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Tailoring the Electron and Phonon Transport in Metavalently

Bonded GeTe by Stepwise Doping

Ming Liu, Muchun Guo, Yuxuan Yang, Xingyan Dong, Haiyan Lyu, Yingda Lai,
Yang Zhang, Yuke Zhu, Hao Wu, Fengkai Guo, Zihang Liu, Wei Cai, Matthias Wuttig,

Haijun Wu,* Yuan Yu,* and Jiehe Sui*

The intertwining between thermal and electrical transport poses significant
challenges to enhancing thermoelectric performance. Chemical doping with a
single element often can optimize one of the parameters yet may deteriorate
others, restricting the upper limit of ZT achievable. Multi-element doping can
address this interdependence, allowing for simultaneous optimization of
electrical and thermal properties. However, a clear selection rule for multiple
dopants remains unclear. Here, a stepwise strategy is shown to improve the
thermoelectric performance of metavalently bonded GeTe by enhancing
density-of-states effective mass, increasing carrier mobility, and reducing
thermal conductivity. These effects are realized by continuously introducing
band convergence, lattice plainification, and structural defects. Specifically,
band convergence is achieved by Cd doping to reduce the energy offset
between light and heavy bands. The lattice plainification is enabled by filling
Ge vacancies with Cu, which improves carrier mobility. Lastly, the lattice
thermal conductivity is reduced via increasing phonon scattering by point
defects caused by Pb doping and nanoprecipitates associated with all these
dopants. Consequently, a peak ZT of 2.2 at 773 K and an average ZT,, of 1.27
within 300-773 K are realized in Ge, 3;Pb, ,Cd, o, Te-2%Cu,Te. This work
provides a synergistic strategy to modulate electron and phonon transport in
metavalently bonded materials.

1. Introduction

Exploiting clean energy technologies is
vital to mitigate the energy and envi-
ronmental crisis.!! Thermoelectric (TE)
materials enable the direct and reversible
conversion between thermal energy and
electricity, promising applications in
waste heat harvesting and distributed
cooling.l?! The conversion efficiency of
TE materials is mainly determined by
the dimensionless figure of merit ZT =
S?6T/k,,, Where S is the Seebeck coef-
ficient, o is the electrical conductivity,
T is the absolute temperature, and
is the total thermal conductivity (pri-
marily including the electronic (x,) and
lattice (k) components of the thermal
conductivity).®) Optimizing the charge
carrier concentration (ny) is often the
primary step to improve ZT since S and
o are inversely correlated with the carrier
density*>¢] Once the ny is optimum,
the ZT value can be further enhanced by
tuning the intrinsic physical parameters
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of the material, which has been summarized in the so-called B
factor, 78!
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where ky is the Boltzmann constant, h is the Planck constant,
Hy, is the weighted mobility, u, is the carrier mobility, m} is
the density-of-states (DOS) effective mass, and m, is the elec-
tron mass. The larger the B factor, the higher the ZT value
achievable.l”! It is clear that enhancing B requires to increase
m; and wy,; as well as to reduce x,. However, an increased m}
leads to reduced ;. Methods for lowering «; often sacrifice y,
as well.101-13] Thys, it is a complex and systematic engineering
task to improve the ZT value of a given material.

GeTe is a promising p-type thermoelectric material for power
generation.[1#1516 Yet, the low formation energy of Ge vacancies
due to the weak metavalent bonds(®!71819] results in high ny,
low py, low S, and high «,.[*®17:2%] The hole concentration can
be reduced by introducing aliovalent donor dopants such as Bi
and Sb, which has indeed led to an enhancement in the S and
power factor (PF = $%5).[621-2] However, the pyy has also been
decreased due to the increased point defect scattering for charge
carriers.['22324] Moreover, Bi or Sb doping does not change the
electronic band structure of GeTe and thus does not affect the
m’,.[%5] In this regard, this kind of doping even degrades the in-
trinsic electrical properties of GeTe. This can be indicated by the
reduced weighted mobility or electronic quality factor upon dop-
ing Bi or Sb in GeTe.?22¢] On the contrary, other dopants such
as Ta, Mn, Zn, and In can enhance the m} due to the increased
valley degeneracy (N,) or the local DOS ‘hump” near the Fermi
level.[27:282] These dopants not only reduce the hole concentra-
tion but also improve the m]. Consequently, a higher PF can
be obtained. Nevertheless, carrier mobility is generally decreased
due to the presence of extra dopants and impurity scattering. 23]
This will strongly restrict the upper limit of weighted mobility
and thus PF enhancement. In this regard, dopants that can de-
crease the hole concentration but also simultaneously increase
the mj, as well as maintaining or even improving the u,; would
be the best candidates.

On the other hand, even though introducing dopants can sup-
press the k|, the theoretical minimum can only be achieved by
properly designing multi-scale structural defects ranging from
point defects to precipitates as well as their associated lattice
strain.[331:32] This is because the phonon spectrum spans a broad
range of wavelengths. In the meantime, the decreased «; should
not be achieved with a tradeoff to the increased scattering of
charge carriers. It has been proposed that a coherent interface
could be such an ideal microstructure to scatter phonons but not
charge carriers.[33] Yet, such a coherent interface in GeTe has only
been observed in a few studies.[>*] Exploring more candidates that
can form coherent nanoprecipitates in GeTe could broaden the
space for tuning the overall transport properties.

In this work, a synergistic optimization of the electrical and
thermal transport properties in GeTe has been achieved by intro-
ducing multiple dopants including Cd, Cu, and Pb. This leads
to a high peak ZT and average ZT,,.. The enhancement of prop-
erties stems from several factors. First, all these dopants reduce
the hole concentration of GeTe, approaching the theoretical op-
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timum range. Second, Cd doping decreases the energy offset of
the uppermost two valence bands, as schematized in Figure 1a,
leading to an enhanced N, and thus an increased m} and S. Third,
Cu can fill the Ge vacancies to plainify the lattice, giving rise to
an improved uy;. Fourth, Pb can significantly lower the x| due
to the large mass and size difference between Pb and Ge, while
the yy; can be maintained due to the increased crystal symmetry.
Last but not least, these dopants form nanoprecipitates which are
structurally coherent with the GeTe matrix, resulting in a further
reduction of the x; without sacrificing the u;; (see a schematic
diagram in Figure 1b). These synergistic effects lead to a notable
improvement of PF from 6.3 uW cm™! K2 for pristine GeTe to
19.6 uW cm™ K2 for Geyg,Pb,;Cd, 0, Te-2%Cu,Te at 300 K.
Their corresponding «; is also decreased from 2.4 to 1.0 W m™!
K1 at 300 K. As a consequence, a high ZT of 2.2 at 773 K, an
average ZT,,. of 1.27 within 300-773 K (Figure 1c,d). This work
demonstrates that the electron and phonon transport in GeTe can
Dbe stepwise optimized by combining the contrasting yet compen-
sating doping effects of different dopants to simultaneously en-
able carrier concentration optimization, band convergence, lat-
tice plainification, and coherent nanoprecipitation.

2. Results and Discussion

2.1. Enhanced Density-of-States Effective Mass by Band
Convergence

The first parameter that determines the B factor is the DOS ef-
fective mass. Cd has been shown to induce the so-called band
convergence effect to enhance m;, in GeTe.[?8353¢] Pei et al. have
found the highest ZT value in 4% Cd-doped GeTe.l**! Thus, we
doped the Ge site with 4% Cd to enhance the m}] by band conver-
gence as the first step of property optimization. Even though the
band convergence effect has been reported, the distribution of
Cd in GeTe has not been investigated thoroughly, especially with
an atomic-scale resolution. Here, we show that Cd-rich second
phases are often absent within the detection limit of X-ray diffrac-
tion (XRD) (Figure S1, Supporting Information), which has of-
ten mistakenly attributed a higher solubility of Cd to GeTe. In
contrast, these precipitates are observed by electron probe mi-
croanalyzer (EPMA), as shown in Figures 2a and S2 (Support-
ing Information). To detect the solubility of Cd in the matrix of
Gej0,Cd, o4 Te, atom probe tomography (APT) characterizations
were carried out with ultrahigh chemical sensitivity and spatial
resolution.'3%”] The APT reconstruction maps and composition
profile show a homogeneous distribution but a low solubility
of #2% Cd in the matrix (Figure S3a, Supporting Information
and the inset of Figure 2b). This also indicates that extra Cd ex-
ists in the form of precipitates. The low solubility of Cd in GeTe
mainly originates from the difference in chemical bonding mech-
anisms between GeTe and CdTe.*®] While GeTe employs metava-
lent bonding as corroborated by the high value of “probability
of multiple events” (PME) shown in Figure S3b (Supporting In-
formation) (~80%), CdTe utilizes covalent bonding and shows
a much lower PME value (x20%).13%40-421 Aberration-corrected
scanning transmission electron microscopy (STEM) was em-
ployed to further investigate the second phase and associated in-
terfaces. Nanoprecipitates are observed in the low-magnification
high-angle annular dark field (HADDF) image (Figure 2c), which
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Figure 1. Schematic illustration and thermoelectric performance. a) Schematic band convergence of GeTe by Cd doping; b) Schematic illustration of
the effects of point defects, lattice planification, and nanoprecipitates on the transport of electrons and phonons. c) Temperature-dependent ZT and
d) average ZT,,. comparisons for the GeTe, Geg g6Cd o4 Te, Geg g6Cdg g4 Te-2%Cu, Te, and Geg ggPbg 1 Cdg o4 Te-2%Cu, Te samples.

is consistent with the EMPA results. The interface between the
GeTe matrix and the CdTe nanoprecipitate is identified as coher-
ent, as shown in the STEM-HADDF image in Figure 2d. The fast
Fourier transformation (FFT) patterns confirm the parallel zone
axes of [110] for GeTe and [011] for CdTe, as shown in Figure 2el
and e 2, respectively. The geometric phase analyses (GPA) for
the area in the inset of Figure 2c show large strains at the inter-
face of the matrix and nanoprecipitate (Figure 2f1,{2). Moreover,
there are high-density ferroelectric domains in the Ge; 4,Cd, 1, Te
sample (Figure 2g). Despite no dislocations being found in the
domain (see the STEM annular bright field (ABF) images in
Figure 2h,i), the local distortion and different polarizations lead
to a large strain, as demonstrated in the GPA maps along the ¢,
(Figure 2j1) and ¢, (Figure 2j2) directions. All these strains pro-
vide effective scattering sources for heat-carrying phonons with
low and intermediate frequencies.[**]

The effect of Cd doping on the band structure of GeTe can be
revealed by first-principles calculations based on density func-
tional theory. Figures 3a and S4 (Supporting Information) show
that the energy offset between the light and heavy bands is re-
duced, rendering the enhancement of m (Table S1, Supporting
Information) and thus the increase of S (Figure 3b). It is notewor-
thy that Cd doping slightly increases the bandgap, which may in-
crease the onset temperature of the bipolar effect. Yet, the bipolar
effect is not significant in Cd-doped GeTe due to its high carrier
concentration (Table S1, Supporting Information). Therefore, the
slightly increased bandgap has no straightforward effects on the
thermoelectric performance besides the concomitant band con-
vergence. In addition, the decrease in the Seebeck coefficient with
increasing temperature is due to phase transition rather than
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bipolar effect.[?®35] However, Cd doping significantly decreases

ty; (Table S1, Supporting Information) due to the strengthening
of carrier-ionized impurity scattering. The electrical conductiv-
ity decreases upon Cd doping because of the decrease in both
ny and uy,; (Figure S5a, Supporting Information). Note that the
improvement of S is mainly induced by the enlarged m; due to
the band convergence effect, while the reduced n, is an addi-
tional effect, as can be reflected by the Pisarenko plot in Figure 3c.
Thanks to the significantly enhanced S, the PF increases from
6.3 W cm~! K2 for the pristine GeTe to 12.8 uW cm~! K2 for
the Ge, o,Cd, o, Te sample at 300 K (Figure S5b, Supporting In-
formation). The reduction of «,, in Cd-doped GeTe roots in the
suppression of both k., and k| (Figure S6, Supporting Informa-
tion). Because of the decrease of o, k. is also reduced (x, = Lo T,
where L is the Lorenz factor calculated by a single parabolic band
model with acoustic phonon scattering!**l). The suppression of
k; comes from the joint effects of the strengthened phonon scat-
tering across a broad frequency range by point defects and CdTe
nanoprecipitates (NP_1). Finally, due to the versatile effects of Cd
doping, the ZT is improved in the Ge, 4,Cd,,Te sample in the
whole temperature range measured (Figure 3d).

2.2. Improved Carrier Mobility by Lattice Plainification

Even though Cd doping can enhance the power factor and ZT
value of GeTe, unfortunately, the Hall mobility is also signifi-
cantly reduced. This to some extent underscores the effect of
Cd doping. Thus, an additional element should be introduced
to restore the Hall mobility. It has been demonstrated in many
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Figure 2. Microstructure of Gegq5Cdg o4 Te sample. a) EPMA mapping of Cd in the Geg g6Cdg o4 Te sample; b) Composition profile of elements taken
from a cuboid region of interest along the vertical direction for Geg ggCdg o4 Te sample measured by atom probe tomography. The inset shows the 3D
distribution of Cd in the matrix; c) Low-magnification STEM image for the Geg g6Cd( o4 Te sample, and the inset shows the high-magnification HADDF
image highlighting the faceted precipitate; d) Atomically-resolved STEM-HAADF image showing the interface between the matrix and precipitate taken
from the yellow square of the inset of (c); e1-e2) Fast Fourier transformation (FFT) patterns of the GeTe matrix and the CdTe precipitate; f1-f2) GPA strain
maps for the area in inset of Figure 2c along ¢,, and ¢,,; g) STEM-HAADF image showing the ferroelectric domains; h) STEM-ABF image showing the
atomic structures of the domain; i) A close-up near the domain area as indicated by a yellow rectangle in h; j1-j2) GPA strain maps for the area shown

in Figure 2h along the ¢, and ¢, directions.

IV-VI chalcogenides that introducing Cu can enhance overall
carrier mobility. Therefore, Cu,Te is utilized to alloy with GeTe.
The increase of lattice parameters and interaxial angles (Figure
S7, Supporting Information) implies that Cu enters into the lat-
tice. Similar to the case of Cd doping in GeTe, Cu,Te also suffers

Adv. Energy Mater. 2025, 15, 2405178 2405178 (4 of 12)

from the issue of low solid solubility limit in GeTe. XRD results
indicate a solubility lower than 2% because the lattice parame-
ters and interaxial angles saturate above this content. EPMA re-
sults show CuCd-rich precipitates (NP_2) in the Ge,q,Cd, ,Te-
2%Cu, Te sample in addition to the Cd-rich precipitates, as shown

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Band structure and thermoelectric performance of Geg 96Cdg o4 Te sample. a) Band structures for pristine R-GeTe and Cd-doped GeTe; b) The
S for GeTe and Geg ¢5Cdg o4 Te samples; ¢) Room-temperature S as a function of the carrier concentration for GeTe and Ge( 95Cdg o4 Te samples; d) ZT

values for GeTe and Ge g6Cdg o4 Te samples.

in Figures 4a and S8 (Supporting Information). More quantita-
tive analysis by APT reveals that the solubility of Cu slightly ex-
ceeds 1% in the matrix of Ge,o;Cd, ,Te-2%Cu,Te (Figure 4b).
The dissolved Cu atoms show a uniform distribution in the ma-
trix, as illustrated in Figure S9 (Supporting Information). The
size of precipitates is in the nanoscale, as demonstrated in Figure
S10 (Supporting Information). Interestingly, there is only a sin-
gle set of diffraction patterns within the area including both the
matrix and the CuCd-rich nanoprecipitate, as shown in Figure 4c
and its inset. This indicates a perfect coherent lattice structure of
the precipitate with the matrix. We even observed a domain struc-
ture in the CuCd-rich precipitate as shown in Figure 4d, which
is typically observed in rhombohedral GeTe. Large strain still ex-
ists in the phase boundary and domain boundary (Figure 4e),
which is favorable for scattering phonons. This kind of coherent
atomic arrangement between the CuCd-rich precipitate and the
GeTe matrix is found randomly in the sample, as displayed by the
STEM-HADDF image in Figure 4f. Obviously, the co-enrichment
of Cu and Cd changes the atomic structures of the precipitate,
which is different from the binary CdTe. This second phase has
also been detected in APT characterizations. A Cd/Cu-rich while
Ge-poor area can be observed in the 3D reconstruction maps of
Geg 44Cd, o, Te-2%Cu, Te in Figure 4g. The 1D composition pro-
file across the interface between the precipitate and matrix shows
that the cations in the CuCd-rich precipitate include Cu, Cd, and
Ge with a total composition of 50%, while the matrix is GeTe with
alow content of soluble Cd and Cu (Figure 4h). It appears that the
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CuCd-rich precipitates are formed by the clustering of Cu and Cd
in GeTe which still utilize the GeTe lattice, as identified by STEM.
Meanwhile, the PME value of the CuCd-rich precipitate is lower
than that of the matrix, as shown in Figure 4i. A large number of
Cu and Cd occupying Ge sites could change the values for elec-
tron transfer and electron sharing and thus modify the chemical
bonds.!1832] Nevertheless, the PME value for the second phase is
still above 60%, which is typically found in metavalently bonded
materials.[“**] This is indicative of the same bonding mecha-
nism for the GeTe matrix and the CuCd-rich precipitate. Given
the coherent structure and the same bonding mechanism across
the interface, it is plausible that this precipitate will not seriously
decrease the electrical properties. Yet, the strains can lower the
thermal conductivity.

We then performed aberration-corrected STEM characteriza-
tions to determine the position of Cu atoms in the Ge, 4, Cd,, o, Te-
2%Cu, Te matrix. Figure 5a shows the atomically-resolved STEM-
HAADF image along the [110] zone axis of Ge; o, Cd, o, Te. The Ge
and Te atomic columns can be clearly distinguished along this
viewing direction, where Ge atoms are smaller and lighter while
Te atoms are bigger and brighter. Figure 5b displays the inten-
sity mapping of the Ge sites relative to the surrounding Te sites
of the Ge, ;Cd, ,,Te (Figure 5a) sample based on the quantita-
tive analysis of the individual atomic columns of the atomically-
resolved STEM-HAADF image. The calculation method is to di-
vide the intensity f of Ge sites by the average intensity 6 of
the four surrounding Te atoms to obtain a numerical value y.

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Microstructure of Gej g6Cdg o4 Te-2%Cu, Te sample. a) EPMA mapping of Cd and Cu for Ge 96Cd o4 Te-2%Cu, Te sample; b) Composition profile
of elements taken from a cuboid region of interest along the vertical direction for Geg g5Cd 04 Te-2%Cu, Te sample. Inset shows the 3D distribution of Cu
and Cd in the matrix; c) STEM-ABF image shows the interface between the second phase and the matrix in Gej 96Cd g4 Te-2%Cu,Te, and the inset shows
the selected area electron diffraction (SAED) pattern; d) A close-up of the interface indicated by a frame in (c); e1-e3) GPA strain maps for the area
shown in (d) along the ¢, ¢,, and g, directions; f) Atomically-resolved STEM-HAADF image showing the interface between second phase and matrix
in the Geg 96Cdy o4 Te-2%Cu, Te sample; g) 3D distribution of elements for Geg g6Cdg 04 Te-2%Cu, Te sample; h) Composition profile of elements taken
from a cuboid region of interest along the direction perpendicular to the interface between the matrix and the second phase for Geg 96Cdg ¢4 Te-2%Cu,Te
sample; i) 3D PME map for Geg 96Cdg o4 Te-2%Cu, Te sample.
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Figure 5. Comparison of the microstructure of Gegg5CdggsTe and Geg g6Cdg 04 Te-2%Cu,Te samples at the atomic scale. Atomically-resolved STEM
HAADF images along the [110] zone axes of (a) Geg g6Cdg o4Te and d Geg o5Cdg 4 Te-2%Cu, Te samples; b,e) Intensity mapping of the Ge sites relative
to the surrounding Te atoms of a Geg 95Cdg g4 Te and d) Geg g5 Cdg o4 Te-2%Cu, Te samples respectively to eliminate the effect of the sample thickness; c,

f) Atomic intensity profile for the pink square in (a) and (d), respectively.

And then, Figure 5b is plotted using the ratio of # to the max-
imum value of y (r,,..), in order to eliminate the effect of the
sample thickness. Among them, blue and white points repre-
sent lighter/fewer and heavy/more atoms, respectively. Thus, the
atomic columns that contain a large fraction of vacancies will
show a blue contrast. This has been observed in the Ge, o, Cd, o, Te
sample in Figure 5b, providing solid evidence of a high num-
ber density of Ge vacancies. The decreased intensity due to
the presence of Ge vacancies can also be visualized in a lin-
ear intensity profile scanned along the pink square indicated, as
shown in Figure 5c. In contrast, a similar analysis for the sample
Geg 44Cd, o, Te-2%Cu, Te shows distinctively different phenom-
ena. Figure 5d shows the atomically-resolved micrograph along
the same [110] zone axis. Its corresponding Ge intensity map
in Figure 5e does not present noticeable Ge vacancies. The in-
tensity line profile in Figure 5f also implies that the Ge vacan-
cies have been filled by Cu atoms. This will lead to the reduc-
tion of ny; and the enhancement of wy; as proved by Hall mea-
surements shown below. Note that we cannot exclude the exis-
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tence of interstitial Cu atoms in Ge4Cd, o, Te-2%Cu, Te despite
their absence in STEM images. Indeed, the existence form of
Cu in GeTe depends on the dopants. For example, Cu exists in
the interstitial positions in Ti and Bi co-doped GeTe,!'®! while Cu
forms “vacancy/Cu-Cu/vacancy” sandwich-like stacking faults in
Sb-doped GeTe.l'%]

Figure 6a shows the ny; and u;; of Ge, 4,Cd, o, Te-y%Cu, Te sam-
ples. The ny, decreases while the yy, increases with increasing the
content of Cu,Te until 2% due to the lattice plainification effect
by Cu filling into Ge vacancies as proved in Figure 5. Both ny
and uy values are saturated above 2% due to the solid solubility
limit, which is consistent with the microstructure characteriza-
tions. Figure 6b shows that the carrier mobility of Ge o, Cd, ,, Te-
y%Cu,Te samples is higher than that of other reported results
at the same carrier concentration due to the reduced scatter-
ing effect of vacancies on carriers.[*l Figure 6¢ displays the
temperature-dependent weighted mobility uW, which is an indi-
cator of the electrical transport performance independent of dop-
ing level, calculated using experimental electrical conductivity o

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Electrical transport performance of GeggcCdgosTe-2%Cu,Te sample. a) Carrier concentration and mobility for Geg ggCdg o4 Te-y%Cu, Te
samples; b) Room-temperature carrier concentration as a function of the carrier mobility for GeTe, GegggCdgo4Te, GegggCdg o4 Te-y%Cu,Te and
referencesl®2125491; ) Temperature-dependent weighted mobility for GeTe, Geg gsCd o4 Te, Geg.gsCdo 04 Te-2%Cu, Te samples; d) Room-temperature
PF as a function of carrier concentration for GeTe, Geg g6Cdo 04 Te, Geg 96 Cdo 04 Te-2%Cus, Te and references.[62125]

and Seebeck coefficient S following the Equation (2) proposed by
Snyder et al.[*6]

_ 3hie
w = 3/2
8re(2m,k,T)

e [ 2] ik
1+exp [—5 (% - )]

The enhancement of uW for Ge;,,Cd, ,,Te compared to pris-
tine GeTe below the phase transition temperature proves the pos-
itive effect of Cd on modifying the band structure. Yet, this en-
hancement is still marginal due to the tradeoff between DOS
effective mass and carrier mobility. In contrast, the introduc-
tion of Cu to fill Ge vacancies in Ge 4,Cd, o4 Te-2%Cu, Te causes
a prominent enhancement of the weighted mobility. The uW
increases from 265 cm?V-!s7! for GeTe to 285 cm?V~'s™! for
Gey95Cd, o4 Te-2%Cu, Te at room temperature. The filling of Ge
vacancies by Cu can also lead to a significant reduction of ny,
giving rise to the decrease in ¢ and increase in S below the phase
transition temperature of GeTe (See the thermoelectric proper-
ties of Ge, o5Cd, o, Te-y%Cu,Te samples in Figure S11, Support-
ing Information). The reason for the unchanged ¢ and S above
the phase transition temperature could be ascribed to the in-
creased Ge vacancies due to the lower formation energy of a Ge
vacancy in the cubic phase.*”] The high content of Ge vacan-
cies generates a much larger hole carrier density, which over-
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whelms the effect of Cu doping on the TE properties of GeTe.
A similar phenomenon has also been observed in other studies
about Cu doping in GeTe.[>'*] Meanwhile, the m slightly re-
duces after Cu, Te alloying (Figure S12, Supporting Information),
which is attributed to the decrease of Ge vacancies. Decreasing
Ge vacancies can separate different valence bands of GeTe.[*#8]
Figure 6d shows a maximum PF of 21.0 pW cm~! K2 at 300 K in
the Ge 44Cd, o, Te-2%Cu, Te sample, which is much higher than
other GeTe-based materials at the same carrier concentrations.
This indicates the significant benefit of improved yy, to the elec-
trical properties realized by lattice plainification. The reduction
of k, (Figure S11d, Supporting Information) after Cu,Te alloy-
ing primarily originates from the significantly decreased «. by
the reduced o. In contrast, the k| is barely changed (Figure S11e,
Supporting Information) due to the compromise of the strength-
ened nanoprecipitate scattering by CuCd-rich nanoprecipitates
and the weakened point defect (Ge vacancies) scattering by lattice
plainification. These factors lead to an enhancement of ZT below
the phase transition temperature in the Ge, o;Cd,) ,, Te-y%Cu, Te
samples (Figure S11f, Supporting Information).

2.3. Reduced Lattice Thermal Conductivity by Nanoprecipitation
and Point Defects

Note that the «; obtained so far is still much higher than the
theoretical minimum of GeTe (0.45 W m~! K2, calculated by
the Cahill model®®3)). This implies that further ZT improve-
ment can be achieved if the «x; can be reduced. Pb element

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH

35UBD |7 SUOWILLOD dAIIRID a|qed|dde ays Aq peusenob ale sajoNe O ‘3sn JO Sa|NJ 1o Afeid 18Ul UQ A3|IAA UO (SO IPUOD-PUR-SWLIBIAL0D AB | 1M ARIq U1 |UO//SONY) SUORIPUOD pUe SWid | U} 89S *[5202/90/90] Lo ARlg 1 auliuQ 43| *BILSD UoIeasay HAWS Uo1Ine wnnuezsBunyasiod Ag 8/ TS0rZ0Z WUSe/Z00T OT/I0p/Wo 3| 1M Afeld 1 puluo’paoueApe// Sy wouy papeojumod ‘02 ‘SZ0Z ‘0v89rT9T


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANgED
ENERGY
MATERIALS

www.advancedsciencenews.com

b-rich

www.advenergymat.de

b 55
A
High X 50
I 45
= 40t
o
‘= 35t
‘?
e 305
e
g 5
o
LOW U -
0 -

Figure 7. Microstructure of Geg g6Pbg 1Cdg o4 Te-2%Cu, Te sample. a) EPMA mapping of Cd, Cu, and Pb for the Gej g5 Pbg 1Cdg g4 Te-2%Cu, Te sample;
b) Composition profile of elements taken from a cuboid region of interest along the vertical direction for the Geg g5 Pbg 1Cd 04 Te-2%Cu, Te sample; c)
TEM image of the second phase and matrix for the Ge g5 Pbg 1 Cdg 4 Te-2%Cu, Te sample; d) TEM-EDS showing the Pb-rich second phase; ) The interface
between the Pb-rich precipitate and the matrix of Geg ggPbg 1Cd 04 Te-2%Cu,Te; f) Enlarged view of the Pb-rich second phase, where the fluctuation of

composition as indicated by different intensity contrasts is due to spinodal decomposition of GeTe-PbTe; g1-g4) GPA strain maps along the &, £,,, &,

and ¢, directions for the corresponding area of (f).

rot

has been proven to be an effective dopant for reducing «; in
GeTe.[2252] Therefore, we further introduce Pb doping to re-
duce the k. XRD patterns show that the additional diffraction
peaks indicated by arrows can be indexed to PbTe (Figure S13,
Supporting Information). EPMA results (Figure 7a; Figure S14,
Supporting Information) also show Pb-rich precipitates (NP_3)
in the Gegg4Pb,;Cd,,Te-2%Cu,Te sample. According to the
literature,*?! the solubility of Pb in GeTe is ~5%. Thus, it is rea-
sonable to observe the PbTe phase in our sample with a nom-
inal Pb content of 10%. Based on the APT results (Figure 7b),
~5% Pb (corresponding to 2.5 at% in the APT composition pro-
file) can dissolve into the matrix of Ge, g; Pb, ; Cd, o4 Te-2%Cu, Te.
All these dopants including Pb, Cd, and Cu distribute homo-
geneously in the matrix of Ge,g;Pb,,Cd,q,Te-2%Cu,Te (see
the inset of Figure 7b; Figure S15, Supporting Information).
Figure 7c,d show that the precipitate is in nanoscale and Pb-
rich. The interface between the Pb-rich precipitate and the ma-
trix of Gegg,Pb,;Cd, o, Te-2%Cu,Te is also coherent, as shown
in Figure 7e. A high-resolution image taken from the interior of
the PbTe-rich precipitate shows strip-like structures (Figure 7f),
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Yy

which could be formed by the spinodal decomposition of a GeTe-
PbTe system.[>}] These strip-shaped nanostructures induce large
strains, as proven by GPA maps in Figure 7g. This can disturb
the phonon transport and reduce ;.

From the perspective of chemical bonding, both GeTe and
PbTe tend to form cubic structures because of their orthogonal
alignment of p-orbitals.[*2l However, the cubic configuration of
GeTe is energetically unstable and undergoes a Peierls distor-
tion, transforming into a rhombohedral structure.>* Increasing
the number of electrons transferred tends to stabilize the cubic
structure of the material. According to the chemical bond clas-
sification map,[*!! PbTe has a higher number of electrons trans-
ferred compared to GeTe. Therefore, Pb doping will increase the
number of electrons transferred in the material, thereby enhanc-
ing its symmetry. It has been demonstrated that doping Pb into
GeTe can lower the formation energy of cation vacancies due to
the reduced difference in the size between cations and anions.>!]
This will result in a reduction in ny; as observed in Figure S16
(Supporting Information). Although the increased alloy scatter-
ing will reduce the uy, (Figure S16, Supporting Information), the

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 8. Thermoelectric performance of GejggPbg 1CdggsTe-2%Cu,Te sample. a) The x| for GegqgsCdggsTe-2%Cu,Te and GegggPbg 1Cdg o4 Te-
2%Cu,Te samples; b) Frequency-dependent k| for the Geyg¢Pbg 1Cdgo4Te-2%Cu,Te sample at 300 K; c) B factor for Geg g5Cdg o4Te-2%Cu,Te and
Geg g6Pbg 1Cdg 04 Te-2%Cu, Te samples; d) ZT value for Geg g6Cdg 04 Te-2%Cu, Te and Geg g5 Pbg 1Cd o4 Te-2%Cu, Te samples.

increase of crystal symmetry after Pb doping is conducive to car-
rier transport.!''>2] Thus, the uy; only slightly reduces. Due to
the reduction of both ny; and gy, the o is reduced after Pb dop-
ing (Figure S17a, Supporting Information), leading to a degrada-
tion of the PF even though the S is increased with n,; reducing
(Figure S17b, Supporting Information). Nevertheless, the signifi-
cant reduction of k., (Figure S17d, Supporting Information) con-
tributed by the decrease of k, and k| can compensate for the de-
creased electrical properties. Particularly, a prominent decrease
in k; is achieved over the entire measurement temperature range
due to the phonon scattering by point defects and nanoprecip-
itates, as presented in Figures 8a and S17e (Supporting Infor-
mation). At high temperatures, the mean free path of phonons
is comparable to the size of point defects. Based on the APT
results, the solid solubility of Pb in GeTe is ~5%, which intro-
duces significant mass and strain fluctuations to scatter phonons
at high temperatures. In addition, STEM reveals that Pb doping
introduces nano-precipitates that are coherent with the matrix,
causing significant interfacial strain. These collective defects in-
duced by doping Pb can strongly scatter phonons, resulting in a
distinct reduction in lattice thermal conductivity. The frequency-
dependent « for Ge, 4 Pb,,Cd, o, Te-2%Cu,Te in Figure 8b fur-
ther quantifies the contribution of each nanoprecipitate and point
defects to the accumulative reduction in ;. Benefiting from
the distinct reduction in k|, the B factor of Ge,qPb,,Cd, . Te-
2%Cu,Te is significantly increased compared to Ge,q,Cd, o, Te-
2%Cu,Te, especially at high-temperature range, as presented in
Figure 8c. Here, the relative comparison of the B factor is re-
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liable since no bipolar effects occur in Ge 4;Cd, o, Te-2%Cu, Te
and Ge 4 Pb, ;Cd, (,Te-2%Cu, Te samples due to their high car-
rier concentration. The absence of the bipolar effect can be evi-
denced by the reduced lattice thermal conductivity with increas-
ing temperature (Figure 8a). Note that the upturn of lattice ther-
mal conductivity in the z = 0 sample is due to the phase transition
from rhombohedral to cubic, rather than the bipolar effect. Ulti-
mately, due to the significantly reduced | by Pb doping, the peak
ZTof 2.2 at 773 Kis achieved in the Ge, 4 Pb, ; Cd, o, Te-2%Cu, Te
sample (Figure 8d; Figure S17f, Supporting Information). This
high ZT value has been realized by stepwise introducing various
dopants to tailor the microstructures and thus the transport of
electrons and phonons.

3. Conclusion

In this work, we have demonstrated that the TE performance
of GeTe can be notably enhanced by synergistically introducing
band convergence, lattice plainification, nanoprecipitates, and
point defects. The band convergence was enabled by the reduced
energy offset between the uppermost light and heavy bands by
doping Cd, leading to an enhanced density-of-states effective
mass and Seebeck coefficient. Alloying the Cd-doped GeTe with
Cu,Te can plainify the lattice by filling the vacancies with Cu,
leading to a decreased ny; and increased py;. After that, Pb was
introduced into the system, resulting in a continuous reduction
in ny without significantly changing uy,;. Benefiting from these
effects, a significantly improved PF of 19.6 uW cm™! K=2 at 300 K
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was realized in the Ge4Pb,,Cd, o, Te-2%Cu,Te sample. These
dopants such as Cd, Cu, and Pb not only introduce point de-
fects but also induce coherent nanoprecipitates in GeTe. As a
result, the heat-carrying phonons can be scattered over a broad
frequency range, giving rise to a low «; of 0.5 W m~' K2 ap-
proaching the amorphous limit. Finally, a peak ZT of 2.2 at 773 K
and a high average ZT, . of 1.27 within 300-773 K were obtained
in the Ge, 4,Pb,;Cd, (. Te-2%Cu,Te sample. This work suggests
a feasible strategy for improving the TE performance of GeTe by
stepwise introducing multiple dopants to create a synergistic ef-
fect, offering insights into the microstructure and property de-
sign in other semiconductors.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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