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SUMMARY

Discovery and engineering of novel phase structures pave new ave-
nues in the study of phonon-electron decoupling in thermoelectric
materials, with the final aim of enhancing their figure of merit ZT.
Here, we report a metastable GeTe phase that shows coexisting cu-
bic and rhombohedral phases and enhances the ZT of GeTe-based
alloys to �0.8 at 300 K and �1.3 at 373 K. This is comparable with
the state-of-the-art Bi2Te3-based alloys in the low-temperature
range. The ZT enhancement shows a positive correlation with an
increased contribution of a special rhombohedral GeTe phase with
synergetic specific interaxial angle and atomic displacement, which
triggers a multiple-band convergence for enhancing carrier mob-
ility. Moreover, quenching-induced extra phase boundaries and
enhanced anharmonicity may cause extra phonon scattering that re-
duces the lattice thermal conductivity. This work highlights the
importance of precision designing phase structures for solving the
phonon-electron coupling problem in thermoelectric materials.

INTRODUCTION

Thermoelectric (TE) materials can effectively alleviate the shortage of global fossil

fuels by convertingwaste heat into electricity directly.1,2 Theperformance of a TEma-

terial is governedby adimensionless figure ofmerit,ZT=S2sTk�1, whereS, s,T, and k

are the Seebeck coefficient, electrical conductivity, absolute temperature, and ther-

mal conductivity, respectively. The k is usually the total contribution from the lattice

(klat ) and electronic (kele) thermal conductivity.3 The kele is determined by the Wiede-

mann-Franz law kele = LsT, where L is the Lorenz number.4 Due to the coupling effect

among these electron and phonon transport parameters,2 it is usually a challenge to

enhance the ZT significantly. The S, s, and klatare the most well-known coupling pa-

rameters, showing dependence on the carrier density (n). Therefore, optimizing n is

always required to maximize the power factor (PF = S2s) and ZT.2,5 Because the

phonon and electron transport share the same set of crystal lattices, effects that scat-

ter phonons can also scatter electrons, making the kele, carrier mobility (m), and s

(=nem) mutually correlated.2 Moreover, m is also coupled to the effective mass (m*)

that relates to S.2 For evaluating the comprehensive effects of electron and phonon

transport, the TE quality factor B is usually adopted as an important indicator of ZT:5

B =

�
kB
e

�28peð2mekBTÞ3=2
3h3

,
mw

klat
T ; (Equation 1)

where kB is the Boltzmann constant, h is the Planck constant,me is the electron mass,

e is the electron charge, and mw is weighted mobility that combines the effects of m
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and m*:mwzmðm�=meÞ3=2.2,5 Therefore, besides optimizing n, achieving a high ratio

of mw=klat for high B factor by phonon-electron decoupling is quite important for

boosting ZT. Many novel strategies have been reported to enhance ZT, such as

band engineering for tuning m� and then high PF,6,7 phonon engineering for low

klat ,
8–10 and interfacial engineering for synergetic optimization of PF and klat .

11,12

Novel mechanisms to enhance TE performance have been frequently discovered in

many phase-transition materials recently.4,13–17 S. Lee et al. reported the breakdown

of theWiedemann-Franz law inaVO2nanobeamwithmetal-insulator transition, showing

very small L for anomalously low kele.
4 L.C. Chenet al. obtaineda room-temperature (RT)

ZT of �1.7 in the Cr-doped PbSe owing to a pressure-driven topological phase transi-

tion.13D.Byeonet al. discovereda colossal Seebeckeffect inCu2Senear thephase-tran-

sition temperature region.14 Many promising TE materials show noticeable phase-tran-

sition characteristics, such asGeTe,18–20 SnSe,21 Cu2Se,
15,16,22 Ag2Se,

23 and AgBiSe2,
24

making phase engineering a promising pathway to decouple the transport of electrons

and phonons for enhancing their ZTs. Although phase transitions could lead to a deflec-

tion of ZT value and discontinuity in the thermal expansion coefficient,25,26 phase engi-

neering can inspire many novel mechanisms for enhancing ZT greatly.27

The pristine GeTe undergoes a ferroelectric phase transition of rhombohedral R3m

to cubic Fm3m around�700 K,28 and the crystal structure of low-temperature rhom-

bohedral GeTe (r-GeTe; having primitive-cell interaxial angle a z 58�) can be

considered as a slight lattice distortion along the [111] direction of the cubic GeTe

(c-GeTe; a = 60�).29 Compared with r-GeTe, high-symmetry c-GeTe has been

believed to be more favorable for obtaining high degenerate band valleys for

high ZT.18 Therefore, many efforts have been put into reducing the phase-transition

temperature and increasing a toward 60� by doping or alloying with different ele-

ments, such as Mn,28,30 Pb,31 Sb,32 Bi,33 Sc,34 Y,35 Bi2Te3,
36 AgSbSe2,

37 LiSbTe2,
38

and AgBiSe2.
9 At the same time, J. Li et al. argued that low-symmetry r-GeTe could

also have superior TE performance owing to the synergetic tuning of phonon and

band structures.6 Besides a, the atomic-site displacement is another important

phase parameter in GeTe, which can induce the Rashba effect as proposed by

Hong et al.,39 but specific modulation of the atomic-site displacement has not

been specifically revealed yet. Quenching treatments provide a way to regulate

the phase structures of GeTe for enhancing their low-temperature TE properties,

as reported by Bu et al.31 and also our previous report,40 but the corresponding un-

derlying mechanism is still elusive. It is worth noting that most previous reports on

phase regulation are based on a single-phase model, considering R3m-Fm3m phase

transition as a monotonic change from r-GeTe to c-GeTe,18,28,30,41–43 but the coex-

istence of r-GeTe and c-GeTe has been rarely noticed.19,44 Therefore, considering

the significance of phase regulation in GeTe, precisely tuning their phase structures

is still worth exploring for triggering more novel effects to enhance ZT.

In this work, we demonstrate that the synergetic precision tuning of the interaxial

angle and atomic-site displacement in (Ge0.87Pb0.13Te)0.94(Bi2Te3)0.06 alloys can be

realized by an appropriate quenching strategy, which leads to anomalous ZT

enhancement in the low-temperature range. The ZT of our quenched GeTe-based

alloys can reach �0.8 at 300 K and 1.3 at 373 K, which is even comparable with

the state-of-the-art Bi2Te3-based alloys in the low-temperature range. Using Raman

spectroscopy, X-ray diffraction (XRD), and transmission electron microscopy (TEM),

we prove the coexistence of r-GeTe and c-GeTe, where the phase boundaries can

contribute extra phonon scattering for reducing klat . The quenching strategy can in-

crease the ratio of a novel r-GeTe phase with specific interaxial angle and atomic
2 Cell Reports Physical Science 3, 101009, September 21, 2022



A

B C

ED

Figure 1. The anomalous ZT-enhancement phenomenon of GeTe-based alloys in the low-

temperature range

(A) Schematic of the sample-preparation process.

(B–E) Temperature-dependent (B) electrical conductivity s and (C) Seebeck coefficient S of the

(Ge0.87Pb0.13Te)0.94(Bi2Te3)0.06 samples prepared by different processes, as well as their

(D) weighted mobility mw at 300 K and (E) figure of merit (ZT ). Error bars of 5% in (D) are listed.
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displacements, which increases the contribution of light valence bands for sharply

enhancing the mw , as demonstrated by theoretical calculations.

RESULTS AND DISCUSSION

Anomalous ZT-enhancement phenomenon in the low-temperature range

Figure 1A illustrates the three typical steps of sample preparation: melting, spark

plasma sintering (SPS), and post-annealing, which results in different (Ge0.87Pb0.13-

Te)0.94(Bi2Te3)0.06 samples with different treatments. Three samples after the

melting process using different cooling time (quenched, 4 h, and 10 h) are sintered

into bulk pellets by the SPS process, labeled as ‘‘1,’’ ‘‘2,’’ and ‘‘3.’’ The SPS-derived

samples 1, 2, and 3 are further treated by a post-annealing process at 500�C for 10 h

and then quenched in liquid nitrogen, which are labeled as ‘‘1-Q,’’ ‘‘2-Q,’’ and ‘‘3-Q,’’

respectively. The post-annealing temperature is also adjusted to prepare other sam-

ples (labeled as 1-Q/300�C, 1-Q/400�C, 1-Q/500�C, 1-Q/600�C), as displayed in

Figure S1.
Cell Reports Physical Science 3, 101009, September 21, 2022 3
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As shown in Figure 1B, the annealing-quenching treatment can dramatically increase

the s in the low-temperature region (�300–400 K), but the s enhancement phenom-

enon almost disappears at higher temperatures (>500 K). The s of sample 1-Q can

reach 4.8 3 104 Sm�1 at 300 K, which is nearly three times larger than that of sample

1. On the other hand, the S decrease in the low-temperature region (300–400 K) by

annealing-quenching treatment (Figure 1C) is attributed to the slight increase of n

(Figure S2). Therefore, the sharp increase of s but a small decrease of S leads to

the great enhancement of PF in the quenched samples (Figure S3). As argued by

M. Sist et al.,44 the high-temperature c-GeTe possesses a higher VGe concentration

than the low-temperature r-GeTe. Thus, faster cooling from high temperatures may

keep more VGe in low temperatures, which can interpret the difference in n (Fig-

ure S2) and TE properties (Figure S3) for samples 1, 1-Q, 2, 2-Q, 3, and 3-Q with

different cooling time after melting process, as well as samples with/without anneal-

ing-quenching treatment. Although samples 1-Q, 2-Q, and 3-Q all undergo 500�C-
10 h annealing treatment, their difference in microstructures and Ge vacancies may

not be fully eliminated due to the limitations of the thermodynamic phase transition

and the locking diffusion process, as proposed by Tsai et al.19

The mw can be calculated based on the experimental S and s, according to the

equation proposed by G.J. Synder et al. as follows:5

mw =
3h3s

8peð2mekBTÞ3=2

2
664

exp
h

jSj
kB=e

� 2
i

1+ exp
h
� 5

�
jSj
kB=e

� 1
�i +

3
p2

jSj
kB=e

1+ exp
h
5
�

jSj
kB=e

� 1
�i

3
775:

(Equation 2)

As revealed in Figures 1D and S4, the sharp increase of mw induced by quenching

treatment is the main reason for the significant increase of s and PF in the low-tem-

perature range. The RT mw of samples 1, 2, and 3 are only 118, 89, and 84 cm2V�1s�1,

respectively, but the RT mw of samples 1-Q, 2-Q, and 3-Q can be enhanced to 218,

176, and 220 cm2V�1s�1, respectively, increasing by 1.85–2.62 times. Generally,

higher n is not favorable for higher drift mobility m and also weight mobility mw ,
2,5

but the sharp increase of mw (Figure 1D) and m (Figure S5) and a slight increase of

n (Figure S2) can be simultaneously realized in our quenched samples. Moreover,

as shown in Figure S3, the klat in the low-temperature range (<500 K) for our

quenched samples (1-Q, 2-Q, 3-Q) is even slightly lower than that of unquenched

samples (1, 2, 3). Therefore, the simultaneous realization of increasing mw and

reducing klat for high ratio of mw=klat (Figure S2) and B factor (Figure S6) may suggest

a new electron-phonon-decoupling mechanism here. The RT ZT of samples 1, 2, and

3 are only 0.4, 0.22, and 0.2, respectively, but the RT ZT of samples 1-Q, 2-Q, and

3-Q can be enhanced to 0.8. 0.6, and 0.7 respectively, increasing by 2–3 times

(Figure 1E).

We also observe the same anomalous ZT-enhancement phenomenon in the low-

temperature range of 2–350 K as measured by a direct method (Figure S7). Although

the ZT-enhancement phenomenon is nearly independent of the melting process

(Figure 1E), it shows great dependence on the annealing-quenching process (Fig-

ure S8). The anomaly disappears at the lower post-annealing temperature of

300�C (Figure S8), which should be attributed to the absence of the specific meta-

stable phase structure discussed below. The ZT-enhancement phenomenon disap-

pears at higher temperatures >473 K (Figure 1E) and also disappears after the

first-round TE test (Figure S9), indicating a metastable microstructure for inducing

these novel properties. It is worth noting that the ZT-enhancement phenomenon
4 Cell Reports Physical Science 3, 101009, September 21, 2022
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Figure 2. The metastable GeTe with coexisting rhombohedral and cubic phases

(A) The A1-mode Raman mapping image at room temperature for sample 2-Q.

(B) Raman spectra at random sites of samples 1, 1-Q, 2, and 2-Q, and the red dashed lines highlight the position of the A1 mode for rhombohedral GeTe

(r-GeTe).

(C) Temperature-dependent Raman spectra for sample 2-Q, and the A1 mode is highlighted.

(D) Differential scanning calorimetric (DSC) characterization for samples with (1-Q) and without (1) quenching. The sample 1-Q has slight exothermic

peaks near 400–480 K, as shown in the inset of (D).
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can be recovered by performing the annealing-quenching treatment again on the

samples after the first-round TE test (Figure S9). As shown in Figure S10, the ZT-

enhancement phenomenon is repeatable when keeping the testing temperature

in the low-temperature range (<373 K), indicating the applicability of this anomalous

ZT enhancement for low-temperature TE applications.

Metastable GeTe with coexisting rhombohedral and cubic phases

As shown in Figure 2A–2C, we conduct Raman measurements to understand the

‘‘structure-property’’ relation for the anomalous ZT-enhancement phenomenon.

The Raman features are quite sensitive to the phase structure of GeTe, which can

be used to distinguish the c-GeTe and r-GeTe.45,46 The r-GeTe shows representative

peaks around 120 (A1 mode) and 140 cm�1 (spurious oxide mode), while the c-GeTe

shows nearly no Raman peaks.45,46 The Raman signals at random sites of the samples

1, 2, 1-Q, and 2-Q (Figure 2B) indicate that each sample can have Raman-sensitive r-

GeTe phase in some regions but Raman-silent c-GeTe phase in other regions,

demonstrating the coexistence of r-GeTe and c-GeTe phases in each sample. Fig-

ure 2A displays an A1-mode Raman mapping image at RT for sample 2-Q in a region

of 4 3 8 mm, further demonstrating the random distribution of the coexisted r-GeTe

and c-GeTe phases in one sample.

To understand the temperature-dependent ZT-enhancement phenomenon (Fig-

ure 1E), we also conduct the temperature-dependent Raman measurements on a

Raman-sensitive r-GeTe region for sample 2-Q in the temperature range of 296–

475 K (Figure 2C). The A1 Raman mode in sample 2-Q gradually softens (decreases

to lower Raman shift) and broadens with increasing temperature, which should be

ascribed to the lattice expansion and increasing anharmonicity.45 As revealed by

Bellin et al.,45 the A1 Raman mode in pristine GeTe gradually weakens and broadens

with temperature, which is interpreted by the high propensity of GeTe to form VGe

during the phase transition R3m-Fm3m. However, the A1 Ramanmode in our sample

2-Q shows more anomalous behavior (Figure 2C), which is weaker below 350 K,

stronger between 375 K and 450 K, and weaker again above 475 K. Comparing

our results with that of pristine GeTe by C. Bellin et al.,45 we infer that the r-GeTe
Cell Reports Physical Science 3, 101009, September 21, 2022 5
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phase in our quenched samples is metastable in the low-temperature range (<375 K)

and turns to the normal state again above 375 K, which agrees well with the temper-

ature-dependent change tendency of s (Figure 1B).

The above hypothesis of metastable structures can be further proved by the differ-

ential scanning calorimetric (DSC) measurement (Figure 2D). Samples 1 and 1-Q

(Figure 2D), as well as samples 2 and 2-Q (Figure S11), all have obvious endothermic

peaks around 550 K that are related to the normal R3m-Fm3m phase transition in

GeTe. Although the quenching treatment does not change the phase-transition

temperature, quenched samples (1-Q, 2-Q) show small exothermic peaks around

400–480 K (inset of Figures 2D and S11), in keeping with the temperature range in

which the anomalous ZT-enhancement phenomenon begins to disappear (Fig-

ure 1E). Therefore, as we inferred, the high-energy metastable structures shift to

low-energy stable structures with temperature increasing, which leads to the release

of thermal energy and the disappearance of metastable structures. Thus, the Raman

and DSC prove that our quenched GeTe-based alloys have metastable microstruc-

tures in the low-temperature range with the coexistence of c-GeTe and r-GeTe

phases, which accounts for the anomalous ZT-enhancement phenomenon in the

low-temperature range.

Microstructural characterization by TEM

TEM is frequently employed to analyze the nano and microstructures of TE mate-

rials.47 As revealed by previous reports,11,48,49 the r-GeTe usually displays the signa-

ture of herringbone domain structures, showing altering dark-white contrast in the

low-magnification TEM images, while the c-GeTe does not. The formation of

herringbone structures in GeTe is usually attributed to the complex interaction be-

tween strain and electrostatic interaction during the phase transition from the

high-temperature centrosymmetric phase to the low-temperature non-centrosym-

metric phase.11 In the low-magnification TEM image of the 1-Q sample (Figure 3A

and S12), the herringbone structures can be found in some regions but not in others,

also suggesting the coexistence of r-GeTe and c-GeTe phases. Moreover, planar VGe

or named stacking faults have also been widely observed in the GeTe-based

alloys,8,11,36 which can also be observed in our quenched samples (Figure 3B) and

our previous reports as well.36,40 A boundary region between the c-GeTe and r-

GeTe is also examined in TEM (Figure 3C), where a thin transition layer can be iden-

tified. The corresponding fast Fourier transform (FFT) and inverse FFT analysis on the

marked two regions in Figure 3C further demonstrate the coexisting rhombohedral

(Figures 3D–3E) and cubic phases (Figures 3F–3G) qualitatively, though the mea-

surement error of angles (�1–2%) needs to be considered.

Phase-structure-evolution characterization by XRD

To further reveal the sample structures from a macroscopic view, we measure the

XRD patterns of the samples without (1, 2, 3) and with (1-Q, 2-Q, 3-Q) the anneal-

ing-quenching treatment, as shown in Figure 4. The c-GeTe (PDF#52–0849) and r-

GeTe (PDF#47–1079) show an obvious difference in the secondary stronger XRD

peaks around 42� (Figure 4A), which are frequently used to distinguish the r-GeTe

and c-GeTe.19,30,41,44 Around 42�, the r-GeTe has two representative peaks of

(024) and (220), while the c-GeTe only has a single (220) peak. Compared with un-

quenched samples (1, 2, 3), those quenched samples (1-Q, 2-Q, 3-Q) have very

obvious splitting peaks around 42�, indicating a more obvious rhombohedral phase

after the quenching treatment. The unquenched samples (1, 2, 3) tend to have single

peaks around 42� but also show a broader shoulder that indicates the continued ex-

istence of rhombohedral phases.
6 Cell Reports Physical Science 3, 101009, September 21, 2022



Figure 3. Microstructural characterizations by transmission electron microscopy (TEM)

(A) A typical TEM image of a region with herringbone structures.

(B) High-resolution TEM (HRTEM) image showing planar defects.

(C) HRTEM image showing a boundary region.

(D and E) Fast Fourier transform (FFT) and inverse FFT images for the marked red region in (C).

(F and G) FFT and inverse FFT images for the marked green region in (C). The representative sample 1-Q is used for the TEM test.
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To quantitatively distinguish the c-GeTe and r-GeTe phases, we perform the Riet-

veld refinement on those XRD patterns using a two-phase model that uses primitive

cells of c-GeTe and r-GeTe (Figure 4B). We also perform the XRD refinement using a

frequently used single-phase mode, which, however, shows poorer refinement-

goodness factors (Rp, Rwp) than the two-phase model (Tables S1 and S2). Based

on the general structure of r-GeTe and c-GeTe,39 the Ge atomic site is set as (0, 0,

0), and the Te atomic site is set as (0.5-D, 0.5-D, 0.5-D), where the off-center atomic

displacement (D) of c-GeTe is fixed as 0, and theD of r-GeTe is fitted here. Moreover,

the interaxial angle (a) of c-GeTe is fixed at 60�, and the a of r-GeTe is fitted here. As

highlighted in Figure 4C, the XRD pattern of sample 1-Q around 42� can be well

fitted by the mixed rhombohedral and cubic phases. After Rietveld refinement,

the derived proportion of c-GeTe and r-GeTe is shown in Figure 4D, and the fitted

a andD of the r-GeTe phase are displayed in Figures 4E and Tables S1 and S3. There-

fore, the annealing-quenching process tends to have the following three effects.

First, it reduces the proportion of c-GeTe below 50% but significantly increases

the proportion of r-GeTe, exceeding 50% (Figure 4D). Second, it increases the a

of the r-GeTe from�58.9� to 59.1� to the narrow range of�59.3�–59.5�. Third, it de-
creases theD of the r-GeTe from�0.027 to 0.030 to the range of�0.010–0.018, sug-

gesting the weakening of ferroelectricity. These quenching-induced effects should

be ascribed to the incomplete relaxation during the quenching process, resulting
Cell Reports Physical Science 3, 101009, September 21, 2022 7
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Figure 4. Phase-structure-evolution characterizations by X-ray diffraction (XRD)

(A) XRD patterns of the (Ge0.87Pb0.13Te)0.94(Bi2Te3)0.06 samples prepared by different processes. The characteristic XRD peaks around 42� are magnified

on the right of (A).

(B) Rietveld refinement analysis from the XRD pattern of a 1-Q sample using two phases of cubic GeTe (c-GeTe) and r-GeTe.

(C) The Rietveld refinements around 42� in (B) are magnified.

(D) The fitted phase percentage of c-GeTe and r-GeTe.

(E) The interaxial angle (a) and atomic displacement (D) for the fitted r-GeTe phase.
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in a metastable r-GeTe with a and D that lie between the c-GeTe and the stable r-

GeTe.

We also performed XRD Rietveld refinement on the samples with different post-an-

nealing temperatures (Figure S13; Tables S1 and S3). For the samples of 1-Q/400�C,
1-Q/500�C, and 1-Q/600�C showing the phenomenon of anomalous ZT enhance-

ment, the fitted r-GeTe phase shows increased percentage, increased a in the range

of �59.3�–59.5�, and decreased D in the range of �0.009–0.015 (Figure S13). How-

ever, for the 1-Q/300�C sample showing no ZT-enhancement phenomenon, the

fitted r-GeTe phase nearly shows no difference from the unquenched sample 1 (Fig-

ure S13). Furthermore, we also perform the Rietveld refinement analysis on the XRD

patterns of the (Ge0.87Pb0.13Te)1-x(Bi2Te3)x alloys (x = 1%, 3%, 5%, 7%) with and

without annealing-quenching treatment, as shown in Figure S14. Our previous

work has revealed that the anomalous phenomenon can only show up in the samples

with higher Bi2Te3 composition (x = 5%, 7%) after quenching treatment,40 which

shows a great connection with the r-GeTe phase with higher a of�59.5� (Figure S14).

On the other hand, the samples with lower Bi2Te3 composition (x = 1%, 3%) are

dominated by the r-GeTe phase (>90%) but with lower a (<59�), and the anneal-

ing-quenching treatment cannot result in anomalous ZT-enhancement phenomenon

in these samples.40 Therefore, all these pieces of evidence indicate that the quench-

ing-induced r-GeTe phase with synergetic specific a (�59.3�–59.5�) and D (�0.009–

0.018) have great connection with the anomalous ZT-enhancement phenomenon.

Band structure modulation by tuning the interaxial angle and atomic

displacement

As shown in Figure 5, we further perform density functional theory (DFT) calculations

to understand the mechanism underneath the anomalous ZT-enhancement
8 Cell Reports Physical Science 3, 101009, September 21, 2022
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Figure 5. Band-structure modulation by tuning the interaxial angle and atomic displacement

(A and B) The primitive cell of (A) c-GeTe and (B) r-GeTe, showing the difference in the interaxial angle (a) and off-center atomic displacement (D).

(C and D) Calculated band structures for (C) c-GeTe and (D) r-GeTe.

(E and F) The evolution of valence-band edges by tuning the (E) a, and (F) D.

(G and H) The evolution of valence-band energy at L, Ʃ, and Z points by tuning the (G) a and (H) D. The shadow region highlights the experimental a and

the D derived from the XRD Rietveld refinement.

(I) The D of the experimental samples with and without anomalous ZT-enhancement phenomenon. The theoretical D values after relaxation for the r-

GeTe with different a are also listed for comparison.
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phenomenon induced by the metastable r-GeTe phase with specific a and D. The

DFT calculations are based on the primitive cell of GeTe, where the crystal structures

of c-GeTe and r-GeTe are depicted in Figures 5A and 5B, respectively. Figures 5C

and 5D show the band structures of c-GeTe and r-GeTe, respectively. The highest

energy valence bands locate at L and Z points for the c-GeTe (Figure 5C) but at Ʃ
point for the r-GeTe (Figure 5D). Moreover, the offset energy of L(Z) and Ʃ in c-

GeTe is much smaller than that in r-GeTe (Figures 5C–5D), indicating higher energy

convergence in c-GeTe for higher TE performance. Different from the c-GeTe, the r-

GeTe shows obvious valence-band-splitting behaviors at Ʃ, L, and Z points, which is

owing to the atomic-displacement-induced Rashba effect.39 The splitting valence

bands at Ʃ, L, and Z points are labeled as VBƩ[ and VBƩY, VBL/ and VBL), and
Cell Reports Physical Science 3, 101009, September 21, 2022 9
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VBZ/ and VBZ), respectively, where the subscripts of [ Y represent subbands at a

higher and lower energy level, and the subscripts of/) represent the subbands at

the right and left side of the L(Z).

Figure 5E displays the evolution of band structures by tuning the a, where the D is

relaxed to the energy-stable state. When a increases approach 60�, compared

with the VBƩ, the VBL bands lift, but the VBZ bands decline. Figure 5F displays the

evolution of band structure by tuning the D, where the a is fixed at 59.3�. When

the D decreases from 0.03 to 0, the VBL bands and VBZ bands all lift toward the

VBƩ bands, and the band-splitting effect is gradually weakened. Figures 5G and

5H summarize the evolution of band energy by tuning the a and the D, respectively,

where the VBƩ[ energy is set as 0 eV. The shadow region in Figures 5G and 5H also

highlight the experimental a and the D derived from the XRD Rietveld refinement.

The increase of a is efficient for reducing the offset energy between VBL and VBƩ

(Figure 5G), reaching optimal a around 59.3�. However, the increase of a can in-

crease the offset energy between VBZ and VBƩ. At fixed a = 59.3�, further decreasing
theD can facilitate the convergence of all these multiple valence-band edges, reach-

ing optimal D around 0.0.010–0.015. Therefore, for the quenching-induced r-GeTe

phase with synergetic specific a ð �59.3�–59.5�) and D (�0.009–0.018), the contribu-

tion of the light valence bands of VBL and VBZ is greatly enhanced, leading to the

sharp increase of mw for high ZT. It is also worth noting that theoretical D values of

those r-GeTe with different a after structural relaxation are close to those un-

quenched samples (Figure 5I), indicating that the quenched samples with specific

D should be in the non-equilibrium metastable state.

Discussion on other influencing factors

Besides the sharp increase of mw , the decrease of klat (Figure S3) after annealing-

quenching treatment is also worth discussing here. As discussed in our previous

work,36 Pb and Bi2Te3 alloying can introduce various phonon scatterings from point

defects, grain boundaries, and stacking faults, which lead to a low klat of 0.56

Wm�1K�1 at 300 K for our sample 1. Further annealing-quenching treatment can

reduce the klat of sample 1-Q to 0.46 Wm�1K�1 at 300 K (Figure S15). As demon-

strated from the above structural characterizations, the quenching-induced meta-

stable structure with coexisting r-GeTe and c-GeTe phases can bring in extra phase

boundaries, which induce extra phonon scatterings for decreasing klat . On the other

hand, themetastable r-GeTe phase with specific a andDmay lead to deviation of the

harmonic relationship between the force and atomic displacement, which enhances

the anharmonicity for decreasing klat .
50 These effects inducing the difference be-

tween sample 1 and 1-Q in klat are further demonstrated by corresponding theoret-

ical modeling (Figure S15). Though extra defects for scattering phonons may also

scatter charge carriers more or less, a sharp net increase of mw=klat for high ZT can

still be realized here owing to the dominant increase of mw from the increased contri-

bution of light valence bands.

Based on the XRD, DSC, and TE results, we further discuss the influencing factors that

trigger the anomalous ZT-enhancement phenomenon. To realize the quenching-

induced anomaly, as demonstrated by the Bi2Te3 alloying effects in (Ge0.87Pb0.13Te)1-

x(Bi2Te3)x (Figure S14), higher Bi2Te3 content is required to boost the a of the r-GeTe

phase before quenching to �59�. For example, the un-doped GeTe only shows a

�58� and then does not show the anomalous ZT-enhancement phenomenon (Fig-

ure S16). The Pb-free sample of (GeTe)0.93(Bi2Te3)0.07 also has a of�59� before quench-
ing and then displays the anomalous ZT enhancement (Figures S17–S19), even though

its near-RT ZT is a bit lower than those Pb-alloyed samples (Figure S20). Moreover, the
10 Cell Reports Physical Science 3, 101009, September 21, 2022
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realization of specific a andD synergy shouldhavegreat connectionwith the phase tran-

sition inGeTe.Although thePbTe, SnTe, andGeTeare the samegroup IV–VI chalcogen-

ides,51,52 only the GeTe has the R3m-Fm3m phase transition, while the PbTe and SnTe

keep the cubic structures above RT. As shown in Figures S17–S19, upon annealing-

quenching treatment, only the (GeTe)0.93(Bi2Te3)0.07 show the anomalous phenomenon

of enhanced mw and ZT, while the (SnTe)0.93(Bi2Te3)0.07 and (PbTe)0.93(Bi2Te3)0.07 show

depressed mw and s (Figure S18). The corresponding XRD patterns (Figure S19) further

confirm the key role of the quenching-induced r-GeTe phase in (GeTe)0.93(Bi2Te3)0.07
for the anomalous phenomenon, while the annealing-quenching treatment

cannot induce anomalous phenomenon in the single cubic (SnTe)0.93(Bi2Te3)0.07 and

(PbTe)0.93(Bi2Te3)0.07 without phase transition. Moreover, as demonstrated by Fig-

ure S13, to obtain specific a and D synergy, the annealing-quenching temperature

should be higher than the phase-transition temperature. Therefore, as summarized in

Figure S21, to obtain specific a andD synergy for the anomalous ZT-enhancement phe-

nomenon, twopremises seem tobe required: one is to increase theaof r-GeTephase to

�59� before quenching, and the second is quenching above the phase-transition

temperature.

In summary, we build a bridge between the anomalous ZT-enhancement phenomenon

inquenchedGeTe-basedalloysandametastable structure that showcoexistingc-GeTe

(a= 60�) and the novel r-GeTewith synergetic specific interaxial angle (a= 59.3�–59.5�)
andatomicdisplacement (D=0.009–0.018), asdemonstratedby theRaman,XRD,TEM,

DSC, and DFT results. The ZT values of our (Ge0.87Pb0.13Te)0.94(Bi2Te3)0.06 with proper

annealing-quenching treatment can reach �0.8 at 300 K and �1.3 at 373 K, showing

great promise for competing with themost famous Bi2Te3-based alloys. The quenched

GeTe-based alloys obtain a sharp increase of mw owing to the greatly increased contri-

bution of the light valence bands bymultiple-band convergence, as a result of the com-

bined tuningofa andD. A slight decreaseof klat canalsobeachieved in thesequenched

samples, which should be ascribed to the extra phase boundaries and enhanced anhar-

monicity. Thus, thiswork embodies a novel phase-engineering strategy todecouple the

electron and phonon transport, simultaneously realizing the sharp increase of mw and

the decrease of klat for enhancing ZT, which also shows promise for other TE materials.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Chaohua Zhang (zhangch@szu.edu.cn).

Materials availability

The materials in this study will be made available on request.

Data and code availability

All data supporting the findings in this paper are presented in the article and supple-

mental information or are available from the corresponding author upon request.

Synthesis process

To prepare the samples of (Ge0.87Pb0.13Te)0.94(Bi2Te3)0.06, (GeTe)0.93(Bi2Te3)0.07,

(PbTe)0.93(Bi2Te3)0.07, and (SnTe)0.93(Bi2Te3)0.07, the raw materials of bulk Ge

(99.99%), Te (99.99%), Bi (99.99%), Pb (99.99%), and Sn (99.99%) were stoichiomet-

rically weighted and then sealed in the evacuated quartz tube (5 3 10�3 Pa). The

samples were slowly heated to 1,050�C, held for 20 h for the complete mixing and

reaction, and were slowly cooled to 600�C. After holding at 600�C for 10 h, the
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samples were subsequently allowed to cool down to RT by liquid-nitrogen quench-

ing (or in 4/10 h). The obtained alloys were milled into powders by an agate mortar

and then were consolidated by SPS under axial pressure of 60 MPa at 600�C for

8 min. For the post-annealing treatment, those SPS-derived samples were sealed

in the evacuated quartz tubes (<5 3 10�3 Pa) and were then heated up to the

required temperatures (300�C, 400�C, 500�C, and 600�C) and held for 10 h. After

that, the samples were cooled down to RT by liquid-nitrogen quenching.
Characterization methods

The electrical properties of s and S were measured by the ZEM-3 instrument in a he-

lium atmosphere (Ulvac-Riko, G5% uncertainty). The k was calculated using the

equation k = lCpd, where the thermal diffusivity l was measured by a laser flash

method (LFA 467, NETZSCH, G3% uncertainty), the density d was measured by

an Archimedes method, and the Cp was determined by the Dulong-Petit law. The

DSC data were collected using an instrument of DSC 404F3 (NETZSCH) with a heat-

ing rate of 10 Kmin�1 from RT to 500�C. The Hall carrier concentration and mobility

were measured by the Physical Properties Measurement Systems (PPMS, Quantum

Design).

Raman spectra were acquired using a micro-Raman spectrometer (Horiba-LabRAMHR

Evolution) with a 350 objective lens (numerical aperture = 0.5) and a grating with 600

lines/nm and excitation energy of �2.33 eV. For the temperature-dependent Raman

measurements, a heating chamber (CIA-RC102 FLOW CRYOSTATS) equipped with a

temperature controller (Lakeshore) was employed. For each measurement, the liquid

nitrogen and temperature controller were used to control the sample temperature,

which was stabilized for 10 min before acquiring each spectrum. The XRD patterns

were obtained using the Bruker D8 Advance SS/18 kW diffractometer with Cu Ka radi-

ation operating at 40 kV3 200mA, and the scanning rate was set at 5� per minute. The

XRD Rietveld refinements were performed by the Topas 3.1 software. TEM character-

ization was carried out using the instruments of FEI Tecnai G2 F30 and JEM-F200. TEM

samples were prepared by the standard mechanical grinding and followed by the ion-

milling process. Limited by the facilities, liquid nitrogen was not used during the ion-

milling process, which may erase metastable structures more or less.
DFT calculations

The Vienna Ab initio Simulation Package (VASP) was utilized for the DFT calculations.53

The exchange and correlation interactions were represented by the fully relativistic

Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation functional.54 The

plane wave cutoff energy was set to 500 eV, atomic coordinates were relaxed until the

total energy converged to 10�6 eV, and the spin-orbit-coupling effect was considered.
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