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    Figure S1 shows the Dresselhaus strategy to promote thermoelectric performance 

by using quantum-confined structures to engineer qualitatively different behavior of 

electron density of states (DOS). However, the actual quantum confinement in thin 

films and nanowires will cause subband splitting, which will reduce the effective band 

degeneracy impairing the Seebeck coefficient. A better thermoelectric performance 

would be achieved in bulk, 3-dimensional materials with complex Fermi surfaces as 

shown in Figure S2. The tube-shaped and double-walled Fermi surfaces, respectively, 

lead to 2D and 1D DOS without sub-band splitting incurred by quantum confinement.

Figure S1  Schematic diagrams of the DOS and Fermi surfaces for quantum 
confinements of different dimensions.
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Figure S2  Schematic diagrams of the DOS and Fermi surfaces for low-dimensional 
electronic structure realized in bulks.

Electronic structure and Fermi surface of C-GeTe 
Figure S3 shows the electronic structure of the C-GeTe and the corresponding 

Fermi surface with the Fermi level slightly lower than the  maximum (the red dot in Δ

Figure S3c). As can be seen, the Fermi surface looks like a double-walled cube 

characterizing the 1D-like electronic structure. As shown in Figure S3b, the -F Γ

direction, i.e., the crystallographic [110] direction is a nesting vector, while the -L Γ

direction, i.e., [100] is not. This would be one of the reasons that the Kohn anomaly 

cannot be seen in Figure S16. 
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Figure S3  Electronic structure and Fermi surface in C-GeTe. (a, b) Fermi surface and 
two corresponding cross-sections, in which the Fermi level is slightly lower than the  Δ

maximum indicated by the red dot in (c). The short green arrow ( ) and the long ≈ 0.35𝐺0

red arrow ( ) indicate the wave vector difference  between the initial and final ≈ 0.5𝐺0 Δ𝑘

states in the [110] direction (the Γ→F direction). The energy zero is set at the VBM at 
 point. 𝐿

Crystal characterizations and microstructures of (Ge1-x-ySbxBiy)Te 

crystals

   A photographic image of a 20 g single-crystalline (Ge0.86Sb0.08Bi0.06)Te is shown in 

Figure S4a.  Figure S4b displays its corresponding Laue diffraction pattern of 

individual planes of a zone axis along [00L]. The c-axis of the crystal is approximately 

35° offset from the growth direction (Figure S5). It is worth noting that the slight 

astigmatism of the diffraction spots in Figure S4b suggests that there are short-range 

ordered defects in the crystal induced by Sb-Bi doping. No impurity phase was shown 

in diffraction patterns for the pristine and Sb-Bi co-doped GeTe crystals (Figure S4c), 

confirming the high quality of the single crystals. Figure S4d presents the room 
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temperature powder XRD patterns of (Ge1-x-ySbxBiy)Te crystals with x = 0, 0.08; y = 0, 

0.02, 0.04 and 0.06. All diffraction peaks are indexed to low-temperature rhombohedral 

phase (R3m). Particularly, the peaks of (024) and (220) planes between 2𝜃 = 41°–45° 

tend to merge into a single peak with increasing Bi/ Sb dopants, signifying the 

increasing cubic nature of the GeTe structure. Besides, the shift of (202) peak towards 

lower angles (2𝜃 ≈ 29.88°) with increasing Bi content is associated with the size 

differences between Ge and Bi atoms (Figure S4d).  The calculated lattice parameters 

are summarized in Figure S6a. As Sb-Bi co-doping content increases, the lattice 

parameters of a and b increase while the lattice parameter c decreases monotonically, 

this leads the cell volume nearly constant and independent of x and y (Figure S6b).  

The density of crystals measured by Archimedes method increases from 6.0 g cm−3 for 

pristine GeTe to 6.3 g cm−3 for (Ge0.86Sb0.08Bi0.06)Te mainly due to the higher atomic 

weight of Sb and Bi compared to Ge.  The angle  between primitive vectors of the 𝜃0

rhombohedral structure at 300 K is getting closer to  with increasing doping content, 60 ∘

indicating that the Sb-Bi doping makes the crystal structure more cubic-like (Figure 

S6b). This result is in good agreement with differential scanning calorimetry 

measurements. The rhombohedral-to-cubic phase transition temperatures (Tc) shifts 

from 675 K to 600 K with Sb and Sb-Bi doping (Figure S7). 

The compositions and the distributions of elements of Ge, Sb, Bi, and Te in 

Ge0.86Sb0.08Bi0.06Te samples were analyzed using a SEM-EDS, confirming the 

homogeneous distribution of elements in all measured specimens. From the 

representative microscale images of energy-dispersive X-ray analysis (EDAX), the 

homogeneity of constituent elements and the absence of impurities are demonstrated in 

Figure S8. The bright-field transmission electron microscope (TEM) image of 

(Ge0.86Sb0.08Bi0.06)Te crystal viewed along [110] direction is shown in Figure S4e. 

Herringbone-like domains containing a high density of streak structures were observed. 
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 These unique streaks are planar defects and similar to the result caused by Sb and Bi 

single doping in the GSBT crystal lattice.1 The dark contrast in the image is speculated 

to be the result of the strain caused by the streak.  The high-resolution TEM (HRTEM) 

image presents the configuration of Ge/Te atoms as shown in (Figure S4f). The inset 

of Figure S4f is the corresponding selected area electron diffraction (SAED) pattern 

taken along the zone axis of [110], which can be indexed to the rhombohedral phase 

(R3m). In addition, abundant nanoscale vacancy layers in Figure S4g and stacking fault 

defects in Figure S4h are evident respectively. Such kind of stacking failures is mainly 

caused by the abnormal periodic stacking sequence of two-dimensional Bi-Te/ Sb-Te 

layers in the GeTe crystal. More specifically, these planar defects located in the space 

are different from the commonly known grain boundary defects and dislocations. It is 

expected that these diverse structural defects could enhance multiple scatterings of 

phonons, and contribute to the significant reduction in lattice thermal conductivity. 

Compared to pristine GeTe, Sb-Bi co-doping in GeTe can create high-density planar 

vacancies instead of random point defects. The estimated defect concentration of 

pristine GeTe and Ge0.86Sb0.08Bi0.06Te from HRTEM are 1.1% and 3.5%, respectively 

(Figure S11). The value of pristine is consistent with the literature report.2 
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Figure S4  The characterization of (Ge1-x-ySbxBiy)Te (x=0, 0.08; y=0, 0.02, 0.04, 0.06) 
crystals (GSBT) and electron microscope images of Ge0.86Sb0.08Bi0.06Te crystal. (a) 
Image of Ge0.86Sb0.08Bi0.06Te single crystal (~5 cm in length and 10 mm in diameter). 
(b) Laue diffraction pattern of Ge0.86Sb0.08Bi0.06Te crystal along [00L] direction. (c) 
XRD patterns of (Ge1-x-ySbxBiy)Te crystals. (d) Powder XRD patterns of (Ge1-x-

ySbxBiy)Te samples. (e) Low magnification TEM image. (f) Enlarged HRTEM image 
in a defect-free region along [110] axis, in which Ge and Te atoms are colored in gold 
and pink (g) HRTEM images of defect layer (mostly Ge vacancy) indicated by white 
arrows. (h) A number of periodic staking faults (boundaries of two-dimensional Bi-Te/ 
Sb-Te layers) represented by dark lines, one of which is marked with a white arrow.
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Figure S5  A schematic diagram representing the alignment for the sample used in 
this study. Figure a, b, c represent crystallographic axes and is the tilting angle with 
respect to the growth direction.

.
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Figure S6  (a) Variation of lattice constants, and (b) cell volume/shape with respect 
to different doping levels for GeTe and (Ge1-x-ySbxBiyTe) crystals at 300 K. The  is 𝜃0

the angle between primitive vectors of the Rhombohedral structure, which becomes the 

cubic structure if . (c) The structural evolution of Ge0.86Sb0.08Bi0.06Te sample .𝜃0 = 60 ∘

Figure S7  Specific heat of GeTe (48), (Ge0.92Sb0.08Te) (48), and (Ge0.86Sb0.08Bi0.06Te) 
as a function of temperature measured using the DSC Q-100. A peak shift in 
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(Ge0.92Sb0.08Te) and (Ge0.86Sb0.08Bi0.06Te) indicates the shift of Tc towards a lower 
temperature with Sb- and Sb-Bi doping.

Figure S8  Microstructures and elemental mapping of the Ge0.86Sb0.08Bi0.06Te crystal: 
(a,f) Secondary electron images, (b,g) Ge mapping results, (c,h) Te mapping results, 
(d,i) Sb mapping results, and (e,j) Bi mapping results.

Figure S9 Measurement and comparison of thermoelectric transport properties in 
different direction of the same single crystal.
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Figure S10 Measurement and comparison of thermoelectric transport properties in 
different regions of the same single crystal.

Figure S11  HRTEM images of (a) Ge0.86Sb0.08Bi0.06Te crystal, (b) Ge0.92Sb0.08Te,  
and (c) pristine GeTe. The degree of vacancy ordering in crystals resulting from the 
single-doping of Sb and Bi is generally more disordered than that in co-doped GeTe 
but somewhat superior to pristine GeTe. We also simply calculated the defect 
concentration based on the area occupied by defects in the unit area. The corresponding 
values of Ge0.86Sb0.08Bi0.06Te and pristine GeTe are 3.5% and 1.1%, respectively.
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Valence bands convergence through Sb-Bi codoping  

Figure S12  Electronic structures of (a) R-GeTe, (b) C-GeTe, and (c) PbTe. For ease 
of comparison, the electronic structure of C-GeTe and PbTe are along the same high-
symmetry path as R-GeTe even though some k paths in (b,c) are redundant. In (b,c), 
the second row of the notations of the high-symmetry points is for cubic structure if 
these notations are different from those in the first row, which are for the rhombohedral 
phase.

Figures S12a-S12c show the electronic structure of undoped R-GeTe, C-GeTe, 

and PbTe. As discussed in the main text, the maxima at L (T), , and , are respectively, 

the representative Fermi levels forming the corners, edges, and surface of the double-

walled pyramid bowls of the Fermi surface as shown in Figure 5c. Thus, the energies 

of the maxima attributed to L (T), , and  valleys are listed in Table S1, in which the 

energy zero is set at the VBM. Unlike the PbTe, whose VBM lies at L, the VBM of the 

R-GeTe lies at , around which the electronic structure is 2D-like. Thus, the R-GeTe 

would show higher effective valley degeneracy than the PbTe at low hole concentration. 

On the other hand, the L maximum for C-GeTe becomes higher than  maximum, 

which is consistent with the results reported by Hong et al.3 The XRD measurement 

shows that the rhombohedral undoped GeTe becomes more cubic-like with increasing 

Sb/Bi concentration indicating that the excellent corner (L)-edge () convergence can 

be attained by introducing Sb/Bi dopants. Furthermore, as discussed in the main text, 
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introducing Sb/Bi dopants can increase the electronic energies around the surface of the 

pyramid bowls including the VBM of the  points realizing the simultaneous 

convergence of the corner, edge, and surface of the electronic structure. 

Table S1. Valence band edges of L (T), , and  valleys in unit of meV

Electronic structures 

The electronic structure was calculated through the projector augmented wave 

(PAW) approach within the framework of density functional theory (DFT) as 

implemented in the Vienna Ab initio Simulation Package (VASP).4-6 The exchange-

correlation is described in the Perdew−Burke−Ernzerhof (PBE) form of generalized 

gradient approximation (GGA).7,8 The spin-orbit coupling is incorporated in the self-

consistent calculations, in which the energy convergence threshold was set to 10-8 eV. 

All the internal atomic coordinates and the lattice constant are relaxed until the 

magnitude of the force acting on all atoms is less than 0.002 eV/Å. The parameters used 

in the calculations, such as the cutoff of augmented plane waves and sampling of the 

Brillouin zone, are carefully checked to ensure convergence. 

Figure S13 shows the electronic structure for undoped GeTe, single Sb doped 

structure Ge24Sb3Te27, and codoped structure Ge24Sb2Bi1e27. It is well-known that the 

DFT calculations with standard local density approximation (LDA) or generalized 

gradient approximation (GGA) generally underestimate the electronic gap.9 The 

electronic gap of undoped GeTe obtained by our DFT calculation is 0.3 eV while that 



14

obtained from experiments is 0.6 eV.10 Thus, the electronic gap in the present study is 

set to be the measured value of 0.6 eV. Generally, when the energy gap is much larger 

than the thermal energy so that the bipolar effect is irrelevant, the TE properties 𝐾𝐵𝑇 

will be insensitive to the magnitude of the energy gap.  

Figure S13  Electronic structure and density of states for undoped structure (a) GeTe 
(b) single doped structure (Ge24Sb3Te27) and (c) codoped structure (Ge24Sb2Bi1Te27).

Electronic transport properties

The calculations of Seebeck coefficient S and were carried out with 
𝑅𝑒 = 𝜎

𝜅𝑒𝑅𝑊𝐹

our codes of the Boltzmann transport equation (BTE) based on ab initio electronic 

structure.11,12 Here the Re is the ratio of the electrical conductivity   to the electronic 

thermal conductivity κe divided by the value predicted by the Wiedemann-Franz law, 
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and thus is dimensionless. The energy-dependent electronic relaxation 
𝑅𝑊𝐹 =

3𝑒2

𝜋2𝑘2
𝐵𝑇

  , 

time around the Fermi level can be expressed in power-law form as .13 The 
 𝜏 =

𝜏0𝐸𝑠 + 0.5

𝐷(𝐸)
 

τ0 is a constant, and both the S and Re do not depend on their value. The  is the 𝐷(𝐸)

electronic density of states at energy  obtained from DFT calculations. The 𝐸

characteristic exponent s is given according to the dominant scattering mechanism. It 

is -0.5 for acoustic phonon scattering, 0 for neutral impurity scattering, and 1.5 for 

ionized impurity scattering.

Lattice thermal conductivity

The lattice thermal conductivity can be obtained based on our experimental 

measurement with the help of the BTE calculations described above. In this method, 

the Fermi level of the specimens is obtained by fitting the measured Seebeck coefficient 

with that calculated by the BTE, and thus the corresponding Re of the specimens is 

known as well. Then, the electronic thermal conductivity, , is determined 
𝜅𝑒 = 𝜎

𝑅𝑒𝑅𝑊𝐹

by the measured electrical conductivity , and the lattice thermal conductivity, 𝜎

, by the measured total thermal conductivity  .𝜅𝑙𝑎𝑡 = 𝜅 ‒ 𝜅𝑒

Dividing κ into κlat and κe assuming different scattering mechanisms 

The measured thermal conductivity  is divided into its electronic part κe and its 𝜅

lattice part κlat based on the measured S and , the DFT electronic structure, and BTE 

calculations as discussed in the previous section. For each material, three similar 

calculations were performed based on the assumption of different electronic scattering 

mechanisms including acoustic phonon scattering, neutral impurity scattering, and 

ionized impurity scattering. As shown in Figures S14 and S15, the resulting κlat and κe 

obtained based on different scattering mechanisms do not show a significant difference. 
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For simplicity, the electronic structure of Ge24Sb2Bi1Te27 is used for all the doped 

samples. 

Figure S14  Temperature dependence of thermal conductivity κ and its electronic 
contribution κe and κlat lattice contribution of undoped GeTe specimens. (a), (d), and 
(g) are, respectively, obtained under the assumption that neutral impurity scattering 
(s=0), acoustic phonon scattering (s= -1/2), and ionized impurity scattering (s= 3/2), are 
dominant scattering mechanisms. (b), (e), and (h) are the corresponding Fermi levels 
obtained by fitting the measured Seebeck coefficient with that obtained by BTE 
calculations; (c), (f), and (i) are corresponding dimensionless electrical to (electronic) 

thermal conductivity ratio  . The κe in (a,d,g) is determined by 
𝑅 =

𝜎
𝜅𝑅𝑊𝐹

(𝑅𝑒 = 𝜎
𝜅𝑒𝑅𝑊𝐹

)

measured   and then κlat = κ - κe by measured  . 
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Figure S15  Temperature dependence of thermal conductivity   and its electronic 
contribution κe and κlat lattice contribution of Ge0.88Sb0.08Bi0.04Te specimens. (a), (d), 
and (g) are, respectively, obtained under the assumption that neutral impurity scattering 
(s=0), acoustic phonon scattering (s= -1/2), and ionized impurity scattering (s= 3/2), are 
dominant scattering mechanisms. (b), (e), and (h) are the corresponding Fermi levels 
obtained by fitting the measured Seebeck coefficient with that obtained by BTE 
calculations; (c), (f), and (i) are corresponding dimensionless electrical to (electronic) 

thermal conductivity ratio ). The κe in (a,d,g) is determined by 
𝑅 =

𝜎
𝜅𝑅𝑊𝐹

 (𝑅𝑒 = 𝜎
𝐾𝑒𝑅𝑊𝐹

measured   and then κlat = κ - κe by measured  .
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Figure S16  Calculated electronic thermal conductivity for undoped, Sb single 
doped, and Sb-Bi codoped GeTe crystals.

Phonon dispersion, velocity, and specific heat

To get a statistically representative value of the phonon mean free path l, the 

phonon velocity  and the specific heat  are required, 𝑣 𝐶

                                     (eq 1)
𝑙 =

3𝜅𝑙𝑎𝑡

𝐶𝑣

The sound velocity (i.e., the velocity of acoustic modes around zero energy) should not 

be reasonable to be representative of the phonon velocity especially for the doped 

specimens because for doped GeTe, their optical phonon modes are softened with the 

lowest energy of about 3 meV (Figures S22b and S22c) much lower than thermal 

energy (26 meV at 300 K) and highly overlapped with the acoustic phonon mode in 

energy. The acoustic modes of a nearly constant sound velocity should not account for 

most of the lattice thermal conductivity. Therefore, the ensemble average, 
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                                (eq 2)   

𝑣 =

∑
𝑣

𝑛(𝐸𝑣)𝑣𝜈 

∑
𝜈

𝑛(𝐸𝜈)
,

is used to characterize the phonon velocity. Here  and  are, respectively, the velocity 𝑣𝜈 𝐸𝜈 

and the energy of the vth mode, and  the Bose-Einstein distribution function. Figure 𝑛(𝐸)

S17a shows the temperature dependence of the phonon velocity  of undoped, Sb-𝑣

doped, and Sb-Bi-codoped GeTe specimens. As can be seen, both Sb single doping and 

the Sb-Bi co-doping can significantly reduce the phonon velocity. Furthermore, with 

the same amount of dopant concentration, Sb-Bi co-doped GeTe exhibits lower phonon 

velocity than that of single Sb-doped GeTe, thus having a beneficial effect on the TE 

performance. As for the specific heat (Figure S17b), Sb/Bi dopant is irrelevant. Above 

room temperature, all specimens show Dulong-Petit-specific heat of  J K-1cm-3.𝐶 ≈ 1.5

Figure S17  (a) Temperature dependence of the phonon velocity v, (b) specific heat 
C. 
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Statistically representative value of the phonon mean free path

As mentioned previously, the statistically representative value of the phonon mean 

free path  can be evaluated by eq. 1, in which, for the Sb-Bi co-doped specimens, the 𝑙

lattice thermal conductivity  is about 0.45 Wm-1K-1. Above room temperature, both 𝜅𝑙𝑎𝑡

the phonon velocity  and the specific heat  are nearly constant (Figure S17). The 𝑣 𝐶

phonon velocity is about 900 ms-1 and the specific heat is nearly equal to the value 

given by the Dulong-Petit law of  J K-1cm-3. The resulting phonon mean free path 𝐶 ≈ 1.5

 is about 1.0 nm, which is generally much smaller than the distance between the 𝑙

stacking faults/defect layers as presented in Figures S4g, S4h, and S11a indicating that 

not only the lattice imperfections but also the electron-phonon coupling could be 

effective phonon scattering sources causing a significant reduction in the lattice thermal 

conductivity. 

It is worth noting that, the resulting representative value of the phonon lifetime (

) is 1.1 ps. It is in good agreement with the INS result (0.8-1.7 ps). Furthermore, the 𝑙/𝑣

lattice thermal conductivity  is extracted from the experiment, which of course 𝜅𝑙𝑎𝑡

incorporates all the scattering mechanisms; the specific heat  and the ensemble average 𝐶

of phonon velocity  are obtained from DFT electronic structure. Thus, even though eq. 𝑣

1 may look simple, the resulting statistically representative value of the phonon mean 

free path is probably that determined by the most “realistic” way.

Fitting lattice thermal conductivity using Debye-Callaway model:

Heat-carrying phonons cover a wide range of phonon frequencies, and the 

corresponding κlat can usually be analyzed by a modified Debye-Callaway model:14 
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.  In the equation,  is ,  the phonon frequency,  
𝜅𝑙𝑎𝑡 =

𝑘𝐵

2𝜋2𝑣𝑠
(𝑘𝐵𝑇

ℏ )3

𝜃𝐷 𝑇

∫
0

𝜏𝑐𝑥2𝑑𝑥
𝑥 ℏ𝜔 𝑘𝐵𝑇 𝜔 𝑣𝑠

the sound speed,  the Boltzmann constant, and  the combined phonon relaxation 𝑘𝐵  𝜏𝐶
‒ 1

time. Several phonon scattering sources including point defects (PD), Umklapp 

processes (U), stacking faults (SF), and even electron-phonon scattering (EP) were 

taken into consideration. According to Matthiessen’s rule 

 ( T ) . Here, 
𝜏𝐶

‒ 1 = ∑
𝑖

𝜏 ‒ 1
𝑖 = 𝜏𝑃𝐷

‒ 1 + 𝜏𝑈
‒ 1 + 𝜏𝑆𝐹

‒ 1 + 𝜏𝐸𝑃
‒ 1 = 𝐴𝜔4 +

𝐵𝑈 𝑒
‒ 𝜃𝐷/3𝑇

+ 𝐵𝑆𝐹 + 𝐵𝐸𝑃 𝜔2

A is the point defect scattering parameter, BU, BSF, and BEP are the scattering parameters 

for the Umklapp, stacking fault, and electron-phonon scattering processes, respectively.

The contributions from Umklapp phonon−phonon scattering (U), point-defect 

scattering (PD), stacking fault scattering (SF), and electron-phonon scattering (EP) 

were included in the calculation. The relevant reciprocal value of phonon relaxation 

times is presented by:

Point-defect scattering 

                          (eq 3)
      𝜏 ‒ 1

𝑃𝐷 = 𝐴𝑆𝜔4 =
𝑉𝜔4

4𝜐3
𝑠

Γ

Umklapp phonon scattering 

               (eq4)      𝜏 ‒ 1
𝑈 = 𝐵𝑈𝜔2𝑇𝑒

‒ 𝜃𝐷/3𝑇
 

Higher order four-phonon scattering15

               (eq5)        𝜏 ‒ 1
𝐵𝐻 = 𝐵𝐻𝜔2𝑇2

Stacking fault scattering 

                             (eq 6)
      𝜏 ‒ 1

𝑆𝐹 = 0.7
𝑎 2

𝑙𝑎𝑡𝛾
2𝑁𝑠𝜔2

𝜐𝑠
 = 𝐵𝑆𝐹𝜔2

Electron-phonon scattering16 

                                           (eq 7)      𝜏 ‒ 1
𝐸𝑃 = 𝐵𝐸𝑃𝜔2
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where A is the point defect scattering parameter, BU, BH, BSF, and BEP are the scattering 

parameters for the Umklapp (three-phonon), higher-order four-phonon scattering, 

stacking faults scattering, and electron-phonon scattering processes, respectively. θD is 

the Debye temperature, νs is average phonon velocity, V is the average atomic volume, 

Γ is the disorder scattering parameter, Ns is the number of stacking faults per meter, and 

 is the average lattice constant, respectively. The reciprocal sum of phonon 𝑎𝑙𝑎𝑡

relaxation time according to Matthiessen’s rule is expressed:

              (eq 8)
𝜏𝐶

‒ 1 = ∑
𝑖

𝜏 ‒ 1
𝑖 = 𝜏𝑃𝐷

‒ 1 + 𝜏𝑈
‒ 1 +  𝜏𝐵𝐻

‒ 1 + 𝜏𝑆𝐹
‒ 1 + 𝜏𝐸𝑃

‒ 1

Table S2. Parameters for modeling the κlat

Parameters Description Values       

θD Debye temperature 160 K17

vs Average phonon velocity 1900 m/s17

 V Average atomic volume 2.71×10-29 m3

Γ Point defect scattering parameter 2.1817

γ Gruneisen parameter fitted

alat

Ns

            

Average lattice constant

Number of stacking faults               

6.02×10-10 m

6×106  m-1
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Table S3  Fitting parameters are used in Callaway’s model

Figure S18 shows the lattice thermal conductivity of Ge0.86Sb0.08Bi0.06Te, in which 

only specific scattering processes are considered. From the difference between the blue 

and green lines (U↔U+PD) or that between grey and purple lines 

(U+EP+SF↔U+EP+SF +PD), we can conclude that point defect scattering should 

cause significant reduction in the lattice thermal conductivity. Nevertheless, the 

dominant scattering process should be the EP as can be seen by comparing the 

separations of the red line (U+EP) and green line (U+PD) from blue line (U), as 

indicated by the double headed arrows. 
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Figure S18 Lattice thermal conductivity of Debye-Callaway model for 
Ge0.86Sb0.08Bi0.06Te. The fitting parameters can be found in Table S3. The purple line 
indicates that considers all the scattering processes including Umklapp phonon−phonon 
scattering (U), point-defect scattering (PD), stacking fault scattering (SF), and electron-
phonon scattering (EP), while for the other lines only incorporate some of the scattering 
processes.
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Room-temperature Inelastic Neutron Scattering measurement for 

undoped GeTe along Γ→L direction

Figure S19  The inelastic neutron scattering for the study of Phonon dispersion on a 
GeTe crystal, the dashed red and orange lines are guiding lines for LA and TA branches, 
respectively. The guiding lines are made with the relationship of E=Eh sin(qπ/2).

Figure S19 shows the room-temperature phonon dispersion of undoped GeTe 

measured along [010], i.e.,  direction. Similar to Figure 4e, the phonon dispersion Γ→𝐿

of undoped GeTe measured in [110], i.e.,  direction, it does not show clear Kohn Γ→𝐹

anomaly while the Kohn anomaly is clearly observed in Sb-Bi codoped GeTe at both 

300 and 610 K (see Figures 4b and 4f). Two reasons would cause the absence of Konhn 

anomaly in Figure S19. First, as discussed in the main text, the absence of Sb-Bi doping 

results in lower energy of Δ valley than that of Sb-Bi codoped specimens. Thus, the 
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undoped GeTe needs more hole concentration to form a 1D-like electronic structure. 

Second, as shown in Figure S3b, the  direction is along the nesting vectors while Γ→𝐹

the  does not. As a result, the Kohn anomaly cannot be seen in the undoped GeTe Γ→𝐿

by the INS measurement along the  direction. Γ→𝐿

Crystal structures in the calculations 

Figure S20  Crystal structure in the calculations for (a) undoped GeTe, and (b) Sb 
single-doped/Sb-Bi codoped GeTe (Ge24Sb3Te27/Ge24Sb2Bi1Te27).

Figure S20 shows the crystal structures used for DFT calculations in this paper. It 

can be seen in Figure 5b that introducing Sb/Bi dopant of several percent does not cause 

qualitative change in the electronic structure except for slight wavevector/energy 

broadening. Thus, all the Fermi surface calculations in this paper used the crystal 

structure of undoped GeTe plotted in Fig. S20a with the Fermi level tuned to different 

positions for different hole concentrations.  
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Phonon dispersion 

We calculate the phonon dispersion of undoped GeTe (2 atoms per unit cell) and 

Sb-Bi codoped GeTe (54 atoms per unit cell) with crystal structure shown in Figures 

S20a and S20b. The phonon dispersion was calculated by using PHONOPY code,18 

while for comparison purposes, that of the Sb-Bi codoped GeTe was also calculated by 

using the supercell phonon unfolding method implemented in the UPHO package.19-21 

The harmonic interatomic force constants (IFCs) required by the phonon calculations 

were calculated through DFT calculations in which the  and  supercells 6 × 6 × 6 2 × 2 × 2

(both containing 432 atoms) are, respectively, considered, and  and  q-3 × 3 × 3 2 × 2 × 2

mesh are, respectively, used for undoped and doped GeTe.

Electron-phonon coupling

To complete the electron-phonon coupling simulations, Quantum Espresso 

package22 with Ceperly-Alder (CA) type local density approximation (LDA)23 and 

ultrasoft pseudopotential24 are utilized. The k-grids 24×24×24 (12×12×12) and q-grids 

4×4×4 are used for electron-phonon coupling (phonon bands) simulations. The 

electron-phonon coupling of point q can be expressed as:25 

           (eq 9)
𝜆𝑞𝑣 ≃

1
𝑁𝐹 𝜔𝑞𝑣

∑
𝑚𝑛,𝑘

⎢𝑔 𝑣
𝑚𝑛(𝑘,𝑞)⎢ 𝛿(𝜀𝑛𝑘 ‒ 𝜀𝐹)𝛿(𝜀𝑛𝑘 + 𝑞 ‒ 𝜀𝐹)

where  the electron-phonon coefficients, the electronic density of state 𝑔 𝑣
𝑚𝑛(𝑘,𝑞) 𝑁𝐹 

(DOS) at the Fermi level  per spin, and  ( ) the energy of phonon (electronic) 𝜀𝐹 𝜔𝑞𝑣 𝜀𝑛𝑘

states.
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Figure S21  Variations of measured phonon lifetimes.

Phonon dispersion

Figure S22  Phonon dispersion of (a) undoped GeTe unit cell (b) single Sb doped 
Ge24Sb3Te27 supercell and (c) Sb-Bi codoped Ge24Sb2Bi1e27 supercell.

Figure S22 shows the phonon dispersion of pristine GeTe, single doped 

(Ge24Sb3Te27), and codoped (Ge24Sb2Bi1Te27) structures. The unfolded phonon bands 

of the codoped (Ge24Sb2Bi1Te27) structure and density of modes (DOM) are shown in 
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Figures S23a and S23b for comparison with the pristine GeTe. As can be seen, for the 

pristine GeTe, there exists a continuous gap between the acoustic and optical phonon 

bands. The separated acoustic and optical modes significantly diminish the number of 

phonon-phonon scattering channels in pristine GeTe.26 When the dopants are 

incorporated, regardless of single Sb doping or Sb-Bi codoping, the optical phonon 

modes are significantly softened, and some of them are reduced to the energy around 

the acoustic modes. This would significantly enhance the phonon-phonon scattering.

Contribution of Bi/Sb to phonon modes

Figure S23  (a) Phonon dispersion of undoped GeTe structure shown in Figure S20a  
(pink bands) and that of Sb-Bi codoped structure (i.e., the Ge24Sb2Bi1Te27 in Figure 
S20b) unfolded to the Brillouin zone of undoped GeTe (green bands). (b) The 
corresponding density of modes as well as that of the Sb single doped structure 
(Ge24Sb3Te27). (c,d) Projected phonon band structure of the Sb-Bi codoped GeTe 
unfolded onto the Brillouin zone of the undoped GeTe (Figure S22a) and (e) partial 
density modes. (c) and (d) are, respectively, projected onto Bi and Sb atoms.

Figures S23b-d shows the projected contribution from Bi and Sb to the 

calculated phonon band structures and phonon density of states of Sb-Bi codoped GeTe. 

It can be clearly seen that the Bi dopants contribute more to the low energy phonon 
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modes than Sb, especially to the lowest acoustic mode around F-point. Consequently, 

the codoped Bi dopants takes more part than Sb in the EP coupling mechanism to lower 

the lattice thermal conductivity of GeTe.

Calculation Methods 

Details of single parabolic band modeling

Thermoelectric properties of single parabolic band model are given by Carrier 

concentration:27 

                                           (eq 10)
𝑛 =

(2𝑚 ∗ 𝑘𝐵𝑇)
3

2

2𝜋2ℏ3
𝐹1/2(𝜂)

Seebeck coefficient:

                                              (eq 11)
𝑆 =

𝑘𝐵

𝑒 [2 𝐹1(𝜂)

𝐹0(𝜂)
‒ 𝜂]

Fermi integral:                             (eq 12)
𝐹𝑥(𝜂) =

∞

∫
0

𝜀𝑥

1 + 𝑒𝑥𝑝(𝜀 ‒ 𝜂)
𝑑𝜀

where m* is the effective mass, Fx(η) is the x-th order Fermi integral, and the Hall 

carrier density is related to the chemical carrier density n via nH = n/rH.  rH is the Hall 

factor for acoustic phonon scattering and is expressed as:

                                             (eq 13)
𝑟𝐻 =

3
4

𝐹1/2(𝜂) 𝐹 ‒ 1/2(𝜂)

𝐹0(𝜂)2

The relationship between the Seebeck coefficient and Hall carrier density (Pisarenko 

relation) at 300 K and the suggested md* are presented in Figure S24. 
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Figure S24  (a) Carrier concentration at different doping levels. (b) Theoretical 
Pisarenko plots are applied on experimental S vs nH data of (Ge1-x-ySbxBiy)Te at 300 K 
in which the m* values were calculated by using a single parabolic band model. 

Spin-orbit coupling effect 

Figure S25  Electronic structure of GeTe with and without spin-orbit coupling 

Figure S25 shows the electronic structure of GeTe with and without spin-orbit 

coupling. As can be seen, incorporating spin-orbit coupling would vary the electronic 

energy by few tens of milli-electronvolts. It would lead to quantitatively change in 

electronic transport properties but not qualitative change the low-dimensional features 

of the electronic structure and hence the mechanisms discussed in this paper.
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Electron-phonon scattering processes causing a downturn in phonon 
dispersion

Figure S26  Illustration of the momentum conservation conditions, , ℏ∆𝑘 + ℏ∆𝑞 = ℏ𝐺

for (a) the first-order and (b) the second-order elastic electron-phonon scattering 
processes leading to the downturn of phonon dispersion. The  ( ) is the total ℏΔ𝑞 ℏΔ𝑘

change in the phonon (electron) crystal momentum due to the scattering process. 

Figure S26 illustrates the electron-phonon scattering processes satisfying the 

momentum conservation condition, . During the first-order scattering ℏ∆𝑘 + ℏ∆𝑞 = ℏ𝐺

processes (Figure S26a), the change in the phonon crystal momentum  is due to the ℏΔ𝑞

single phonon creation (annihilation) of crystal momentum  ( ). Figure S26b ‒ ℏ𝑞 ℏ𝑞

shows the second-order scattering process involving the intra-bowl electronic transition 

with a crystal momentum change  much smaller than . Here,  is the smallest ℏΔ𝑘 ℏ𝐺0 𝐺0

reciprocal lattice vector in [110] direction. In this process, the change in the phonon 

crystal momentum  is either due to the two-phonon creation (annihilation) around ℏΔ𝑞

the  ( ) point or the one-phonon creation and the one-phonon annihilation, 𝐹 𝐹'

respectively, around  and  points. Due to the nearly one-dimensional feature of the 𝐹 𝐹'

Fermi surface, enormous number of channels of the intra-bowl transitions has small 
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 parallel to the [110] direction. This would lead to strong electron-phonon coupling ℏΔ𝑘

strengthening the Kohn anomaly around the F point.

Here, we let the heat flow in the positive direction (i.e.,  direction) so that the Γ→𝐹'

phonon modes of positive crystal momentum (i.e., in between  and ) should be more Γ 𝐹'

populated than those of negative crystal momentum (i.e., in between  and ). Thus, the Γ 𝐹

scattering processes tend to create (annihilate) phonon of negative (positive) crystal 

momentum restoring the thermal equilibrium. The counterparts of scattering processes 

of reversing  is less important and thus not plotted in Figure S26. It is worth noting ℏΔ𝑞

that the second-order processes are essentially the same as the three-phonon Umklapp 

process except that the role of one of the phonons is replaced by the electronic 

transition. Both the first-order and the second-order processes would reduce the thermal 

conductivity as indicated by their negative direction of , the direction opposite to ℏΔ𝑞

the presumed direction of heat flow. 

Wave functions of 1D-like electronic state

To reveal the origin of the 1D-like Fermi surface, we plot the wave function of the 

 maximum as shown in Figures S27b-d. There are six equivalent  points within the Δ Δ

first Brillouin zone. Here, as an example, we choose the  point along the  as denoted Δ Γ𝑋

by the green cross in Figure S27d. The phase of the wave function is selected to 

maximize the probability contribution of the real part of the wave function to the value 

of 0.79. As shown in Figures S27b-c, the real part of the wave function at the  point Δ

along  is -like while the imaginary part is -like localized around the Ge atoms Γ𝑋 𝑝𝑥 𝑠

leading to the wave function of the shape like parallel chains oriented in the x direction. 

It exhibits strong orbital overlap along the x direction (i.e., intra-chain overlap) but 

weak overlap in the y and z directions (i.e., inter-chain overlap). As a result, the 
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electronic structure around the  point along  is nearly flat in the y and z directions Δ Γ𝑋

while it is much more dispersive in the x direction forming the double-walled Fermi 

surface with the normal along the x direction (Figure S27e). Because of the cubic 

symmetry, similar results can be found for the  points along  and  as indicated by Δ Γ𝑌 Γ𝑍

Figure S27d. These chain-like wave functions around the  points effectively act as Δ

dense nanowires in bulk leading to the observed ultrahigh thermoelectric performance 

in GeTe-based materials.

Figure S27  One-dimensional electronic states in bulk GeTe. (a) The conventional 
cell of C-GeTe. (b, c) The isosurface of the wave function at the  maximum along  Δ Γ𝑋

as denoted by the green cross in (d). The orange/green surfaces are for the real part of 
the wave function with positive/negative sign while the pink one is for the imaginary 
part with positive sign. All the isosurfaces are set at the same magnitude. The magnitude 
for the imaginary part of negative sign is too small so that the corresponding isosurface 
do not exist. (d) The electronic structure plotted in the Brillouin zone shown in (e) of 
the conventional cell in (a). The weight of the ,  and  orbitals are indicated by the 𝑝𝑥 𝑝𝑦 𝑝𝑧

size of the red dots, respectively, in the left, middle, and right panels. (e) The Fermi 
surface and the corresponding cross-section with the Fermi energy denoted by the 
dashed line in (d).

Cost and stability issues in GeTe-based materials 
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1. Cost:

Whether thermoelectric power generation technology can be widely used depends not 

only on performance, but also on the cost-performance ratio.28,29 Taking photovoltaic 

(PV) cells as an example, its cost-performance ratio of ~1 dollar per watt ($/watt) makes 

them competitive in the market. Similarly, we also use such evaluation way to analyze 

whether the Sb-Bi codoped GeTe materials have the same energy competition. Here, 

we refer to a guiding approach developed by Quyang et al,30 namely the cost-

performance ratio, for the TEG generation. According to their analytical results, a high-

zT thermoelectric material with 17.8 % efficiency and a power density exceeding 3.0 

W/cm2 has the opportunity to achieve a cost-performance ratio of ∼0.86 $/W. The most 

important thing is that the zT value will have a significant impact on the ratio. 

According to our estimation results, (Ge0.86Sb0.08Bi0.06)Te also has an efficiency of 17.4 

% and a zT value much higher than that used in the above analytical model. Although 

the element price of Ge is relatively high, after weighing various factors such as: the 

capital cost of the device and power generation, its cost performance ratio should not 

be much higher than ∼1 $/W. Therefore, we believe that Sb-Bi codoped GeTe materials 

still have extremely high application potential compared with existing typical high-

efficiency thermoelectric materials.

2. Mechanical properties:

Generally, the indicator to evaluate whether a material can withstand long-term 

working operation is to measure its mechanical properties through Vickers hardness 

measurement. According to literature data,3 the Vickers hardness measurements of 

GeTe-based thermoelectric materials (145~205 Hv) are much higher than those typical 

Bi-Te-based and Pb-Te-based thermoelectric materials. Especially, the introduction of 
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dopants such as Sb, Bi, and Pb has been confirmed to achieve the reduced Ge vacancies 

and the enhanced solid solution and rich microstructures, thereby blocking the crack 

propagation and enhancing the mechanical stability. Our research is to co-dope GeTe 

with Sb and Bi, and we also observed that the Ge vacancies are significantly reduced, 

so we believe that our samples also have such excellent mechanical properties.

3. Thermal stability:

We took the Ge0.86Sb0.08Bi0.06Te sample as a representative to measure the 

thermoelectric properties of the heating-cooling twice to understand the thermal 

stability of the sample, as shown in Figure S28. The transport properties and the narrow 

statistical distribution of zT values measured from the sample confirm the superior 

thermal stability of the sample.

Figure S28  The heating and cooling measurements for Ge0.86Sb0.08Bi0.06Te sample, 
showing good thermal stability for a high zT value in this work. (a) Electrical 
conductivity. (b) Seebeck coefficient. (c) Power factor. (d) Thermal conductivity. (e) 
zT value. 
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Mobility of undoped and Sb-Bi codoped specimens

The mobility of our specimens can be evaluated by , in which  is the 𝜇 = 𝜎/𝑒𝑛 𝑛

carrier concentration obtained through Hall measurement,  the electrical conductivity 𝜎

(Figure. 2a), and  the elementary charge. The resulting mobility is shown in Figure 𝑒

S29. It may be worth noting that the mobility shown in Figure S29 is based on the room-

temperature carrier concentration, which may slightly increase with increasing 

temperature, potentially resulting in a slight underestimation of mobility. As can be 

seen, the room-temperature mobility of undoped GeTe is 68.6 cm2 V-1s-1 and that of 

Ge0.86Sb0.08Bi0.06Te, which is the specimen of highest zT, is as low as 26.7 cm2 V-1s-1. 

These values are much smaller than most semiconductors such as Si (1400 cm2 V-1s-1), 

Ge (3900 cm2 V-1s-1) and GaAs (8500 cm2 V-1s-1), probably mainly due to the strong 

electron-phonon coupling caused by the nesting Femi surface. Although the mobility is 

quite low, the high effective valley degeneracy resulting from 1D/2D-like electronic 

structure will mitigate the deterioration of the Seebeck coefficient caused by high 

carrier concentration, and hence lead to the observed large power factor in our 

specimens. 

Figure S29 Mobility of undoped and Sb-Bi codoped specimens.
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