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A B S T R A C T   

The enhancement of thermoelectric (TE) performance is essentially associated with optimizing the scattering 
effect of electron and phonon. Here, we demonstrate a stacking faults modulation strategy in GeTe materials to 
simultaneously realize high carrier mobility and low lattice thermal conductivity. Excess Cu doping in GeTe can 
significantly decrease the concentration of Ge vacancy layer and form a “vacancy/Cu–Cu/vacancy” sandwich- 
like stacking faults structure. As a result, the hole mobility is remarkably improved to nearly ~100 cm2 V� 1 

s� 1 at room temperature due to the weakened carrier scattering from vacancy layer, which ensures superior 
electrical transport properties. Meanwhile, the sandwich-like stacking faults brings much stronger scattering 
effect on phonons, thus leading to extremely low lattice thermal conductivity of 0.38 W m� 1 K� 1. With syner-
gistically optimized scattering effect on carriers and phonons, a peak thermoelectric figure of merit over 2.0 is 
achieved in Ge0.89Cu0.06Sb0.08Te at 750 K. This work provides an effective strategy to realize selective scattering 
of phonons and carriers through 2D defect modulation, and makes up the important piece of multi-scale 
microstructure tailoring for TE materials.   

1. Introduction 

Nowadays, the problems of energy consumption and environmental 
pollution have aroused people’s great concern. Thermoelectric tech-
nology is able to convert thermal energy into electricity by Seebeck ef-
fect, which can be used in waste heat recovery, offering an alternative 
method to overcome the challenges of energy sustainability [1–4]. The 
conversion efficiency of thermoelectric device is evaluated by material’s 
dimensionless figure of merit zT, defined as zT ¼ S2σT/(κe þ κL), where 
S, σ, κe, κL, and T are Seebeck coefficient, electrical conductivity, elec-
tronic thermal conductivity, lattice thermal conductivity, and absolute 
temperature, respectively [5]. A high performance thermoelectric ma-
terial requires synergistically enhanced electrical transport properties 

(power factor) and reduced thermal conductivity. 
The TE performance is essentially associated with the transportation 

of electrons and phonons for semiconducting thermoelectric materials 
[6–9]. Because the above-mentioned thermoelectric parameters are 
interdependent, a high electrical performance, namely the maximal 
power factor, can only be achieved within a narrow range of carrier 
concentration [10,11], or further enhanced by band structure manipu-
lation [12,13], which are realized by chemical doping or alloying. 
However, doping or alloying introduces different kinds of defects, which 
will inevitably scatter the conductive carriers and thus suppress the 
mobility of carriers, though it also can scatter phonons to some extent 
[14–16]. Therefore, how to modulate and optimize the effect of intro-
duced defects on electron and phonon scattering is the key to improve 
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thermoelectric properties. Up to now, to achieve selective scattering of 
electrons and phonons, i.e. noticeably scattering phonons and scarcely 
affecting electrons, multiscale scattering sources, such as 0D point de-
fects [17–19], 1D dislocations [20,21], 2D superlattice [22] and twin 
boundary [23,24], as well as 3D nanoinclusions and nanopores [25–27], 
are intentionally constructed and widely investigated. 

Stacking faults are induced by the abnormal periodic stacking 
sequence of 2D layers in crystal lattice, which potentially provide sup-
plementary scattering effect among multiscale scattering sources. 
Stacking faults are typical 2D lattice defects in lots of crystalline TE 
materials, such as GeTe, which has attracted researcher’s attention due 
to its high band degeneracy in both rhombohedral and cubic phase [28]. 
Because of large mismatch between Ge and Te atoms, high concentra-
tion of Ge vacancy layers exists in pristine GeTe compound, leading to an 
extremely higher carrier concentration (~1021 cm� 3) than the optimal 
value [29]. Therefore, most reported optimization strategies to improve 
thermoelectric properties of GeTe are mainly through reducing high 
hole concentration [10,30], combined with a convergence of multiple 
sub-bands [16,31]. It has been demonstrated that aliovalent element Bi 
and Sb are the most effective dopants to reduce carrier concentration to 
the optimal range ~ 1–3 � 1020 cm� 3 [32–34]. Together with Sb or Bi 
doping, co-doping of Mn/Mg, In or Cd, can effectively optimize carrier 
concentration and band structure [16,35–37]. However, doping or 
alloying inevitably increases the concentration of point defects or 
stacking faults [16,35,37], thus the carrier mobility in GeTe is severely 
reduced due to the increased scattering of defects, which offsets the 
benefits from band convergence and phonon scattering. Recently, Dong 
and Bu reported that excess Ge doping and Cu2Te alloying could suc-
cessfully reduce the carrier concentration through depressing the for-
mation of Ge vacancy [19,38]. Therefore, simultaneously suppressing 
the formation of intrinsic Ge vacancy layers to obtain high carrier 
mobility and effectively scattering phonons to achieve low lattice ther-
mal conductivity in GeTe are the most favorable route for further pro-
motion of thermoelectric performance. 

In the present work, we proposed a stacking faults modulation 

strategy to optimize the scattering effect both for carriers and phonons. 
Firstly, we found that, the excess Cu doping can change the morphology 
of Ge vacancy layer by forming a “vacancy/Cu–Cu/vacancy” sandwich- 
like stacking faults structure, and the concentration of simple one-fold 
Ge vacancy layers is significantly reduced (Fig. 1a). As a result, the 
hole mobility is remarkably improved to nearly ~100 cm2 V� 1 s� 1 at 
room temperature, which ensures superior electrical transport proper-
ties. Meanwhile, the replacement of the simple one-fold Ge vacancy 
layer by sandwich-like stacking faults brings much stronger scattering 
effect on phonons, thus leading to a depression of lattice thermal con-
ductivity. Together with Sb doping, the lattice thermal conductivity is 
greatly decreased to 0.38 W m� 1 K� 1, approaching the amorphous limit 
of GeTe. Therefore, the peak zT value exceeding 2.0 at 750 K and zTave 
value of 1.35 over 400–800 K are predictably achieved in 
Ge0.89Cu0.06Sb0.08Te (Fig. 1b–c), indicating that the stacking faults 
modulation can be an effective strategy to realize selective scattering of 
phonon and carriers. 

2. Experimental section 

2.1. Sample preparation 

Polycrystalline samples with nominal compositions of Ge1-x-yCu2xS-
byTe (x ¼ 0, 0.01, 0.015, 0.02, 0.03, y ¼ 0; x ¼ 0.03, y ¼ 0.04, 0.06, 0.08, 
0.10) were synthesized by traditional melting-annealing-spark plasma 
sintering (SPS) method. High purity raw materials, including Ge (pieces, 
99.999%, Alfa Aesar), Cu (shots, 99.999%, Alfa Aesar), Sb (shots, 
99.9999%, Alfa Aesar), Te (pieces, 99.999þ%, Alfa Aesar) were 
weighed in stoichiometric ratios and sealed in evacuated quartz tubes 
(diameter of 10 mm). The mixtures were heated to 1373 K in 11 h and 
maintained at this temperature for 12 h to ensure complete melting of all 
elements. The tubes were quenched in cold water, and then annealed at 
873 K for 5 days. The obtained ingots were grinded into fine powders, 
then loaded into a graphite die with the diameter of 10 mm, and 
consolidated by SPS (Sumitomo SPS-2040) in vacuum at 813 K for 10 

Fig. 1. (a) Schematic diagram showing the morphology and concentration of stacking faults within grains influenced by excess Cu doping. (b) Temperature 
dependence of the figure of merit zT for Ge1-x-yCu2xSbyTe. (c) Comparison of the average figure of merit zTave at 400–800 K for Ge0.89Cu0.06Sb0.08Te and several 
literatures [11,16,32–34,37,39,40]. 
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min under a pressure of 50 MPa to obtain fully dense bulk samples. 

2.2. Materials characterizations and measurements 

Powder X-ray diffraction analysis (D8 Advance, Bruker; Cu Kα: λ ¼
1.5406 Å) was performed to identify the phase composition of samples. 
The Rietveld refinements of the XRD patterns were performed using 
Fullprof software. The morphology and microstructure were investi-
gated with scanning electron microscopy (SEM, ZEISS Supra 55) and 
aberration-corrected transmission electron microscopy (Cs-corrected 
TEM, FEI G2 Themis, 300 KeV). High-density samples obtained after SPS 
were cut into bars with dimensions of ~2 mm � 2 mm � 8 mm, and 
pellets with diameter of 10 mm and thickness of ~1.5 mm for thermo-
electric performance characterization. High temperature electrical 
conductivity (σ) and Seebeck coefficient (S) were measured simulta-
neously on the bars using commercial instrument system (ZEM-3, 
ULVAC-RIKO) under a helium atmosphere from 300 K to 800 K. The 

thermal conductivity (κ) was calculated using the formula κ ¼ ρ Cp D, 
where the density (ρ) of pellets was determined by Archimedes method 
and the relative density of all samples were above 98% at room tem-
perature, the specific heat capacity (Cp) was estimated by Dulong-Petit 
law, the thermal diffusivity (D) was measured on the pellets in an 
argon atmosphere by laser flash system (LFA 457, Netzsch), and the 
Cape-Lehman method with pulse correction was used to analyze the 
thermal diffusivity data. The Hall coefficient (RH) was measured with a 
five-probe configuration under a magnetic field of � 3 T–3 T using a 
Physical Property Measurement System (PPMS-Quantum Design). And 
high temperature Hall coefficient (RH) was measured with a four-probe 
van der Pauw technique under AC field using a Hall Effect Measurement 
System (Lake Shore 8400 Series). The carrier concentration (n) and 
carrier mobility (μ) were calculated from n ¼ 1/eRH and μ ¼ σ/ne, where 
e is the elementary charge and σ is the electrical conductivity. 

Fig. 2. Microstructure of Ge0.91Cu0.06Sb0.06Te sample. (a) Bright-field TEM image showing domain variants, called herringbone structure. (b)Medium-sized HAADF- 
STEM image of partial region of a single domain, and (c) HAADF-STEM image of a domain boundary. (d) HAADF and (e) corresponding ABF-STEM images showing 
the atom configuration of another typical domain boundary. (f) and (g) showing the corresponding FFT-transformed electron diffraction pattern of the area in (c) and 
(j), respectively. (h) Line profile showing the image intensity along the arrow in (d). (i) Enlarged view of the framed area I in (d) to show the atom arrangement of the 
matrix. (j) HAADF-STEM image showing atom structure with the formation of vacancy layers nearby a domain boundary, and (k) magnified region II in (j) showing 
the occupation of Cu atoms in vacancy layer. Colors are only used to improve the visual effect of images, unless specified, and original images are shown in Fig. S4. 

L. Xie et al.                                                                                                                                                                                                                                       



Nano Energy 68 (2020) 104347

4

3. Result and discussion 

Polycrystalline samples with nominal compositions of Ge1-x-yCu2xS-
byTe were synthesized by traditional melting-annealing-spark plasma 
sintering (SPS) method. Fig. S1a is the room temperature powder X-ray 
diffraction (PXRD) patterns of Ge1-x-yCu2xSbyTe samples. The main 
diffraction peaks of all samples can be indexed to low temperature 
rhombohedral phase of GeTe, with trace amount of Ge precipitates as a 
secondary phase, which is a common phenomenon in the GeTe synthesis 
process [35,41]. In samples with x � 0.04, y ¼ 0, a little amounts of 
impurity phase Cu2Te is detected in the PXRD pattern, proving that the 
solubility limit is x~3%. Increasing doping content of Sb with fixed x ¼
0.03, the double peaks in 2θ range around 23–27� and 41–45�gradually 
merge, indicating the crystal structure of GeTe transforms from rhom-
bohedral structure (R-3m) to cubic rocksalt structure (Fm-3m). In order 
to further characterize the influence of (Cu,Sb) co-doping on crystal 
structure, lattice parameter (a) and interaxial angle (α) are estimated by 
Rietveld refinements based on PXRD data of Ge1-x-yCu2xSbyTe samples. 
Both lattice parameter and interaxial angle increase slightly as x rises, 
shown in Fig. S1b. When varying Sb-doping concentration, lattice 
parameter stays almost unchanged and interaxial angle is pushed to 
approach 90�, proving that the lattice approaches cubic structure [28]. 
The energy dispersive spectroscopy (EDS) elemental mapping for 
Ge1-x-yCu2xSbyTe samples shows that all constituent elements are uni-
formly distributed at the microscale, with the existence of Ge pre-
cipitates (Fig. S3), further confirming the formation of solid solutions of 
the matrix. 

The microstructure characterized by TEM investigation was carried 
out on the sample Ge0.91Cu0.06Sb0.06Te. Fig. 2a displays a regular 
arrangement of domain variants with bright and dark contrasts, referred 
as herringbone structures, which is a typical feature in the GeTe-based 
materials [42]. Aberration-corrected high angle imaging-mode annular 
dark field (HAADF) are employed to examine the detailed atomic 
configuration of the domain. As exampled in the magnified HAADF 
image (Fig. 2b), the domain is about 60 nm in width and the domain 
interior is free from dislocations or vacancy layers, showing rather a 
different microstructure with the literatures [31,32,37,43,44], in which 
the domain is usually accompanied by high density of Ge-vacancy or 
vacancy layers. Obviously, compared to previous reports, fewer defect 
layers are observed in the same size region in this work, which means 
that the formation of vacancy layers is suppressed. 

The domain boundary has also been studied in detail. Fig. 2c is a 
zoomed version of a domain boundary, implied by the that orientations 
of the neighboring domains are different. And this is confirmed by a 
slight beam splitting of high-index diffraction spots along the [110] 
directions in the corresponding fast Fourier transform (FFT) electron 
diffraction pattern (Fig. 2f). Besides, the domain boundary seems to be 
composed of several layers of stacking faults. Fig. 2d and e are HAADF 
and annular bright field (ABF) images showing the atom configuration 
of another domain boundary, respectively. In the Z-contrast HAADF 
image, the intensity of atomic columns is roughly proportional to Z2, the 
heavier Te (Z ¼ 52) atoms show a much brighter contrast than that of Ge 
(Z ¼ 32). Fig. 2d depicts a locally amplified domain boundary region, 
from which the domain boundary structure can be distinctly distin-
guished. Fig. 2i is enlarged view of the framed area I (domain interior) in 
Fig. 2d and shows that it has a similarly ideal atom configuration of 
GeTe. More elaborate structure can be observed in the ABF-STEM image 
in Fig. 2e, and the domain boundary consists of the middle layer prob-
ably occupied by Cu atoms (details in Fig. 2k) and two vacancy layers on 
both sides, which can be considered as a sandwich-like structure. To our 
knowledge, it is the first time to identify such a unique domain boundary 
structure in GeTe-based materials, which is different with the observed 
results in previous studies [32,36,37,39]. Fig. 2h is the intensity profile 
along the arrow in Fig. 2d, in which the high- and low-intensity peaks 
are due to heavier (Te) and lighter (Ge or Cu) atomic columns, respec-
tively. Correspondingly, the observed planar vacancy layers are on 

account of the missing of Ge atomic planes [37,43], confirming the 
sandwich-like stacking faults structure of the domain boundary. 

To verify whether this unique sandwich-like structure is universal in 
crystal, Fig. 2j is a selected HAADF-STEM image to show that several 
groups of it aggregate in local area nearby the domain boundary. The 
corresponding FFT electron diffraction pattern is shown in Fig. 2g, and 
the spots in the circle brighten markedly resulting from the aggregated 
sandwich-like structures, which is distinctly different from Fig. 2f 
derived from the area containing only one of such structure. Further, the 
specific defect structure in marked region II is magnified as Fig. 2k. It 
can be easily observed from the contrast that two atoms occupy a Ge 
vacancy in the interspace between two contiguous Te atomic planes, 
along with one vacancy layer on each side. Considering Sb atoms only 
replace Ge atoms, and recent calculation studies reveal that, the for-
mation energy of two Cu atoms replacing one Ge atom by forming a 
substitutional-interstitial defect pair is lowest [38], so it is reasonably 
assumed that two layers of Cu atoms occupy the Ge vacancy layer in this 
work, thus forming a “vacancy/Cu–Cu/vacancy” sandwich-like struc-
ture. On the other hand, the anionic Te layer is slightly changed by the 
sandwich-like structure, the planar spacing across vacancy layer is about 
3.3 Å and the spacing across Cu occupied layer is about 4.4 Å, while the 
Te layer spacing in GeTe matrix is about 3.8 Å. Although the lattice 
shows a slight transformation trend toward hexagonal Cu2Te structure, 
in which two kinds of Te layer spacing are 2.8 Å and 4.5 Å respectively 
[45], the Te framework is well maintained along with the GeTe matrix, 
which could simultaneously facilitate carrier transport while increase 
phonon scatterings. 

The modulation of Ge vacancy layers to sandwich-like stacking faults 
intrinsically influences the transportation of carriers and phonons. 
Electrical conductivity, Seebeck coefficient and carrier concentration of 
series of Ge1-x-yCu2xSbyTe samples were measured, as shown in 
Fig. 3a–c. A significant decrease of carrier concentration from ~1021 

cm� 3 to 3 � 1020 cm� 3 is achieved with x ~3%, proving that Cu2Te is a 
more effective dopant in GeTe comparing with Sb/Bi doping [32,33,41]. 
The reason why carrier concentration decreases dramatically in Ge1-x-

Cu2xTe is mainly attributed to vanishment of Ge vacancy layers as 
observed in TEM images. Thus, the Seebeck coefficient for 
Ge0.97Cu0.06Te is enhanced to 60 μV K� 1 from 30.4 μV K� 1 in GeTe. 

Importantly, since excess Cu doping is more effective to suppress the 
formation of Ge vacancy defects, the total concentration of defects, 
including point defects and stacking faults defects, is greatly reduced, 
which significantly weaken the scattering effect on carriers. Similar to 
the case in GeTe-xCu2Te-yBiTe solid solution [38], the carrier mobility is 
upgraded to ~100 cm2 V� 1 s� 1 in Ge0.97Cu0.06Te sample, which is more 
superb than that of most reported GeTe materials [10,37,40,43]. 
Therefore, a relatively high PF of ~22 μW m� 1 K� 2 is obtained at 300 K 
as shown in Fig. S5 in contrast to that of pristine GeTe or others with 
similar carrier concentration [11,30,40,41]. Further Sb doping can 
reduce carrier concentration to a sufficiently low level, ~1 � 1020 cm� 3. 
Since Sb doping introduces more points defects and also may decrease 
the formation energy of Ge vacancy [32,37], the mobility in (Cu,Sb) 
co-doping samples slightly declines comparing with Ge1-2xCu2xTe sam-
ples. Nevertheless, the mobility of Ge0.97-yCu0.06SbyTe compound with y 
¼ 0.08 still retains a value of 49.6 cm2 V� 1 s� 1, which is much higher 
than the Sb-doped or Bi-doped GeTe materials (Fig. 3e). In addition, the 
mobility in this work is only lower than that of GeTe-xCu2Te-yBiTe al-
loys [38], which may result from the relatively low effective mass ~1.0 
m0. 

Fig. 3d displays room temperature Hall carrier concentration 
dependent Seebeck coefficient for current Ge1-x-yCu2xSbyTe compounds. 
The solid red and blue curves describe single parabolic band model 
prediction of Seebeck coefficient versus carrier concentration, based on 
acoustic phonon dominant scattering mechanism which is demonstrated 
by the T� 3/2 dependence of carrier mobility near 300 K as shown in 
Fig. S7. As can be seen from the Pisarenko plot, the experimental See-
beck coefficient of Ge1-xCu2xTe samples basically falls well on the red 
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prediction curve with density of state effective mass md* ¼ 1.53 m0, 
indicating that alloying has a negligible influence on band structure, 
consistent with other Cu doped GeTe literatures [11,30,38]. With 
further Sb doping, the md* gradually increases to 1.80 m0. This is pre-
sumably because Sb doping can promote crystal symmetry to be more 
cubic [32,41], as shown in XRD patterns and interaxial angles, leading to 
a slightly enhanced band convergence. The basically well-maintained 
band structure of GeTe and impressively high mobility guarantee the 
splendid electrical transport properties, and the room temperature 
power factor in this work is higher than most of literatures as shown in 
Fig. 3f [11,32,41]. 

Meanwhile, the depression of Ge vacancy layer does not lead to 
weakness of phonon scattering. Fig. 4a and b show temperature 
dependence of total thermal conductivity and lattice thermal conduc-
tivity for Ge1-x-yCu2xSbyTe compounds. The lattice thermal conductivity 
κL are calculated by subtracting electronic thermal conductivity κe from 
total thermal conductivity κ, which can be calculated based on 
Wiedeman-Franz law (i.e., κe ¼ LσT, where L is Lorenz number shown in 
Fig. S6, estimated by the single parabolic band model). With Sb and 
excess Cu doping, the total thermal conductivity are basically reduced 
comparing with pristine GeTe. With the increase of Sb doping amount 
from y ¼ 0.04 to y ¼ 0.10, the lowest value of lattice thermal conduc-
tivity ~1.25 W m� 1 K� 1 is achieved for Ge0.89Cu0.06Sb0.08Te at room 
temperature. At 800 K, the lattice thermal conductivities of all samples 
doped with Cu and Sb are at a very low level, ~0.38–0.58 W m� 1 K� 1, 

which are almost the minimum value reported in Sb or Bi doped GeTe 
literatures [32,33,39,41]. And these are comparable or even lower than 
the minimum lattice thermal conductivity of 0.45 W m� 1 K� 1 for GeTe, 
calculated on the basis of Cahill model [46]. 

To explore the effect of stacking-faults modulation on reducing lat-
tice thermal conductivity κL, the lattice thermal conductivity in the low 
temperature range (5–300 K) are investigated using Debye-Callaway 
model by taking into account several different phonon scattering 
mechanisms including Umklapp processes (U), grain boundaries (B), 
point defects (PD) and stacking faults (SF), as shown in Fig. 4c. The 
fitting curves are in good agreement with the experimental data with R2 

exceeding 99%. Specifically, the phonon scattering parameter of stack-
ing faults can be expressed as following equation: 

C¼ 0:7
a2γ2Ns

νs
(1)  

where a is the average lattice parameter, γ is the Gruneisen parameter, νs 
is average sound speed, Ns is the number of stacking faults in a line of 
unit length. The scattering parameter of stacking faults in Ge0.99Cu0.02Te 
is enhanced comparing with pure GeTe as shown in Table S1, and 
scattering parameter in current Ge0.93Cu0.06Sb0.04Te is also higher than 
reported Bi-doped sample with similar doping content [37]. According 
to Equation (1), the value of scattering parameter varies linearly with 
the concentration of stacking faults Ns, however, the concentration of Ge 

Fig. 3. Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient and (c) Composition dependence of Hall carrier concentration and Hall 
mobility, as well as Hall carrier concentration dependent (d) Seebeck coefficient, (e) carrier mobility, and (f) power factor for Ge1-x-yCu2xSbyTe compounds at room 
temperature, with a comparison to literature results of GeTe based materials [11,32,38,41]. Curves are used to guide the eyes unless specially noted. 
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vacancy layers is reduced in Ge1-x-yCu2xSbyTe based on TEM investiga-
tion result. So the scattering effect of sandwich-like structure needs to be 
taken into particular consideration. In fact, the phonon scattering effect 
caused by stacking faults depends on the perpendicular dimension of 2D 
defects and their concentration [47], the sandwich-like structure with 
the total dimension of 11 Å is expected to scatter the phonons more 
strongly than the simple one-fold Ge vacancy layer. Thus, the scattering 
parameters of Ge vacancy layers and sandwich-like stacking faults are 
separated, and the concentration of two kinds of stacking faults are 
calculated in Table S2, respectively. Comparing to the previously re-
ported Bi-doped samples [37,43], with excess Cu doping, the concen-
tration of Ge vacancy layers is indeed depressed, consistent with TEM 
results. But the involved sandwich-like stacking faults with lower con-
centration provide increased contribution of phonon scattering, proving 
that the sandwich-like stacking faults are more effective on scattering 
phonons comparing with the simple Ge vacancy layers. 

Considering various phonon scattering processes, the spectral lattice 
thermal conductivity κs versus phonon frequency ω is calculated as 
shown in Fig. 4d. Since the integral of κs with regard to phonon fre-
quency is equal to corresponding κL, the area between two adjacent 
curves represents the reduction of κL caused by introducing another 
phonon scattering center. As can be easily seen from Fig. 4d, since the 
two kinds of stacking faults have the same frequency dependent relation, 
they contribute a large scattering effect on phonons in the similar broad 
range of frequency (Area III and Area IV), which leads to extremely low 
lattice thermal conductivity in current study. 

As mentioned above, the presence of special sandwich-like stacking 
faults provides the possibility of simultaneously realizing good electrical 
performance and ultralow lattice thermal conductivity, which would 
undoubtedly lead to good thermoelectric properties. As a result, the zT 
values of (Cu, Sb) co-doped GeTe samples are greatly enhanced, and the 
highest zT value for Ge0.89Cu0.06Sb0.08Te is 2.04 at 750 K. Besides, the 
maximum zTave value of 1.35 is also achieved in the same sample over 

the medium temperature range (400–800 K), which is better than 
several state-of-the-art GeTe-based materials reported before. And the 
thermoelectric performance of the sample with highest zT value is 
highly reproducible, according to the repeated measurements (Figs. S10 
and S11). 

4. Summary 

In this work, we systematically investigated the microstructure and 
TE properties of Ge1-x-yCu2xSbyTe materials. Cs-corrected TEM investi-
gation reveals that, two layers of Cu atoms occupy the single Ge vacancy 
layer in the excess Cu doped GeTe material, forming a “vacancy/Cu–Cu/ 
vacancy” sandwich-like structure. Meanwhile, the concentration of the 
intrinsic Ge vacancy layers significantly decreases, which can greatly 
weaken the scattering of carriers. Thus, a high carrier mobility ~100 
cm2 V� 1 s� 1 is obtained, leading to significantly improved power factor 
at room temperature. Further, by fitting the low temperature lattice 
thermal conductivity, the scattering parameters of sandwich-like 
stacking faults and Ge vacancy layers are respectively evaluated. And 
the result demonstrates that the sandwich-like stacking faults with large 
dimension can scatter wide frequency phonons more strongly than 
simple one-fold Ge vacancy layer. Therefore, an extremely low lattice 
thermal conductivity of 0.38 W m� 1 K� 1 has been achieved, approach-
ing the theoretical amorphous limit of GeTe. Consequently, a highest zT 
value > 2.0 and zTave value of 1.35 are obtained in this work. Consid-
ering carrier mobility is not a function of band degeneracy to some 
extent, further improvements of thermoelectric performance can be 
expected if band convergence is achieved. This work realizes the mod-
ulation of 2D stacking faults for adjusting the scattering effect of elec-
trons and phonons, and makes up the important piece of multi-scale 
microstructure tailoring for TE materials. 

Fig. 4. Temperature dependence of (a) total thermal conductivity, (b) lattice thermal conductivity for Ge1-x-yCu2xSbyTe. (c) Experimental data and fitting of lattice 
thermal conductivity in the low temperature range (5–300 K) by Debye-Callaway model. (d) Calculated spectral lattice thermal conductivity (κs) using Debye-Callway 
model with various phonon scattering mechanisms including Umklapp processes (U), grain boundaries (B), point defects (PD), and stacking faults (SF) at 300 K. 
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