.

Introduction

In order to disentangle rapid technological progresses from
excessive carbon emission, energy efficiency and recovery is
crucial. Amongst many green energy initiatives such as solar
cells and wind energy, waste heat harvesting is an area that is
often overlooked.1–5 Thermoelectrics, which recycles waste
heat to electricity, is a key technology cut out for this purpose.
At the materials level, the efficiency of a thermoelectrics
depends on zT = S2σT/κ, with S, σ, and κ denoting Seebeck
coefficient, electrical, and thermal conductivity, respectively.
Intuitively, a good thermoelectric material should have high
Seebeck coefficient and electrical conductivity, with low
thermal conductivity. This will enable it to maintain robust
temperature gradient while generating enough useful power.
However, these properties have negative interdependencies on

each other, making it an optimization problem. For instance,
S and σ are interrelated through n, carrier concentration via:

S ¼ 8π2κB2T
3eh2

m*
s

π
3n

� �2=3
ð1Þ

σ ¼ neμ ¼ ne2τ
m*

I
: ð2Þ

There are a few limited ways to simultaneously enhance S
and σ. For instance, by engineering band convergence, a high
value of m*

s (density of states effective mass) relative to m*
I

(inertial effective mass) can be obtained, resulting in enhanced
power factor (S2σ). Besides band convergence, other strategies
to achieve higher performance (zT ) such as nanostructuring,
magnetic inclusions, tuning scattering parameters, defect
engineering, and dynamic doping are widely used.6–19

In recent years, germanium telluride (GeTe) has emerged as
one of the best medium temperature thermoelectric materials,
with power conversion efficiency above 10%.20–23 This is pri-
marily due to its Peierls distortion, which renders low thermal
conductivity, combined with its robust electronic transport
properties and its favourable band structure.24–40 Nevertheless,
GeTe suffers from excessive hole concentration. Therefore,
most of the efforts on GeTe have focused on counter doping to
optimize carrier concentration with higher valence cation (i.e.
Bi or Sb).20,41–51 In addition, doping or alloying with Ti, Cr,
Bi2Te3, PbTe, Cu2Te, AgBiSe2, and heat treatment have also
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been explored.41,52–63 In addition, extremely rapid cooling
using liquid nitrogen have also been reported to enhance GeTe
performance.64 More recently, resonant states and entropy
engineering have also been reported to improve
performance.65–74 However, the temperature at which the peak
performance occurs in GeTe typically lies at the range of
600–800 K. This coincides with its rhombohedral to cubic
phase transition. Unfortunately, the phase transition usually
results in poor mechanical properties.75–77 In addition, the
lattice thermal conductivity is generally higher in cubic phase,
therefore limiting the maximum performance of cubic GeTe.

Among the numerous strategies to enhance thermoelectric
properties, nanocomposite approach has been well studied in
other materials system such as BiSbTe, PbTe, and SnTe.78–80

However, such approach has rarely been studied in GeTe to
date. This is primarily due to overwhelming focus to either
optimize its carrier concentration, or tuning its phase tran-
sition temperature. In this work, we report the synergistic
effect of nanocomposite approach by adding superconductor
Nb5Ge3 into Ge0.9Sb0.1Te matrix. Different weight percentage
of Nb5Ge3 was added and their electronic and thermal trans-
port properties were analyzed. For the matrix phase, 10% Sb
was added into GeTe to optimize its carrier concentration.45,81

By analyzing its intrinsic electronic transport quality via
weighted-mobility, it was evident that due to the high mobility
of superconductor even at its normal state, adding Nb5Ge3
only slightly deteriorates its weighted-mobility, while greatly
reduces its lattice thermal conductivity. This results in overall
enhancement in the zT of Ge0.9Sb0.1Te from 1.7 to 2.0 at 723 K.
It is noteworthy that due its high electrical conductivity, the
addition of Nb5Ge3 results in minimal decrease in overall elec-
tronic transport properties of the nanocomposite. In addition,
it also helps to preserve slight excess in cation (Ge), which has
been shown to be effective in optimizing hole concentration in

GeTe.82 This work opens up exciting avenue of pairing super-
conductor and thermoelectric as nanocomposite to enhance
thermoelectric properties.

Methods

Bulk pellets of Ge0.9Sb0.1Te (denoted GST from hereon) were
separately prepared by mixing a stoichiometric amount of
high-purity elements (>99.99%) followed by sealing at high
vacuum of 10−5 mbar in quartz ampoules. Samples were sub-
sequently melted at 1173 K and were occasionally shaken to
ensure homogeneity, and were kept at this temperature for
12 hours, followed by quenching in ice water. The final ingots
were then pulverized using ball milling (SPEX 8000D, USA)
machine. The ball milling were done in SPEX steel-jacketed
tungsten carbide jar with tungsten carbide balls, sealed in a Ar
atmosphere. The resulting fine powder was subsequently con-
solidated using spark plasma sintering (SPS) at 673 K for
10 minutes under a pressure of 50 MPa. Extra caution was
taken during the cooling down by slow cooling at 15 K min−1

and slowly releasing the pressure to the die to avoid cracking
the sample. The size of the graphite die was 12.7 mm in dia-
meter. The sintering was done at 1 Pa vacuum. The final
density of the pellets was tested using Archimedes method
(∼98% theoretical density). Nb5Ge3 was prepared from its raw
elemental constituents by ball milling in stainless steel
jacketed tungsten carbide jar (SPEX 8000D) and milled for
6 hours. Part of the final powder was consolidated using spark
plasma sintering (SPS) at 673 K for 10 minutes for further
testing. The rest of the powders were mixed into GeTe powder
before SPS. The Hall carrier concentration was measured using
ECOPIA HMS-5500 with 0.5 T magnetic field.

Ady Suwardi

Ady Suwardi obtained his Ph.D.
in Materials Science from
University of Cambridge, UK. He
is currently a group leader at the
Institute of Materials Research
and Engineering (IMRE), and an
adjunct faculty in Department of
Materials Science and
Engineering, National University
of Singapore (NUS). His research
expertise lies in energy
materials, with specific focus on
thermoelectric materials. He
works on many aspects of ther-

moelectric materials and devices including machine learning aug-
mented thermoelectrics, 3D-printing thermoelectrics, and elec-
tronic waste recycling for thermoelectrics. He also works on ther-
moelectrics for various applications in wearables, IoT, and
aerospace.

Fig. 1 XRD patterns of pristine GeTe, Nb5Ge3, Ge0.9Sb0.1Te (GST), and
GST–Nb5Ge3 nanocomposites with different wt%. * denotes Ge precipi-
tates peaks, # denotes Nb5Ge3 peaks.
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The Seebeck coefficient and electrical resistivity were
measured using ZEM-3 from ULVAC. Thermal conductivity was
measured from LFA 457 Netzsch. The heat capacity used for
thermal conductivity calculation was estimated using Dulong–
Petit approximation. Microscopy analysis was done in field
emission scanning electron microscopy FESEM (JEOL JSM
7600F). TEM was collected using Talos F200X. XRD character-
ization was conducted using D8 Bruker Advance at room temp-
erature. Magnetic property measurements were performed
using Superconducting Quantum Interference Device (SQUID,

Quantum Design) in a temperature range of 5 to 50 K. The low
temperature electrical resistivity was measured using Quantum
Design (QD) PPMS (Physical Properties Measurement System)
Evercool II TTO (Thermal Transport Option) module.

Band structure calculations were performed using plane-wave
self-consistent code implemented in QUANTUM-ESPRESSO.83–85

Spin–orbit coupling was taken into consideration during the cal-
culation. The parameterization by Perdew, Burke, and Ernzerhof
based on the generalized gradient approximation was used.86

Atomic coordinates were fully relaxed until the forces on each

Fig. 2 (a) SEM (scanning electron microscopy) EDS (energy-dispersive X-ray spectroscopy) of the GeTe–Nb5Ge3 nanocomposite sample showing
Nb-rich regions and Te-poor regions, providing clue of NbxGey phase in GeTe matrix. (b) EBSD (electron backscatter diffraction) mapping showing
large grain sizes, with small Nb5Ge3 precipitates within the grains.
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atom was less than 10–5 eV Å−1. Pristine GeTe in the cubic
phase was calculated using the primitive cell. The plane wave
cutoff energy was set to 45 Ry. The calculation of GST was based
on a 3 × 3 × 3 supercell. The structure was obtained by substitut-
ing three Ge atoms with three Sb atom, corresponding to a
doping concentration of approximately 11.1%. The plane wave
cutoff energy was set to 60 Ry.

Results and discussion

In order to ascertain the phase formation of GST and Nb5Ge3,
X-ray diffraction (XRD) was done on the final samples, as
shown in Fig. 1. It is worth noting that only minute Nb5Ge3
peaks can be observed in the GST–Nb5Ge3 nanocomposites.
This can be attributed to the relatively low volume fraction of
Nb5Ge3 in GST matrix, considering its much heavier molecular
weight (>3 times) compared to GST. In addition, peaks belong-
ing to elemental Ge can be observed at around 28°, consistent
with the tendency of GeTe to form Ge precipitates in the
matrix.

Further doping of 10% Sb decreases the rhombohedral
angle, as evident by the merging of the two peaks around 25°.
Importantly, although no Nb5Ge3 peak can be observed in the
nanocomposite, no shift in peak position or shape can be

observed in the three samples with different fraction of
Nb5Ge3, which can be inferred as no Nb5Ge3 goes into the
lattice of GST.

To further confirm the presence of Nb5Ge3 in GST matrix,
SEM EDS was done on the GeTe–Nb5Ge3 sample, as shown in
Fig. 2 and Fig. S5.† Fig. 2(a) shows the presence of dark
regions with sizes <10 μm correspond well to Te-poor and Nb-
rich regions, which provides clues of the NbxGey phase in the
GeTe matrix. It is worth noting that no obvious elemental Ge
precipitates can be observed in the figure, which is consistent
with the reduced Ge-vacancies as will be elaborated in sub-
sequent figures. In addition to elemental mapping, the EBSD
(electron backscatter diffraction) mapping in Fig. 2(b) shows
large grain size with area-weighted average size of 46 μm
(Fig. S1†). In addition, majority of the grains show high-angle
boundaries, which has been reported to be effective in redu-
cing thermal conductivity.87 Furthermore, the presence of
NbxGey is further evident in the uniformly distributed precipi-
tates within each grain.

In order to ascertain that the NbxGey is indeed Nb5Ge3 phase
in the precipitates, TEM and HRTEM was carried out, as
shown in Fig. 3 and Fig. S6.† Fig. 3(a) shows the elemental
mapping in TEM, with zoomed in version of Nb5Ge3
phase shown in Fig. 3(b). HRTEM image in Fig. 3(c) shows the
(100) and (211) planes of Nb5Ge3 phase with lattice spacing

Fig. 3 (a) TEM (transmission electron microscopy) EDS image showing Nb5Ge3 phase embed in GeTe matrix. (b) Zoom in image showing Nb5Ge3.
(c) HRTEM image showing (100) and (211) lattice spacing of Nb5Ge3. (d) HRTEM with SAED (selected area electron diffraction) in inset.
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of 6.62 Å and 2.27 Å, respectively. The SAED with zone axis (011)
is shown in Fig. 3(d), further confirming Nb5Ge3 phase
signature.

The superconducting properties of Nb5Ge3 was character-
ized using SQUID (superconducting quantum interference
device), as shown in Fig. S7.† Temperature dependence of
sample magnetization was measured both in zero-field-cooling
(ZFC) and field-cooling (FC) processes. In FC process, external
magnetic field of 100 Oe was used. The diamagnetic Meissner
signal was clear below the temperature ∼16 K, indicating the
onset of superconducting transition. Magnetic hysteresis loop
was measured at 5 K. Since a superconductor is a perfect dia-
magnet, the sign of magnetic moment is always opposite to
that of the external field. Both the Meisnner state and the
mixed state can be observed in the loop, exhibiting typical hys-
teresis loop of type II superconductor. The TC of 16 K in this
work is consistent with previous reports on Nb5Ge3 with inter-
stitial carbon doping.88

With the Nb5Ge3 precipitate phase confirmed by both
electron microscopy as well as electronic transport, its
effect on thermoelectric properties of GST matrix is sub-
sequently examined, as shown in Fig. 4. Evidently, adding
Nb5Ge3 into pristine GeTe matrix results in slight increase
in Seebeck coefficient, as shown in Fig. 4(a). This is consist-
ent with lower carrier concentration in the sample due to
less Ge-vacancies (corresponds to less Ge-precipitates), as
confirmed by EDS mapping in Fig. 2 which shows the
absence of Ge-precipitates. Further doping of 10% Sb
increases the Seebeck coefficient of the samples, with negli-

gible difference between samples with different Nb5Ge3
amount.

Fig. 4(b) shows a general trend of increasing resistivity across
the entire temperature range with increasing Nb5Ge3 wt%, which
is also consistent with power factor trend shown in Fig. 4(c). In
terms of intrinsic electronic properties, the weighted-mobility,
which takes into account the negative interdependencies between
Seebeck coefficient and electrical resistivity, is shown in Fig. 4(d).
It is evident that while pristine GeTe matrix shows clear acoustic
phonon dominated transport, samples with 10% Sb doping show
a weaker trend. In addition, introduction of Nb5Ge3 only result in
small reduction in weighted mobility of all samples, which can
be partly attributed to its highly conductive nature. Furthermore,
the peaks in weighted mobility at around 650 K can be attributed
to rhombohedral–cubic structural phase transition, which results
in the convergence of Σ and L band, increasing the overall
Seebeck coefficients.

Fig. 5(a) and (b) shows the effect of Sb doping in reducing
the hole concentration in GeTe. It is worth noting that the
addition of Sb to pristine GeTe results in lowered conduction
band, which consequently lead to lowered band gap (from
0.32 eV to 0.15 eV). This is also consistent with the trend of
Seeebeck coefficient shown in Fig. 4(a) which shows the down-
turn of Seebeck coefficients for Sb-doped samples above 723 K.
The decrease in Seebeck coefficient at higher temperature can
be attributed to thermally activated electron–hole pairs, which
results in bipolar conduction, diminishing the net Seebeck
coefficient. In contrast, the Seebeck coefficients for pristine
GeTe matrix remains in uptrend up to the maximum measure-

Fig. 4 Temperature dependent (a) Seebeck coefficient (b) electrical resistivity (c) power factor, and (d) weighted-mobility of all samples.
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ment temperature, which can be associated with its higher
band gap.

In terms of thermal transport, the addition of Sb and
Nb5Ge3 greatly reduces the thermal conductivity, as evident in
Fig. 6(a), which subsequently result in enhanced zT of up to
2.0 at 723 K, as shown in Fig. 6(b). To probe deeper into the
origin of the thermal conductivity reduction, it is useful to
look into the electronic and lattice contribution to thermal
conductivity in all samples. Using Seebeck coefficients data
together with electrical resistivity of all samples, the Lorenz
number and the electronic contribution to thermal conduc-
tivity can be estimated (Fig. S2 and S3†). Furthermore, the
lattice thermal conductivity can then be determined by sub-
tracting the electronic thermal conductivity from the total
thermal conductivity, as shown in Fig. 7(a). Evidently, the
addition of Nb5Ge3 systematically reduces the lattice thermal
conductivity, which can be used as an independent tuning
knob to enhance zT.

While it is arguable that addition of Nb5Ge3 also decreases
the weighted-mobility of the samples, the net effect of which
can be examined by plotting it against the lattice thermal con-
ductivity, as illustrated in Fig. 7(b).

In samples with pristine GeTe matrix, the addition of
Nb5Ge3 results in systematic downshift of lattice thermal con-

ductivity, as shown by the black arrow. In contrast, samples
with Ge0.9Sb0.1Te matrix show consistently low lattice thermal
conductivity across a range of weighted-mobility, which lends
strong support to the role of point defects introduced by Sb
dopants in scattering phonons. More importantly, the addition
of Nb5Ge3 nanocomposite further reduces the lattice thermal
conductivity (from green region to blue region) for the same
range of weighted-mobility in Nb5Ge3–Ge0.9Sb0.1Te
nanocomposites.

Finally, the role of grain boundaries, point defects, and
nanoprecipitates in reducing lattice thermal conductivity is
laid out in Fig. 7(c). It is evident that due to the large
grain sizes (46 μm), the grain boundaries play negligible
effect in reducing lattice thermal conductivity, consistent
with the phonon relaxation time in Fig. S4.† On the other
hand, by taking into account point defects due to 10% Sb,
the spectral thermal conductivity in Fig. 7(c) is drastically
reduced, especially in the high frequency range, resulting
in reduced lattice thermal conductivity in Fig. 7(d)
(dotted blue curve). Last but not least, nanoprecipitates of
Nb5Ge3 further reduces the spectral thermal conductivity
throughout a wide frequency range, resulting in further
reduced lattice thermal conductivity (dotted red curve in
Fig. 7(d)).

Fig. 5 (a) Electronic band structure of cubic GeTe and (b) cubic Ge0.9Sb0.1Te.

Fig. 6 Temperature dependent (a) total thermal conductivity of all samples. (b) Figure of merit zT of all samples.
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Conclusions

In this work, we demonstrate a novel strategy of using nano-
composite approach to enhance zT in thermoelectric matrix.
Nb5Ge3 precipitates was added to GeTe-based matrix to form
the nanocomposites. Further addition of 10% Sb into the GeTe
matrix results in optimized doping and hence power factor.
Interestingly, Further analysis using simplified Debye–
Callaway model and lattice thermal conductivity versus
weighted-mobility trend clearly demonstrate the benefits of
Nb5Ge3 in reducing κL far outweigh the reduction in weighted-
mobility, resulting in enhanced overall zT from 1.7 to 2.0 at
723 K of the nanocomposite. The strategy demonstrated in this
work can be used to enhance not only other thermoelectric
materials, but also electronic properties of other functional
materials in general.
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