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The multi-valence bands in GeTe provide an additional handle to manipulate the thermoelectric
performance. Herein, the density-functional-theory calculation indicates that Cd doping enables the
convergence of these multi-valence bands. Plus, the additional Bi dopant serving as the electron
donors wse carrier concentration, leading to an enhanced power-factor in Ge,.,.,Cd,Bi,Te.

Moreover, g 8 prehensive electron microscopy characterizations demonstrate the array of high-
density pla @ cies in Gey.,.,Cd,Bi,Te stemming from the absence of {111} Ge atomic planes,
which is driven by the reduced formation energy in the scenario of Cd/Bi co-doping. Simulations of
phonon?r WOnfirm the significant role of planar vacancies in scattering mid-frequency
phonons. Mdensity planar vacancies, in tandem with grain boundaries and point defects,
lead to a lafdice rmal conductivity of 0.4 W mKtin Gei.,Cd,Bi,Te, reaching the amorphous limit.
Ultimately\a pea of 2.2 is realized, which promotes GeTe into the first echelon of cutting-edge
thermoelectric materials. The strategy of combining band convergence and planar vacancies opens a
revenue tofdey€loplPb-free derivatives with super-high thermoelectric efficiency.

1. Introdu:

The rising demand for green energy has sparked significant research into alternative energy sources
and energ ng technologies. As one of the promising candidates, thermoelectricity enables

ersion between heat and electricity.’”! Thermoelectric behavior is associated with

eters, including Seebeck coefficient (S), electrical conductivity (o), and thermal

as zT = S°0T/k."”! Feasibility of thermoelectric materials is closely pertinent to the
y, which eventually craves a large zT, involving the enhancement of power-factor
(S%0) and the reduction of «.

Carrier consntration (n), band structure, and microstructure are three key factors to impact
thermoelectric properties for a given material. The interplay relationship of S, g, and k. leads to an

optimal n pmise S and g, and to counterbalance k.. Band structures significantly affect
electronic via band degeneracy,[‘” band effective mass,[sl and distortion of density-of-
states (DOS, e Fermi level (Ef).[s] Accordingly, enhanced thermoelectric performances have

;i 1=doped PbTe,™ Yb,Co,Sb,," and Te-doped Mggsbl,sBio,s[m] due to the decreased
inertial Hss; and in Tl-doped PbTe,[e'lg] In-doped GeTe,[ZO'm and In-doped snTe?*?¥ caused

by resona induced DOS distortion near E;. Phonon propagation can be extrinsically
impeded by scattefing centers of grain boundaries, nanoprecipitates, dislocations, and point defects,
which, respectively, account for the decreased k; in Bi,Tes-based nanostructures;[24'27] in SnTe!?31
and PbSe;*%2 i,Te;- 2533 and PhTe-based materials;"*® and alloyed/doped solid solutions.®*

he interstitial dopant, Cu has successfully pushed «; close to the amorphous limit in
SnTe-based ma 5.4 1 the amorphous structure, phonons are strongly scattered by disorder,
and their lifetimes reach the minimum time scale of thermal vibrations."" The value in the

amorphous structure with the same chemical composition is often considered as a lower bound for
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the lattice thermal conductivity.*”! Therefore, revisiting the classical lattice imperfections for
decreasing xj, together with enhanced $°0, may pave a way to develop next-generation

thermoeleiirics WIi’h super-high performance.

GeTe with th bohedral (R) — to — cubic (C) phase transition is a promising candidate to replace
toxic PbTe o market applications. Electrically, GeTe (particularly cubic phase) has multi-
valence bafid

W band degeneracy, ensuring a large S°c. Sb/Bi-doped GeTe was reported to
show p&ak FFSF=H7 through tuning n to the optimal level,*®*”) which rationalizes the superior band
structures or ensuring high electronic transport. Thermally, the naturally existed

precipitates@nd @e vacancies in GeTe-based alloys result in a decreased x.%* |n fact, Ge vacancies
mainly scatter highsfrequency phonons, which overlap with the role of point defects originating from
doping/alloyiig.""" On the other hand, it is possible to form other scattering centers targeting on, for
instance, -ffeqliency phonons, evolving from the Ge vacancies, to further decrease ;.

S

In this stu ted by the multi-valence bands of both R- and C-GeTe (shown in Figure 1a and
b), we theoreticallfjpredict thermoelectric performance by engineering the two valence bands of

GeTe. The

Ui

f three-band modeling of electronic transport can be seen in Section 1 of

Supportin ion. Figure 1c plots calculated S*c and zT as a function of reduced Fermi level ()
for both RmTe at 300 K and 700 K using a three-band model of one conduction band (CB)
and two vale ds (VBs) at L and £ points. As can be seen, both $°c and zT increase significantly
especially wmperature by converging these two VBs. The amorphous limit of ; for GeTe” is
used to calclla T. Note that cubic GeTe has intrinsically lower & than rhombohedral GeTe, which
is due t ence of cation lone pair s2 electrons in cubic GeTe leads to strong anharmonic

phonon-pho

eractions and (ii) coordination number of cubic GeTe (six) doubles that of

rhombo eTe, resulting in lower phonon group velocity in cubic GeTe. Thereby, it would be

i

more li ase the practical x; of cubic GeTe to approach the amorphous limit.
Experimentally, we employ Cd as the dopant to decrease the energy offset (AE) between the VBs, as
predicted Q¥ the calculated band structures in Ge,.,Cd,Te. With the additional Bi doping to tune n,
$%0 has been optimized in our Ge;.,Cd,Bi,Te. Moreover, arrays of a high-density of planar vacancies

have been

1

O

sintered pellets through our atomic-resolved electron microscopy
characteriz schematically illustrated in Figure 1d. Consequently, an ultra-low x; close to the
been realized in our Ge..,Cd,Bi,Te. The enhanced S%0 and decreased x lead to
a peak zT 0§2.2 in Ge,,Cd,Bi,Te (Figure 1e), which is higher than the reported values for the

cutting-
high the

heating-co

amorphous

=temperature thermoelectric materials (Figure S1). The thermal stability of obtained

|

properties has been confirmed by the cycling measurements within three

esses (refer to Figure S2).

AU
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Figure 1 Stra nhancing the thermoelectric efficiency of GeTe-based materials. (a) Crystal structures and (b)

calculated ba es for rhombohedral (R-) and cubic (C-) GeTe. (c) Calculated power factor (Sza) and figure of
merit (zT) as a on of reduced Femi level (77) for both R- and C-GeTe at 300 K and 700 K using a three-band model of

one conducti d two valence bands at L and Z points. Here, the amorphous limit of lattice thermal conductivity
(x;) for GeTe 8§ used to calculate zT. (d) Schematic diagram showing the array of a high-density of planar vacancies within

grains to n scatterings. (e) Measured temperature-dependent zT for Ge,.,.,Cd,Bi,Te.

2. Results and Dis;ssion
2.1 Analys Obtained Electronic Transport

The as- powders without detectable impurities (refer to XRD patterns in Figure S3) are
consolida ellets by spark plasma sintering (SPS) to evaluate their thermoelectric

performance. The sintered pellet of Geg ggCdg o5Bigo7Te, as an example, are examined by energy-

gies fo
d stru

dispersive X-ray spectroscopy (EDS) mapping, as shown in Figure S4. Despite the Ge precipitates, the
elements distributed evenly in the analyzed sample. Figure 2a shows the measured S as a function of
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temperature for all Ge,..,Cd,Bi,Te. The positive sign of S indicates the p-type transport behavior with
holes dominating the free charge carriers, and the magnitude of S increases with raising the content
of Cd and the additjonal Bi. Specifically, the peak S, initializing at ~150 pV K for the pristine GeTe,
increaseH/ K™ in Geg.esCdoosTe and ends up with an even higher value of ~ 240 uV K™ in
Geg s3Cdo.05Bi
the doping
(ny) and Hall carrier mobility (), depicted in Figure 2c and d, respectively. While Cd doping does not

Figure 2b shows the temperature-dependent g, which decreases with increasing

The variation of both S and o strongly relies on the Hall carrier concentration

modify #H !agly, hi can effectively tune the ny in a wide range. Unfavorably, doping with Cd or Bi
decreases Lwe extent. Moreover, the declining trend of iy upon temperature follows the

power Iow@uggesting acoustic phonons dominating the charge carrier scatterings.“’”

a b
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200} ol e 0057005
— —@— x=0.05,y=0.07
150} 5
e (&)
Z 213
100k o
. 100 <
b2
S50 . —&— x=0.05,y=0.03
—8— x=0.05.y=0.05
(j ) ) —I‘—x=0.I05,y=0.0I7 0l i ) ) i
3 500 600 700 800 300 400 500 600 700 800
T (K) T (K)
c T T T T T T d
100
100} .
© 210}
x 5
/A x=0,y= =
= 3 o I I o i
10} x=0.05y=0 —@— x=0.05.y=0.03
BeBAR R —8— x=0.05,y=0.05
. . e x=0.05,y=0.07 —&—x=0.05.y=0.07

1 1 1 1 1 1 1
500 600 700 800 300 400 500 600 700800
T (K) T (K)

Figure 2 Electronic t port coefficients. Temperature-dependent (a) Seebeck coefficient (S), (b) electrical conductivity
(0), (c) Hall carrier concentration (ny), and (d) Hall carrier mobility (u) for Ge,.,.,Cd,Bi,Te.
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To examine the electronic transport characteristics of our pellets, we calculate n,-dependent S and
ny-dependent uy, based on the single Kane band (SKB) model,"*® in which we assume that acoustic
phonons dominate the scattering of charge carriers, confirmed by the measured u, following a
power | efer to Figure 2d). As described above, p-type GeTe has multi-valence bands
onic transport coefficients; therefore, the related physical parameters in the

such as the DOS effective mass (m;) can be regarded as the weighted sum of the
corresponding tensor from each single band."?
H I

Figure 3a sliows the measured S values as a function of ny, at 300 and 700 K compared with the
plots of ny-dependent S, in which the hollow data points correspond to Ge,,Cd,Te and the
e from Ge,.,Cd,Bi,Te. Since the relationship of S versus n is predominantly

calculated
solid data
affected by
higher x se

e SKB model, the upward trend of the S versus n, curves for Ge,,Cd,Te with
e diagnostic of the significantly varied m; upon Cd doping at both 300 and 700 K.

8.

By contras h e role of tuning ny, in a wide range for GeTe, Bi-doping does not affect m;
notably, as d by the generally gathered curves of S versus ny, for Ge;.,Cd,Bi,Te. Compared

with the Ge (+2) iofis, Cd has a valence of +2, while Bi has a valence of +3. Thereby, Bi serves as the

Ui

electrond decrease the hole concentration in GeTe, whereas Cd doping does not modify

hole conce notably. Quantitatively, we determine the composition-dependent m; at both
300 and 7

according to the ation S2 with the measured n,, we determine m,. As shown in Figure 3b, doping

3

o steps. First, we derive 77 according to the measured S using Equation S1. Then,

especially wit n essentially increase m,. Figure 3c shows the comparison of uy versus ny plots

cl

with the experi al data points, in which p, degenerates in Ge;,.,Cd,Bi,Te with increasing the
doping sed by the unfavorably strengthened charge carrier scatterings.>” As for
electronic t t coefficients, S%o is the ultimate parameter to evaluate the overall thermoelectric

efficienc d shows temperature-dependent S°o for Ge.,.,Cd,Bi,Te, from which $°c is

V]

enhanc doping with Cd and Bi. Specifically, a maximal $’c = 40 uyWcm™Kis achieved for
the GeggsCdg.0sBigosTe pellet. The enhanced $%0 can be ascribed to the enlarged m, by Cd and

decreased fil, to the optimal level by Bi. Enlarged m;, reflects the modified band structures due to Cd
i [16]

[

Autho
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Figure 3 Anal tronic transport coefficients. (a) Calculated curves of Hall carrier concentration (n,) dependent
Seebeck coef ompared with the measured data points versus n, at 300 K and 700 K; (b) calculated n,-

dependent Ha

mobility (i) compared with the data points at 300 and 700 K; (c) determined density-of-states
e1..,Cd,Bi,Te with different compositions at 300 K and 700 K; and (d) temperature-dependent

To examin ing effect on electronic band structures of GeTe, we perform the density-
functional-theory (BFT) calculation with spin-orbital-coupling (SOC) for Cd-doped and pristine GeTe.
Figure 4a a play the calculated band structures for R-GeTe and C-GeTe, respectively. While

the green cu denote the band structure for pristine GeTe, the red curves are the band structures
for Cd-d #-m eTe. With Ge sites partially replaced by Cd, both the indirect E, (from L to X points of
the first BrilloU
advantageously suppress the bipolar conduction. Since the electronegativity (x) of Cd (x = 1.69) is

ane) of R-GeTe and the direct £, (at L point) of C-GeTe have been enlarged, which

smaller than Ge (x = 2.01)[53], the Cd-Te bond is weaker than Ge-Te bond, which is responsible for the
enlarged E; in Cd-doped GeTe.®! Along with the enlarged E,, the magnitude of lowered VB extrema

This article is protected by copyright. All rights reserved.
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at L and 2 points is different, leading to the decreased AE for both R-GeTe and C-GeTe.
Consequently, the contribution of secondary VB (i.e., VB, of R-GeTe and VB; of C-GeTe) to the
electronic transports has been magnified, which interprets the increase of the determined m, from
the SKBH Cd doping. Noteworthy, the Cd doping introduces an impurity band close to the
CB edge, pmpurple dash curve in Figure 3a and b.

According 0OS and the decomposed partial density of states (PDOS) for R-GeTe and C-
GeTe (Figufeme™ama d), Ge_4p” orbitals dominate CB minimum and Te_5p* orbitals in conjunction
with Ge_4&rbitals govern VB maxima in both GeTe phases. In the doped scenario, Cd_5s” orbitals
contribute to thempurity band, which could serve as the deep defect states (DDS).* Since the
optimal HHQO increase with temperature by roughly following (Tm;)**,** the DDS induced

by Cd_5s 0

temperatum

ight ensure a maximized S?o by releasing holes for p-type Gei..,Cd,Bi,Te at high

-
C
(O
=
-
O
L
e
-
<
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green and red curves correspond to the pristine and doping cases. Calculated density-of-states
-GeTe and (d) C-GeTe.

2.3 MicHharacterizations

Since the micros

ture of Gey.,.,Cd,Bi,Te can significantly affect phonon scatterings, which turns to
decrease jl®d transmission electron microscopy (TEM) investigations were performed to
understand th
taken f

rostructures of our sintered Ge,.,.,Cd,Bi,Te pellets. Figure 5a shows a TEM image
ical grain in our sintered GeoCdg ¢sBiggsTe pellet, in which parallel domains with

100 — 200 nm can be seen. Furthermore, each domain contains a high density of
streaks. Figure 5b is an enlarged TEM image and shows the details of streaks — they are planar

defects. The inset of Figure 5b is the corresponding selected area electron diffraction (SAED) pattern,
from which the domain interfaces are found to be along [001] directions and the streaks are parallel

This article is protected by copyright. All rights reserved
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to {111} atomic planes. The formation of these domains is caused by the slight lattice distortion of
{110} plans, which is confirmed by the split of high-index diffraction spots along the [110] directions
in the inset of Figure 5b.

To understa detailed atomic structure of the streaks, we employed aberration-corrected
scanning T ) to investigate their atomic configuration. Figure 5c shows a typical high angle
annular da DF) STEM image, in which several planar defects (marked by the red arrows)

can be @ledFNESEEM Figure 5d is an enlarged HAADF STEM image to present the detailed atomic
structure WI planar defect. In HADDF STEM imaging mode, the intensity of atomic columns
is roughly propogtional to Z7 with Z denoting the atomic number.”® As a consequence, bright
atomic CO|@ ascribed to heavier elements, which are Te with Z= 52, while the weak atomic
columns ar h Z = 32. Figure 5e is the intensity profile of the marked atomic columns in Figure

5d, in whicj#fth h- and low-intensity peaks originate from bright (Te) and weak (Ge) atomic
columns, r ly. Accordingly, the observed streaks/planar defects are due to the missing of a

Ge atomic ﬁthe {I11} planes.
To underst nergetic origin of the observed planar vacancies, we perform the DFT calculation

to determi
Cd, Bi dop
Fermi level

ormation energies (Esrm) in the pristine GeTe, with no dopants, with individual

t, and with Cd/Bi co-dopants. Figure 5f plots the calculated E¢m, as a function of the
varying within the gap region in different circumstances, in which doping with Cd or

—

a

Bi can dec and the Cd/Bi co-doping leads to the lowest E;,m. Therefore, the formation of

planar vacaigi nergetically favorable in our case. It is well-known that there are large amounts

of intri cies in GeTe.®” The observed planar vacancies might evolve from the Ge

ted with a decreased E¢yrm in Gel_x_yCdXBine.[SS]

vacancie

Author M

This article is protected by copyright. All rights reserved.
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Figure 5 | Microstructure investigations of Geg oCdg osBig osTe. (a) Low-magnification transmission electron microscope
(TEM) image, and (b) the enlarged view of the framed area in (a) with the inset showing the corresponding SAED
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pattern. (c) High-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) image taken from
the marked area in (c) to show several planar vacancies. (d) Magnified HAADF STEM image showing the atomic
configuration of a typical stacking fault. (e) Line profile showing the image intensity along the framed area in (d). (f)

Formation energy of plinar vacancies with different doping elements.

2.4 Analysis O WTransport

Based ongthejaboueghEIM characterizations, we further investigate the measured « for Ge,,,.,Cd,Bi,Te. Figure 6a plots the
measured k as,a function of temperature. With increasing the Cd doping content and additional Bi, k continuously
decreases O\Me temperature range. To examine the individual thermal components of electrons and phonons,
we calculate k. according to the Wiedemann—Franz law (i.e., k. = LoT, with L representing the Lorenz number, shown in

Figure S7a, S nformation), and then determine k; using Kk — k.. Temperature-dependent k. is summarized in
Figure S7b, a tion of temperature-dependent k; is plotted in Figure 6b. As can be seen, k., decreases
remarkably wi asing the doping content, making a partial contribution to the k reduction. In addition, the
considerably gedu leads to a further decrease in k. Specifically, the lowest k; is ~ 0.4 W m™K" in Geg g3Cdg gsBigo7Te,
which reache§ thelamarphous limit of GeTe.™ As uncovered by the comprehensive structural characterizations, the
obtained ultr sults from the co-existence of grain boundaries, nanoprecipitates (shown in Figure S8), point

defects (stemmi the mass and size fluctuations between the dopants of Cd or Bi and the substituted Ge atoms in
the lattice), and planagvacancies, which synergistically strengthen phonon scatterings.

To examinﬁvidual role of these phonon scattering sources on decreasing k;, we numerically
investigat on transport using the Debye-Callaway model by taking into account different
phonon sc ings of Umklapp processes (U), grain boundaries (B), nanoprecipitates (NP), point
defects (PD), and planar vacancies (PV). Herein, we calculate the spectral lattice thermal conductivity
the curves of k; as a function of phonon frequency (w) by models of U, U+B,

°D, and U+B+NP+PD+PV at 300 K. Because the integral of k, with respect to the

quals the corresponding k;, the area between two adjacent curves is the

decreased itude of k; caused by the introduction of the additional phonon scattering center. As
can be se and NP are responsible for low-frequency phonon scatterings, while point
defects h-frequency phonons. As a supplement, planar vacancies focus on mid-

frequency phonons. Based on the Debye-Callaway model of U+B+NP+PD+PV, the calculated

temperatu@-dependent x; can predict the experimental value of Geg gsCdg o5Big.o7Te, refer to Figure
6b. Figure the comparison of our obtained lowest x; with the reported values for the state-
of-arts GeTj

of other G . Therefore, planar vacancies are a type of phonon scattering sources targeting

on mid-freﬁhonons to effectively decrease «;.

dcounterparts. As can be seen, our obtained x; is relatively lower than the values

This article is protected by copyright. All rights reserved.
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mal transport properties. Temperature-dependent (a) k and (b) , for Ge,,.,Cd,Bi,Te with
different compositions. (c) Calculated k; using Debye-Callaway model with different phonon scatterings of Umklapp
ndaries (B), nanoprecipitates (NP), point defects (PD), and planar vacancies (PV) at 300 K. (d)
the lowest k; for Geg ggCdy ¢5Big o;Te with the reported values for Geo_ggsBio_ossTe,[46]
Geo.8885b0.1|no.o1zTe:[21] Geo.sspbo.1Bio.04Te:[59] (G9T9)0.73(Pbse)o.z7:[5°] and Geo.esbo.1Teo.ssseo.14-[47]

= e

Jsesly

3 Conclusion s

ies of Gey.,.,Cd,Bi,Te (x < 0.05, x < 0.07) thermoelectric materials, delivering a
zT > 2.0 associated with the enhanced S%o and the decreased x. The calculated band
at Cd doping can efficiently decrease AE between the sub-valence bands of GeTe,

We synthesize a8

structures rev

which accounts for the enhanced S’o, provided that ny is fully optimized by the additional Bi doping.
The decreased x can be attributed to the strongly enhanced phonon scatterings. The microstructural
investigations using advanced electron microscopy demonstrates the existence of a high density of

This article is protected by copyright. All rights reserved.
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planar vacancies in Cd/Bi co-doped GeTe, which is confirmed to be effective to scatter mid-
frequency phonons by the simulation study of phonon transport using Debye-Callaway model.
Therefore, planar vacancies in conjunction with the classical grain boundaries, nanoprecipitates, and
point deﬁa

this study

sponsible for the obtained ultra-low k. The breakthrough of zT development in

aehGeTe to be a promising Pb-free candidate working near mid-temperature range,
@ ection of exploring new-generation thermoelectric materials with zT beyond 2.0
structures and introducing lattice imperfections.

4. Experim&tal Section

Material Synthesis: To synthesize Ge,.,.,Cd,Bi,Te, precursors of high-purity elemental Ge, Cd, Bi, and

ch were sealed in fused quartz tubes under vacuum. Quartz tubes were slowly
heated to 9 Pheld for 6 hours, and followed by quenching in ice water. Samples were

subsequen led at 650 °C for 3 days. The resulting ingots were ball-milled for 10 minutes into
fine podensolidated by SPS under a pressure of 55 MPa at 550 °C for 5 min under vacuum.
As shown i 1, densities of all sintered pellets were confirmed to be ~98 % of the theoretical
density for GeTe b;the Archimedes method.

Phase and s cture Characterization: The phase purities of as-sintered pellets were
investigate@ by XRD, recorded on an X-ray diffractometer (Bruker D8 Advance MKII) equipped with

graphite m atized, Cu Ka radiation (A = 1.5418 A). The microstructure of the sintered
pellets wa ated by scanning electron microscope (SEM, JEOL JSM-6610 equipped with
Oxford 50 ax SDD x-ray detector) and TEM (Philips Tecnai F20, and JEOL Arm200).

erty Measurement: Thermal diffusivity (D) was measured by a laser flash method

plotted in Figure S9), and k was calculated using k = DC,d, where C, and d are the

[20,46-48]

has been widely used in GeTe systems. o and S were measured simultaneously on a ZEM-3,
ULVAC. The Hall coefficient (Ry) was measured using the Van der Pauw method in a magnetic field
up to £1.5 sﬁo] ni and uy were respectively calculated using ny, = 1/(eRy) and uy = oRy with e

consistent field (PWSCF) code as implemented in the QUANTUM-ESPRESSO suite of programs.®®” The

[62]

exchange dind correlation interactions were described using the local density approximation (LDA).

Values ¢ 0 Ry were chosen as the cut-offs for the selection of the plane-wave basis sets
for descei netic energy and the electronic density, respectively. Spin-orbit coupling was
included in lation. Supercell of 3x3x3 built from the primitive cell was used to calculate the
band structures wih a uniform mesh of 3x3x3 k-points, respectively. To examine the effect of
doping on ctures, two Ge sites were randomly replaced by Cd. The structures were fully
relaxed until ce on each atom was less than 10 eV A%, Supercell of 6x6x3 built from the

s used to calculate E,,, of planar vacancies with a uniform mesh of 2x2x3 k-points.
by Etorm = Erot(defects) — Exoi(host) — Znju; + gEy, in which Ey(defects) and Eoi(host)
are the total energies of supercells with and without planar vacancies, respectively.[ea] n;is the

Eorm Was calc

number of type i atoms that have been added to (n; > 0) or removed from (n; < 0) the supercell when

[ [64]

the defect is created, and u; is the corresponding chemical potentia g is the charge on the defect

This article is protected by copyright. All rights reserved.
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and E¢is the Fermi level. u; for Ge, Cd, and Bi is determined by calculating the total energy of face-
centered cubic Ge, hexagonal Cd, and monoclinic Bi, respectively.
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