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ARTICLE INFO ABSTRACT

Keywords: Harvesting and utilization of low-grade waste heat dissipated from industries have garnered immense attention

Thermoelectrics in recent years. Thermoelectric materials, which can directly convert heat into electricity, provide an eco-

SEij friendly solution for waste heat recovery. Recently, GeTe-based materials have developed as strong competi-
ead-iree

tors to BiyTes near room temperature. Nonetheless, despite exhibiting comparable thermoelectric performance,
the majority of these GeTe alloys incorporate toxic Pb, thus limiting the practical application. Herein, a boosted
2T was achieved in Geg 93Bip,0sTe over the entire temperature range by introducing Ge deficiency. Further
AgSbTe, alloying leads to a remarkable increase in density-of-states effective mass and high weighted mobility.
Thermally, the addition of AgSbTe; forms various phonon scattering centers including domain structures, dis-
locations, and phase boundaries, contributing to the low lattice thermal conductivity. As a result, a high average
2T of 1.34 (323-573 K) is obtained in the lead-free (Geg 93Bi.05Te)ss(AgSbTes)15 material, and its maximum
single-leg conversion efficiency reaches 8.6 % at AT = 273 K. The outstanding thermoelectric performance and
the lead-free characteristic presented in our study shed light on the potential of GeTe alloys for applications in
recovering low-grade waste heat.

Band convergence
Conversion efficiency

1. Introduction thermoelectric materials for recovering the low-grade waste heat,

including compounds based on MgAgSb, [3] MgsSby, [4] PbSe, [5]

The low-grade waste heat (below 600 K) occupies the largest pro-
portion (over 50 %) of industrial combustion emissions. [1] For reusing
this abundant low-grade heat, thermoelectric materials that can achieve
direct heat-to-electricity conversion, has garnered immense research
interest. The energy conversion efficiency, which is primarily dominated
by the material’s dimensionless figure-of-merit 2T, defined by 2T =
6S%T/ (k. + ki), where o, S, T, k., and «; represent the electrical con-
ductivity, the Seebeck coefficient, the absolute temperature, the elec-
tronic, and lattice thermal conductivity, respectively. BisTes-based
compounds have long been recognized as ideal thermoelectric materials
for low-grade heat recovery owing to their high 2T values at around
room temperature. However, they experience a dramatic decrease in 2T
values above ~400 K due to the bipolar effect, [2] leading to the dete-
rioration of thermoelectric performance. Over the past few years, sig-
nificant efforts have been dedicated to developing non-BisTes
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AgSbTey, [6] and SnSe. [7]

GeTe, a thermoelectric material within IV-VI group, has been
extensively studied and demonstrated exceptional thermoelectric per-
formance (peak zT > 2) in the mid-temperature range (600-900 K).
Recently, researchers have developed various approaches to enhance
the 2T value of p-type GeTe-based materials in the low-temperature
range, making them competitors to BizTes-based alloys. These strate-
gies include bandgap manipulation, [8] increasing the density of states
(DOS) near the Fermi level by converging multiple energy bands [9-11]
or introducing resonant states [12,13] to enhance the electrical trans-
port performance. On the thermal side, the reduction of lattice thermal
conductivity can be achieved by introducing interstitial atoms, [14]
point defects, [15,16] stacking faults, [17] dislocations [18], and nano
inclusions. [19] Bu et al. obtained a high band degeneracy (Ny), leading
to a 2T of 1.1 at 350 K in Geg 4oPbg sgTe. [20] Jiang et al. optimized the
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electron and phonon localization through high entropy engineering,
achieving a zT of 0.6 at room temperature in Geg 61A80.11Sbo.13Pbo.12-
Big 01 Te, along with a conversion efficiency of 7.6 % using a segmented
module under a temperature difference of 260 K. [21] Qiu et al. obtained
a zT of 0.5 at 300 K and an average zT of 1.06 from 300 K to 573 K in
Geg.g4Ing 01Pbo.1Sbo.05Tep.99710.003 by cooperatively optimizing elec-
trical and thermal properties. [22] Nonetheless, the majority of the
above-mentioned approaches in GeTe-based compounds involve toxic
Pb alloying, limiting practical production. Therefore, developing Pb-free
GeTe alloys with high thermoelectric performance is the main striving
direction for future research.

In this work, we successfully achieved a synergetic optimization of
electrical and thermal transport properties by the introduction of Ge
deficiency and AgSbTe, alloying, obtaining an excellent weighted
mobility u, and a lower lattice thermal conductivity x; among other
reported lead-free GeTe compounds, [23-34] as shown in Fig. la. For
the electrical transport properties, the addition of Ge deficiency and
high-symmetry AgSbTe, facilitates the phase transition from rhombo-
hedral GeTe to cubic GeTe, leading to an increase in the density-of-states
effective mass m*, which ultimately improves the electrical transport
performance. Regarding the thermal transport properties, the formation
of multiscale hierarchical defects including domain structures, disloca-
tions, phase boundaries, and point defects, efficiently scatter a wide
range of phonons, resulting in ultra-low lattice thermal conductivity. As
a consequence, a high zT of 0.73 at 323 K and a high average 2T of 1.34
over 323-573 K were obtained in (Geg 93Bip os5Te)ss5(AgSbTez);5 among
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lead-free GeTe-based compounds, [23,34-38] as shown in Figs. 1b and
1c. For the prepared single leg, a conversion efficiency (1) of 8.6 % was
achieved when the temperature difference (AT) was 273 K. Such a high
n overperforms most reported BiyTes-based, [39-45] TAGS-based, [46,
47] and lead-free GeTe-based [34,37,48] modules (Fig. 1d). This work
provides a perspective on the advancement of GeTe-based modules as
the next-generation low-temperature thermoelectric power generators.

2. Results and discussion

2.1. Effects of Ge deficiency on optimizing the TE properties of Geg,.gs.
xBl’o.o5Te

The room-temperature X-ray diffraction (XRD) patterns of Geg gs.
+«Big.osTe (x =0, 0.02, and 0.04) match the rhombohedral structure
(PDF#47-1079, Rm space group), as shown in Fig. S1, and the Ge pre-
cipitates disappear upon the introduction of Ge deficiency. Fig. 2a-c
displays the electrical conductivity, Seebeck coefficient, and power
factor of Geg 95.4Big osTe samples. In Fig. 2a, the electrical conductivity
is almost constant when x = 0 and 0.02; however, an obvious increase is
observed when x reaches 0.04. This increase can be ascribed to the
heightened carrier concentration resulting from the increased cation
vacancies (Ge2+), as shown in Fig. S2. As expected, the Seebeck coeffi-
cient exhibits the opposite tendency due to its coupled relationship with
electrical conductivity (Fig. 2b). To further explore the impact of Ge
deficiency in the band structure, the Pisarenko plot is drawn in Fig. 2d,
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Fig. 1. Thermoelectric performance of (Geg 93Big osT€)gs(AgSbTes);5 compared with other reported BisTes-based, [39-45,49,50] TAGS-based, [46,47,51,52] and
lead-free GeTe-based [23,34-38,48,53] data; a, The y,,versus 1/k; at 323 K. b, Temperature-dependent zT value. ¢, Average zT from 323 K to 573 K. d, The maximum

thermoelectric conversion efficiency.
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Fig. 2. Thermoelectric properties and Pisarenko relations for Geg 95.,Big osTe (x = 0, 0.02, and 0.04). Temperature-dependent thermoelectric properties: a, Electrical
conductivity; b, Seebeck coefficient; ¢, Power factor; e, Lattice thermal conductivity; f, 2T values. Carrier concentration-dependent Seebeck coefficient at 300 K
compared to the reported value for pristine GeTe (purple diamond), [55] and density-of-states (the inset) of Geg4Tess, GeasBiTess, and GegoBiTey4 are given in

panel d.

considering the single parabolic band (SPB) model. [54] The
density-of-states effective mass (m*) continuously increases from 1.57
me to 3.38 m, upon the introduction of Ge deficiency, where m, is the
electron mass. We also performed DFT calculations to elucidate the in-
crease in effective mass, as depicted in the inset of Fig. 2d, where the
valence band maximum (VBM) has been shifted to 0 eV. A rise in the
DOS of the top of the valence band can be observed with decreasing Ge
concentration, suggesting that the introduction of Ge deficiency can
modulate the band structure and enhance the effective mass of
Geo.95Big.o5Te.

The total thermal conductivity (x) of Geg.gs54Bio.osTe (x = 0, 0.02,
and 0.04) is displayed in Fig. S3a. The lattice thermal conductivity (x;),
as presented in Fig. 2e, is obtained by subtracting k. from x (k; =k — ke),
where k. represents the temperature-dependent electronic thermal
conductivity, calculable using the Wiedemann-Franz law.

Notably, the x = 0.02 sample exhibits lower lattice thermal con-
ductivity compared to other samples. A similar phenomenon was also
observed by Tsai et al., [56] though the underlying reasons for this
behavior may be more complex. The x experiences an increase when
x = 0.04, primarily arising from the increased electronic thermal
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conductivity (Fig. S3b) caused by the higher carrier concentration.
Benefiting from the boosted effective mass and reduced lattice thermal
conductivity, Gegg3BigosTe achieves the best thermoelectric perfor-
mance among all samples across the entire temperature range, and the
peak 2T reaches about 2.04 at 723 K (Fig. 2 f).

2.2. Synergistic optimization of electrical and thermal performances by
alloying with AgSbTe,

Although introducing Ge deficiency successfully enhances the
effective mass, the Seebeck coefficient is still at a relatively low level.
Previous reports have indicated that a slight symmetry reduction of
cubic GeTe can effectively enhanced the density-of-states effective mass
m*, [57] which results in a higher Seebeck coefficient. Therefore, the
high-symmetry cubic AgSbTe; is selected to alloy with Geg 93Big g5Te for
further boosting the thermoelectric performance.

The room-temperature XRD patterns for (Geo.93Big.o5T€)100-y(AgSb-
Te,)y (v =0, 10, 13, 15, and 17) are illustrated in Fig. 3a. All the peaks
can be indexed to the low-temperature rhombohedral structure
(PDF#47-1079, Rm space group). With the increase of AgSbTe, content,
the double peaks in the 26 range of 41-44° move closer, indicating a
gradual transition from the rhombohedral phase to the cubic phase. In
Fig. 3b, the temperature-dependent X-ray diffraction depicts the
rhombohedral-cubic transition temperature falls within the range of
473 K to 523 K for (Geg.93Big.05Te)g5(AgSbTes)15, compared to ~700 K
for the pristine GeTe, [58] which further confirms that AgSbTe, alloying
can effectively promote the transition to the cubic structure.

The temperature-dependent thermoelectric  properties  of
(Geo.93Big.05Te)100.y (AgSbTez), (y = 0, 10, 13, 15, and 17) are displayed
in Fig. 4. The electrical conductivity exhibits a decrease as temperature
increases, indicating a heavily doped semiconductor behavior. In
Fig. 4a, with the increasing AgSbTe; content, the electrical conductivity
decreases, except for y = 17. This exception can be attributed to an
obvious increase in ny and nearly constant uy compared to y = 15, as
displayed in Fig. S4. Moreover, it is counter-intuitive that the Seebeck
coefficient increases as the carrier concentration rises (Fig. S4),
increasing from ~86 yV K™ for y =0 to ~169 uV K! for y = 15 at
323 K (Fig. 4b). To better understand the enhanced Seebeck coefficient,
Pisarenko relations are drawn in Fig. 4c based on the single parabolic
band (SPB) model, and they are presented alongside literature results for
comparison. The density-of-states effective mass (m*) experiences a
dramatic increase from 1.98 me for Geg g3BiggsTe to ~10.0 m, for the
alloyed samples of (Geg.93Big.05T€)100.y(AgSbTez), (¥ = 13, 15 and 17),
which is much higher than other GeTe alloys. [18,59-61] To further
investigate the increased m*, the electronic band structures of
GeyoBiTeys and GejgBiAgs3SbsTeys were calculated, as illustrated in

a ,
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—_ e - y=17

2 | 25|
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Fig. S5. The incorporation of AgSbTe, reduces the energy differences
between the valence band edges and significantly increases the DOS
near the VBM (Fig. S6), resulting in the observed enhancement of m*. As
discussed above, the reduction in electrical conductivity can be ascribed
to strong carrier-carrier scattering and the boosted effective mass.

To better estimate the carrier transport properties in relation to
electronic band structure, we introduce the weighted mobility u,,
defined as: pw = pu (m*/me)*?, [62] where uy denotes the Hall
mobility. Despite AgSbTe; alloying decreases the carrier mobility, the
weighted mobility still maintains a relatively high value of ~180 cm?
v1s!for y =13, 15, and 17 (Fig. S7), which can be ascribed to the
remarkable enhancement in the density-of-states effective mass (m*), as
shown in Table S1. Benefiting from the enhanced weighted mobility, a
high average power factor of ~31 pWem K2 is attained in
(Geg.93Big.05Te)gs(AgSbTes) 5 within the low-temperature range of
323 K to 573 K (Fig. 4d).

In terms of thermal transport properties, as displayed in Fig. 4e, the
total thermal conductivity (x) significantly declines with increasing
AgSbTe, content across the entire temperature range, except y = 17.
This alteration arises from the rise in electronic thermal conductivity
caused by the heightened electrical conductivity (Fig. 4a). Moreover, the
lattice thermal conductivity (k) of the alloys reduces with the rising
fraction of AgSbTe, alloying, and it reaches a minimum of about
0.62 Wm 'K ! at 323 K when y = 15. Across the entire temperature
span, the lowest x; (~0.5W m K1) is achieved in (Geg.o3Big.05.
Te)g3(AgSbTey)17 at 623 K, which is comparable to the theoretical
minimum «; of GeTe estimated using the Cahill model. [64] The
reduction in the lattice thermal conductivity can be partially ascribed to
strong point defects scattering due to the high alloying concentration. To
quantitatively explore the impact of point defects on phonon scattering,
the Debye-Callaway model is introduced to predict the relaxation time
of point defect scattering 7} at room temperature. More details about
this model can be found in the Supplementary Materials. The addition of
AgSbTe; induces an augmentation in both mass and strain field fluctu-
ations (Fig. S8), leading to a shorter phonon relaxation time. Meanwhile,
the incorporation of AgSbTe; causes a phonon softening effect, and the
phonon group velocity decreases upon AgSbTe; alloying (Table S2).

The transmission electron microscopy (TEM) analysis was carried
out on the optimal y = 15 sample to reveal the atomic-scale micro-
structure. As presented in Fig. 5a, distinct domain regions with varying
bright and dark contrasts are observed, which is a typical feature of GeTe
alloys. [65] Furthermore, obvious dislocations (marked by red arrows)
can be observed in this sample (Fig. 5b). To further investigate the
microstructure in atomic scale, the high-angle annular dark-field
(HAADF) STEM image are presented in Fig. 5c and Fig. 5f A
distinctly  different atomic arrangement was found in

b
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Fig. 3. Evolution of the crystal structure upon AgSbTe, alloying. a, Room-temperature XRD patterns of (Geg 93Big.0sTe)100-(AgSbTey), (y = 0, 10, 13, 15, and 17)
and the enlarged view of the 26 peaks in the range of 41-44". b, Temperature-dependent XRD patterns for (Geg o3Bio.o5Te)ss(AgSbTes);s.
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Fig. 4. Temperature-dependent thermoelectric performance and Pisarenko relations for the AgSbTe,-alloyed Geg 93Big osTe. a, Electrical conductivity. b, Seebeck
coefficient. d, Power factor. e, Total thermal conductivity. f, Lattice thermal conductivity. ¢, The Hall carrier concentration-dependent Seebeck coefficient of
(Geo.93Bio.05T€)100-,(AgSbTe2), (y = 0, 10, 13, 15, and 17) compared to the reported values of other GeTe-based materials with similar chemical compositions. [18,

52,59-61,63].

(Gep.93Big.05Te)gs(AgSbTeq) 5, as indicated by the yellow square in
Fig. 5c. To further know the constituents of this region, the fast Fourier
transform (FFT) patterns of Fig. 5c and the region in yellow square are
shown in Figs. 5d and 5e, respectively. Through the comparison between
the standard electron diffraction patterns and the experimental FFT
images, it is indicated that the region in yellow square is cubic GeTe
(C-GeTe). Additionally, the measurement of the angle between specific
diffraction spots in FFT images corresponds well with the standard
electron diffraction patterns (92.3° for R-GeTe along the [100] zone
axis, and 90° for C-GeTe along the [110] zone axis), confirming the

co-existence of C-GeTe and R-GeTe in this sample. Moreover, the geo-
metric phase analysis (GPA) mapping of Fig. 5c along the xx (Fig. 5 g),
reveals that high alloying concentration and the phase interface between
R-GeTe and C-GeTe induce large strain fluctuations, leading to
strengthened phonon scattering. The phonon transport can be signifi-
cantly impeded through multiscale hierarchical structures including
atomic-scale lattice mismatch, submicron-scale domain structures, and
microscale dislocations, resulting in a large reduction in the lattice
thermal conductivity.

To further assess the function of AgSbTe, alloying in manipulating



H. Li et al.

Nano Energy 136 (2025) 110690

Fig. 5. Microstructures and strain distribution in (Geg 93Bip 05T€)s5(AgSbTes):s. a, b, Low-magnification TEM images. ¢, High-magnification HAADF-STEM image. d,
e, Fast Fourier transformed (FFT) patterns of ¢ and the region in yellow square in ¢, respectively. f, Magnified image of the yellow square region in c. g, Strain

mapping of ¢ along xx direction.

electrical and thermal transport performance, the quality factor (B) of
AgSbTe,-alloyed samples is calculated using the following relationship:
[66]

ks *87e(2meks T)*? p
= =) ===/ W 1
B (e) eal) g &)

where kg, h, me, e, iy, ki, and T denote the Boltzmann constant, Planck
constant, electron mass, electronic charge, the weighted mobility, lattice
thermal conductivity, and absolute temperature, respectively. As dis-
played in Fig. 6a, a significant enhancement of B is observed within the
whole low-temperature range after alloying with AgSbTe;. When
y =15, B obtains the maximum value among all samples at different
temperatures. As a result, with synergistic optimization of electrical and
thermal performance, a high 2T of 0.73 at 323 K and a 2T,yg of 1.34 are
achieved in (Geg 93Big.osTe)ss(AgSbTey) 5 within the low-temperature
range (323-573 K) among lead-free GeTe-based materials, as demon-
strated in Fig. 6b. To confirm the superiority of the GeTe-based material,
a single-leg device was fabricated to estimate energy conversion per-
formance. As illustrated in Fig. 6¢, the I-U curve exhibits good linearity,
allowing for accurate determination of the open-circuit voltage (U, by
the intercept) and internal resistance (Rjy, by the slope) of the single-leg
device. Furthermore, a maximum power (P) of 0.09 W accompanied by a
power density (Pg) of 0.62 W em 2 and a maximum N (Nmax) of 8.6 %
under a AT of 273 K are achieved (Fig. 6c, d).

3. Conclusion

In summary, synergistic optimization between electrical and thermal
transport is realized in GeTe. On the basis of Bi doping, the introduction
of Ge deficiency effectively modulates the band structure and
strengthens the phonon scattering, resulting in a peak zT of 2.04 at
723 K. Further AgSbTe; alloying facilitates the phase transition, and
significantly increases the density-of-states effective mass m*, resulting
in an outstanding , of 183 cm?V~!s™! at 323 K. High alloying con-
centration introduces complex hierarchical structures, strongly blocking
phonon transport, contributing to a substantial reduction in the lattice
thermal conductivity. Consequently, a 2T of 0.73 at 323 K and a high
2Tayg of 1.34 (323-573K) are achieved in (Geg93Bip.05.
Te)gs(AgSbTez) 5. The single leg exhibits an outstanding energy con-
version efficiency of 8.6 % among the lead-free GeTe-based materials.
This study offers an opportunity for GeTe-based materials to emerge as a
rival to the commercial Bi;Tes-based alloys in low-grade waste heat
recovery applications.
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