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Abstract We report Sb-doped and GeTe-alloyed n-type thermoelectric materials that show excellent 

figure of merit ZT in the intermediate temperature range (400-800 K). We demonstrate the synergistic 

effect of favorable changes to the band structure resulting in high Seebeck coefficient and enhanced 

phonon scattering by point defects and nanoscale precipitates resulting in reduction of thermal 

conductivity. The samples can be tuned as single-phase solid solution (SS) or two-phase system with 

nanoscale precipitates (Nano) based on the annealing processes. The GeTe alloying results in band 

structure modification by widening the band gap and increasing the density-of-states effective mass of 

PbTe, resulting in significantly enhanced Seebeck coefficients. The nanoscale precipitates can improve 

the power factor in the low temperature range and further reduce the lattice thermal conductivity (κlat). 

Specifically, the Seebeck coefficient of Pb0.988Sb0.012Te-13%GeTe-Nano approaches −280 µVK
−1

 at 

673 K with a low κlat of 0.56 Wm
−1

K
−1

 at 573 K. Consequently, a peak ZT value of 1.38 is achieved at 

623 K. Moreover, a high average ZTavg value of ~1.04 is obtained in the temperature range from 300 K 

to 773 K for n-type Pb0.988Sb0.012Te-13%GeTe-Nano. 

 

1. Introduction 

Thermoelectric materials, which can convert heat to electricity and generate temperature gradients for 

cooling purposes, are attractive for clean and reliable energy harvesting technologies with reduced 
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hazardous gas emissions.
[1]

 The effectiveness of a thermoelectric material is quantified by the 

dimensionless figure of merit ZT = S
2
σT/κ, where S is the Seebeck coefficient, σ is the electrical 

conductivity, T is the absolute temperature, and κ is the thermal conductivity (including the electronic 

and lattice components), respectively.
[2]

 The quantity of S
2
σ is defined as the power factor, PF. High ZT 

can be achieved in materials that possess large power factor and low thermal conductivity.
[2]

 

Furthermore, power generation efficiency (η) of thermoelectric device is directly determined by the 

average ZTavg over the operating temperature range, η = [(TH − TC)/TH] [(1 + ZTavg)
1/2

 − 1]/[(1 + 

ZTavg)
1/2

 + TC/TH], where TH and TC are the hot and cold junctions temperature, respectively. 

Considering medium-temperature waste heat sources (e.g. from 573 K to 722 K) account for about 

70% of all the waste heat sources from 373 K to 873 K,
[3]

 it is important to explore thermoelectric 

materials with high ZT values (especially ZTavg) in the medium-temperature range. 

P-type lead chalcogenide thermoelectric materials have outstanding medium-temperature 

thermoelectric performance, which is partly related to the intrinsic low thermal conductivity due to 

phonon anharmonicity
[4]

 and partly to the unique two valence band (VB) electronic structure (light hole 

band at the L point and heavy hole band at the ∑ point).
[5]

 As a results PbTe can easily achieve high 

power factors via VB convergence by alloying with other isovalent elements.
[1b, 6]

 Effective state of the 

art strategies to enhance the power factor include tuning the electronic band structure near the Fermi 

level using resonant states,
[7]

 band convergence,
[8]

 multiple bands,
[9]

 manipulating the band gap,
[10]

 and 

band alignment using second phases,
[11]

 Simultaneously, the thermal conductivity (mainly κlat) was 

reduced through all length-scale phonon scattering via the formation of hierarchical architecture or 

point defect scattering (i.e., solid solution alloying). 
[1c, 4a, 6a, 6f, 12]

 

The main reason for n-type PbTe lagging in thermoelectric performance is that it features only 

single conduction band (CB) at the L point which can participate in transport.
[13]

 The smaller number of 

degenerate CB valleys than VB ones result in smaller electron effective mass and lower intrinsic 

Seebeck coefficient values.
[14]

 Thus, the development of advanced n-type PbTe to match its p-type 

counterpart is a far more challenging task. Recently, the synergistic effect of co-doping strategies was 

demonstrated to progressively improve the ZT values for n-type PbTe.
[15]

 For example, indium and 

iodine co-doped PbTe reaches a ZT value of 0.59 at 655 K.
[16]

 Cl-doped (PbTe)0.75(PbS)0.15(PbSe)0.1 

exhibits a maximum ZT value of ~1.1 at 800 K.
[17]

 Pb0.98In0.02Te0.8S0.2 has also been shown to achieve 

an enhanced ZT value of ~1.1 at 673 K by using a deep lying dopant.
[18]

 Recently, high ZT ~1.5 at 

723K was reported in PbTe-2%Cu2Te by synergistically suppressing κlat and enhancing carrier mobility 

through Cu2Te inclusions.
[19]

 

Compared to cubic PbTe, GeTe crystallizes in a rhombohedral structure (R3m), which is stable up 

to ~700 K (called the α-GeTe phase) above which it becomes cubic.
[20]

 Based on the concept of phase 

separation and nanostructuring, a very high ZT value of up to ~2 was obtained for Ge-rich p-type 

Ge0.87Pb0.13Te.
[21]

 There are few studies about n-type GeTe alloyed PbTe system lying on the Pb-rich 

side of the phase diagram.
[22]

 Here we report on the synergistic effect produced by a combination of Sb 

doping and GeTe alloying into the PbTe matrix that leads to enhance the n-type thermoelectric 

performance. 

We describe a series of nominal compositions Pb0.988Sb0.012Te-x%GeTe (x = 0, 2, 5, 8, 10, 12, 13 

and 14) solid solutions (SS) and nanostructured (Nano) Pb0.988Sb0.012Te-13%GeTe. We chose these 

compositions so we can study the solubility range to full supersaturation beyond the solubility range so 
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as to induce nucleation and growth to nanostructuring. The Sb doping and GeTe alloying brings the 

following advantages: (1) control of the carrier concentration in the range of ~1 to 5 × 10
19

 cm
−3

, which 

is close to the optimum carrier concentration for achieving high ZT value; (2) enlargement of the 

band gap and electron effective mass leading to a considerable enhancement of the Seebeck 

coefficient; (3) the κlat is significantly reduced. Moreover, nanoscale precipitates improve the power 

factor at low temperature range and further reduce the κlat. Consequently, an enhanced ZT value of 1.38 

at 623 K and a high average ZTavg value of ~1.04 in the temperature range of 300 K to 773 K are 

achieved for Pb0.988Sb0.012Te-13%GeTe-Nano. These are among the highest ZTavg values for n-type 

PbTe materials reported so far. 

2. Results and Discussion 

2.1. Sample Preparation 

Polycrystalline solid solution samples of Pb0.988Sb0.012Te-x%GeTe, nanostructure sample of 

Pb0.988Sb0.012Te-13%GeTe and PbTe-x%GeTe (x = 0, 2, 5, 8, 10, 12, 13 and 14) were prepared via high 

temperature quenching and annealing of relative long duration. Furthermore, Sb as an amphoteric 

dopant in PbTe can be used as a substitute for either Te vacancies (at low doping levels of < 1%) or Pb 

sites (at higher doping levels of > 1%). Sb is a versatile choice to fine tune the carrier concentration and 

the lattice structures.
[13, 20a], [23] 

 In this study Sb doping amount of ~ 1.2% is chosen for tuning the 

carrier concentration of PbTe-x%GeTe to achieve high ZT. The GeTe content was varied from 2-14%. 

Because of the large mass fluctuation (Pb and Ge) in the crystal lattice, we hypothesized that by 

increasing the solid solubility of GeTe in PbTe matrix via high temperature annealing we can expect a 

significant reduction of the lattice thermal conductivity due to enhanced point defect scattering. 

Furthermore, considering the lower solid solubility at low temperature, we anticipated phase separation 

to occur at lower temperatures. Thus, we expected the formation of nanostructures via low-temperature 

annealing to further improve the thermoelectric performance by further reducing the lattice thermal 

conductivity through the scattering of mid-wavelength and long wavelength phonons. 

2.2. Structural Characterization and Optical Properties 

Figure S1 (Supporting Information) displays typical PXRD patterns of the Pb0.988Sb0.012Te-x%GeTe-SS 

(x = 0, 2, 5, 8, 10, 12, 13 and 14) samples. All patterns can be indexed to the cubic PbTe phase (JCPDS 

78−1905) with the rock salt (NaCl) crystal structure (space group Fm m) without any other detectable 

impurity or secondary phase, suggesting the formation of a solid solution over the whole composition 

range of our study. The lattice constants obtained from the XRD patterns contract with increasing GeTe 

content, see Figure 1a. This is caused by the substitution of Pb
2+

 (~1.20 Å) cations by the smaller Ge
2+

 

(~0.65 Å) cations. The trend follows Vegard’s Law type behavior, which suggests the formation of a 

solid solution. In contrast, Pb0.988Sb0.012Te-13%GeTe-Nano (red) has larger lattice constant than that of 

Pb0.988Sb0.012Te-13%GeTe-SS, caused by lower solubility of GeTe. The band gap values increase from 

~0.23 eV to 0.27 eV in going from 2% to 13% GeTe. These results are consistent with the larger band 

gap of GeTe (0.5 eV), see electronic absorption spectra in Figure 1b.
[24]

 

2.3. Microstructure of the Solid Solution System 
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Microstructure information of the Pb0.988Sb0.012Te-13%GeTe-SS sample is summarized in Figure 2. 

Figures 2a-c depict very clear, homogeneous, single-phase microstructure. No obvious contrast for the 

presence of second phase can be observed, indicating that the material is a solid solution system. This 

is consistent with the Vegard’s law type behavior observations shown in Figure 1a. The corresponding 

selective area electron diffraction (SAED) pattern along zone axis [001] is shown in the lower left inset 

picture of Figure 2a. The SAED pattern matches with rock-salt (NaCl) structure with the space group 

Fm m No additional spots, spots splitting, streaking or super-lattice spots are observed in the SAED 

pattern. This demonstrates that the material is a single-phased system with no super-lattice structure 

and no secondary phase present. In Figure 2c, the measured lattice spacing (d200) corresponds to the 

value calculated from PXRD (Figure 1a) within experimental error. Figure 2d is a representative EDS 

spectrum for Pb0.988Sb0.012Te-13%GeTe-SS from the homogeneous single phase. The spectrum 

demonstrates the existence of Pb, Te and Ge. The unlabeled peaks come from the TEM specimen 

holder or the TEM grid underneath the specimen. Figure 2e shows an HAADF STEM image with 

corresponding elemental maps of Ge, Pb, and Te. All three elements distribute uniformly throughout 

the observed region. The contrast in the elemental maps come from thickness variation. 

2.4. Charge Transport Properties 

Figure 3a describes the temperature-dependent electrical conductivity for Pb0.988Sb0.012Te-x%GeTe-SS. 

The electrical conductivity decreases with increasing temperature typical of degenerate 

semiconductors. At T = 300 K, the GeTe alloying reduces the electrical conductivities of the samples, 

i.e. from ~2885 Scm
–1

 for Pb0.988Sb0.012Te to ~599 Scm
–1

 for Pb0.988Sb0.012Te-14%GeTe. As shown in 

Figures 3b-d and Table S1 (Supporting Information), this reduction is primarily due to the decrease of 

the carrier concentration from ~5 × 10
19

 cm
−3

 to ~1 × 10
19

 cm
−3

 and Hall mobility from ~365 cm
2
V

−1
s

−1
 

to ~274 cm
2
V

−1
s

−1
. Moreover, the electrical conductivity monotonically decreases with rising 

temperature. 

As shown in Figures 3b-d and Table S1 (Supporting Information), the carrier concentration and 

Hall mobility are composition and temperature dependent. The negative Hall coefficients (RH) confirm 

the n-type transport behavior (Figure 3b and Figure S2, Supporting Information). The absolute values 

of the Hall coefficients at 300 K for Pb0.988Sb0.012Te-x%GeTe generally increase with x (Figure 3b) 

indicating that the carrier concentration is reduced at higher x values (Figure 3b, Table S1). One reason 

for the diminished effectiveness of Sb as an electron donor with rising fraction of GeTe could be the 

well-known intrinsic Ge vacancies in the lattice as in pure GeTe (x=100).
[25]

 The Hall mobility µH = 

σ/ne is calculated using the electrical conductivity data and presented in Figure 3d and Table S1 

(Supporting Information). The Hall mobility for Pb0.988Sb0.012Te-x%GeTe-SS decreases with increased 

GeTe content, likely due to enhanced alloy scattering from increased atomic Pb/Ge disorder. The 

mobility falls with rising temperature because of charge carrier scattering by acoustic phonons. 

Figure 3e presents the Seebeck coefficients of Pb0.988Sb0.012Te-x%GeTe-SS in the temperature 

range of 300 K to 773 K. As expected, the negative Seebeck coefficients indicate n-type charge 

transport behavior, in agreement with the negative Hall coefficients (Figure 3b and Supporting 

Information Figure S2) and the donor characteristic of Sb (i.e. replacing Pb in the crystal structure). 

The Seebeck coefficients are enhanced with greater GeTe content. The decrease of the absolute 
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Seebeck coefficients may be related to the higher carrier concentration above 700 K (Figure 3c) 

because the excitation of minority carriers will diminish the Seebeck coefficients.
[26]

 The highest 

absolute value of Seebeck coefficient reached is 300 μVK
−1

 at 723 K for Pb0.988Sb0.012Te-13%GeTe-SS. 

Figure 3f shows the Seebeck coefficients as a function of charge carrier concentration for 

Pb0.988Sb0.012Te-x%GeTe-SS at 300 K. The solid curves are the theoretical Pisarenko plots for n-type 

PbTe with effective mass of electrons of 0.3 me and 0.4 me (me is the free electron mass). The 

experimental data agree well with the theoretical predictions, indicating single band transport in 

Pb0.988Sb0.012Te-x%GeTe-SS. Moreover, the electron effective mass (between 0.3me and 0.4me) of the 

GeTe alloyed samples is slightly higher than that (~0.3me) of Pb0.988Sb0.012Te. 

The temperature-dependent power factors for Pb0.988Sb0.012Te-x%GeTe-SS are presented in Figure 

5a. As a consequence of the simultaneous optimization of electrical conductivities and Seebeck 

coefficients, the Sb doping and GeTe alloying result in high power factors with a maximum value of 

~23.3 μWcm
−1

K
−2

 at T = 573 K for the sample with x = 5. Meanwhile, the peak power factor shifts to 

lower temperature for samples with increased GeTe content, which is beneficial to achieve high ZT 

values at low temperatures. 

2.5. DFT Calculations 

We explored the effect of alloying PbTe with GeTe on the electronic band structure using first-

principles density functional theory (DFT) calculations. Considering that the dopant Sb atoms only 

serve for carrier concentration adjustment, the calculated band structures shown here does not include 

Sb atoms for simplicity. It is shown in Figures 4a and 4b that when Ge atoms are added into PbTe, both 

the conduction band minimum and valence band maximum move away from the Fermi level leading to 

an enlarged energy band gap. Compared with pure PbTe, where the calculated band gap is 0.0944 eV, 

Pb27-nGenTe27 shows a 105% larger band gap of 0.1936 eV. The absolute values of the DFT calculated 

band gaps are usually smaller than those from experimental measurements, in which DFT typically 

underestimates the band gap values. 

The calculated effective masses of both conduction band electrons and valence band holes at the L 

point are shown in Figure 4c. The calculations suggest that adding Ge into PbTe does not significantly 

affect the transverse effective masses but remarkably increases the longitudinal ones. We also explored 

the temperature dependence of the band structures of Pb23Ge4Te27 resulting from only the thermal 

expansion effect. It can be seen from Figure 4d that the band gap widens when temperature increases, 

and the effective mass is also enlarged. 

2.6. Thermal Transport Properties 

The temperature-dependent thermal conductivities of the Pb0.988Sb0.012Te-x%GeTe-SS samples are 

shown in Figure 5b. The introduction of GeTe effectively reduces the thermal conductivity which at 

room temperature decrease continuously from 4.72 Wm
−1

K
−1

 to 1.47 Wm
−1

K
−1

 when x varies from 0 to 

14. The heavily doped (i.e. x ≥ 10) supersaturated solid solutions possess very low thermal 

conductivities. The lowest value of 0.82 Wm
−1

K
−1

 is found in Pb0.988Sb0.012Te-14%GeTe at T = 673 K. 

The κlat is derived by subtracting the electronic component (see Figure S4, Supporting Information) 

from the total thermal conductivity and is displayed in Figure 5c. The lattice thermal conductivities at 
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300 K decrease from 2.77 to 1.13 Wm
−1

K
−1

 when x increases from 0 to 14. Generally, κlat decreases at 

higher temperature, except for the samples with x ≥ 12, which show a slight rise above 600 K likely 

due to the increased contribution of bipolar diffusion of holes (minority carriers). Finally, the lowest 

value of κlat = 0.61 Wm
−1

K
−1

 can be achieved for Pb0.988Sb0.012Te-13%GeTe-SS at ~573 K. The marked 

reduction of κlat is attributed to the multiple types of point defects (such as Ge/Pb, Pb/Ge, Sb/Pb, Pb/Sb, 

Te/Sb and Sb/Te substitutions). These cause strain and mass contrast between alloying atoms and host 

atoms in the lattice which serve as scattering centers for phonons.
[27]

 

2.7. Figure of Merit 

The dimensionless Figure of merit, ZT, values of Pb0.988Sb0.012Te-x%GeTe-SS are shown in Figure 5d. 

The improved power factors and reduced thermal conductivities of Sb-doped PbTe-x%GeTe alloys 

result in significantly enhanced ZT values compared to that of Pb0.988Sb0.012Te. Among all samples, 

Pb0.988Sb0.012Te-13%GeTe exhibits the highest ZT value of ~1.32 at 623 K (Figure 5d). 

2.8. From Solid Solution to Nanostructuring 

In general, for PbTe systems different synthesis conditions will lead to different microstructures. The 

incorporation of nano-scale precipitates in matrix, has been certified as an efficient paradigm to lower 

lattice thermal conductivities by introducing new scattering mechanisms such as grain boundaries or 

interfaces without significantly depressing the power factor.
[28]

 To further improve the thermoelectric 

performance of Pb0.988Sb0.012Te-13%GeTe-SS, the low temperature annealing approach (The ingot 

sample of Pb0.988Sb0.012Te-13%GeTe-SS was annealed at 573 K for 2 days, then sintered by SPS at 823 

K for 10 min under an axial pressure of 40 MPa) was adopted to introduce the nanoscale precipitates in 

the PbTe matrix.  

Microstructural and chemical analyses of Pb0.988Sb0.012Te-13%GeTe-Nano reveal that the presence 

of large number of nanoscale precipitates varying from 3 to ~100 nm, Figures 6a and 6b. Figures 6c 

and 6d depict that the precipitates, which are not faceted, adopt the same crystal structure as matrix. 

Figure 6e shows that the precipitate is rich in Ge and deficient in Pb and probably Te.  

The Pb0.988Sb0.012Te-13%GeTe-Nano sample exhibits higher electrical conductivity below 423 K 

(Figure 7a) and larger Seebeck coefficient below 623 K (Figure 7b) than Pb0.988Sb0.012Te-13%GeTe-SS 

sample. As a consequence, a major enhancement of the power factor was achieved for Pb0.988Sb0.012Te-

13%GeTe-Nano (~15.4 μWcm
−1

K
−2

), about 70% improvement over Pb0.988Sb0.012Te-13%GeTe-SS 

(~9.3 μWcm
−1

K
−2

) at room temperature (Figure 7c). The Pb0.988Sb0.012Te-13%GeTe-Nano has lower κtot 

and κlat values than Pb0.988Sb0.012Te-13%GeTe-SS over the entire measured temperature range (Figures 

7d and 7e). A very low value of κlat = 0.56 Wm
−1

K
−1

 can be achieved for Pb0.988Sb0.012Te-13%-Nano at 

~573 K. As a result, Pb0.988Sb0.012Te-13%GeTe-Nano exhibits a higher ZT value of ~1.38 at 623 K 

(Figure 7f). Compared with the maximum ZT value (0.58) of Pb0.988Sb0.012Te, the Pb0.988Sb0.012Te-

13%GeTe-Nnao pellet achieves ~140% improvement of the maximum ZT value. This high 

thermoelectric ZT value outperforms many n-type PbTe reported so far especially at the low 

temperature range (300 K to 800 K).
[18, 29]

 Furthermore, the average ZTavg value of ~1.04 is obtained in 

the temperature range from 300 K to 773 K (Figure 8) for Pb0.988Sb0.012Te-13%GeTe-Nano, which is 

higher than the average ZTavg values reported for n-type PbTe.
[18, 23, 29a, 30]
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3. Summary and Conclusion 

The thermoelectric performance of n-type PbTe samples can be significantly improved by alloying 

with GeTe. Both supersaturated solid solutions and nanostructured Pb1-xGexTe systems can be prepared 

via a non-equilibrium process. The experimental and theoretical analyses reveal that (i) GeTe alloying 

enlarges the band gap and electron effective mass leading to a considerable enhancement of the 

Seebeck coefficient; (ii) the carrier concentrations can be optimized in the range of ~1 to 5 × 10
19

 cm
−3

, 

by controlling the GeTe fraction to achieve high ZT values; (iii) the high density of point defects 

resulting from the supersaturated state using the non-equilibrium synthetic route described above leads 

to greatly decreased κlat. Moreover, the formation of nanostructures can further improve the power 

factor and reduce κlat simultaneously. The Pb0.988Sb0.012Te-13%GeTe-Nano achieves a ZT value of 1.38 

at 623 K and a high average ZTavg value of ~1.04 in the temperature range of 300 K to 773 K, which is 

promising for intermediate temperature thermoelectric applications. 

4. Experimental Section 

The following chemicals were used in this work: Pb wire (99.99%, American Elements, USA), Te shot 

(99.999%, 5 N Plus, Canada), Sb (99.999%, American Elements, USA), Ge lump (99.999%, 

Plasmaterials, USA). A mixture of high-purity single elements Pb, Sb, Ge and Te was loaded into 

quartz tubes according to the stoichiometric molar ratios of Pb0.988Sb0.012Te-x%GeTe (x = 0, 2, 5, 8, 10, 

12, 13 and 14). The Sb-free PbTe-x%GeTe compounds were synthesized for optical band gap 

measurements. After loading the quartz tubes, the quartz tubes were evacuated to a residual pressure of 

~10
−4

 torr and flame-sealed. Next, they were heated up to 1323 K in 10 h and held at this temperature 

for 6 h, then quenched in ice water and annealed at 873 K for 2 days. For the Pb0.988Sb0.012Te-

13%GeTe-Nano samples, the annealing temperature was 573 K. The obtained ingots were hand ground 

to a powder using a mechanical mortar and pestle to reduce the particle sizes to less than 53 µm
3
 in a 

N2-filled glove box. Then these powders were densified under vacuum using spark plasma sintering 

(SPS) technique (SPS-211LX, Fuji Electronic Industrial Co. Ltd.) at 823 K for 10 min in a 12.7 mm 

diameter graphite die under an axial pressure of 40 MPa. Highly dense (> 96% of theoretical density) 

disk-shaped pellets with size of ~10 mm in thickness and 12.7 mm in diameter were obtained.  

Powder X-ray Diffraction (PXRD) patterns were collected on finely ground powders for all 

samples using a Rigaku Miniflex powder X-ray diffractometer with Ni-filtered Cu Kα (λ = 1.5418 Å) 

radiation operating at 40 kV and 15 mA. The scan width and rate of the measurement was 0.02° and 10 

°/min, respectively. 

The optical band gaps of PbTe-x%GeTe were measured on finely ground samples at 300 K. The 

spectra were recorded in the mid-IR range (6000−400 cm
−1

) using a Nicolet 6700 FT-IR spectrometer. 

The optical band gaps were converted from reflectance spectra using Kubelka-Munk equations: α/S’ = 

(1−R)
2
/(2R), where R, α and S’ are reflectance, absorption and scattering coefficients, respectively.

[31]
  

The obtained SPSed pellets were cut into rectangular bars with dimensions ~12 mm × 3 mm × 3 

mm that were used for simultaneous measurement of the electrical resistivity and Seebeck coefficient. 

The measurements were performed with an Ulvac Riko ZEM-3 instrument under a low-pressure 

helium atmosphere from 300 K to 773 K. To avoid elemental sublimation and to protect the instrument, 
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the bars were coated with a thin layer of boron nitride (BN). The measurement uncertainties typically 

are 5% for electrical resistivity and 3% for the Seebeck coefficient, respectively.
[32]

  

The Hall effect measurements were carried out using an AC 4-probe method in a homemade 

system mainly using fields of 0.5 and −0.5 Tesla. The homemade system uses an air-bore, helium-

cooled superconducting magnet to generate the field within a high temperature oven that surrounds the 

Ar-filled sample probe. The Hall bars had dimensions ~1 mm × 3 mm × 8 mm. The error in the Hall 

coefficient was estimated from the noise in the signal and from the standard deviation of multiple 

measurements at a given temperature. The carrier concentration was calculated assuming a single 

carrier via n = 1/(e|RH|), where e is the electronic charge and RH is the Hall coefficient, with the error 

propagated from the Hall coefficient.  

Thermal diffusivity measurements were performed on highly dense SPSed pellets which were cut 

and polished into a squared shape of ~6 mm × 6 mm × 2 mm. Then the samples were coated with a thin 

layer of graphite to minimize errors from the emissivity of the material. The temperature-dependent 

thermal conductivity was then calculated with the relationship of κ = D·Cp·ρ. In this formula, D is the 

thermal diffusivity (measured using the laser flash diffusivity method in a Netzsch LFA457 under 

nitrogen atmosphere and analyzed using a Cowan model with pulse correction), Cp is the specific heat 

capacity (determined by the formula Cp (kB per atom) = 3.07 + 4.7 × 10
−4

 × (T(/K) − 300); here, kB is 

the Boltzmann constant),
[30a]

 and ρ is the bulk density (calculated using the dimensions and mass, see 

Table S2, Supporting Information). Considering the uncertainties of 5% for D and 5% for ρ, the 

uncertainty of the thermal conductivity is estimated to be within 7%. Thus, the combined uncertainty 

for all measurements involved in the determination of ZT is about 15~20%.  

Scanning/Transmission Electron Microscopy (S/TEM) investigations were carried out for 

Pb0.988Sb0.012Te-13%GeTe-SS and Pb0.988Sb0.012Te-13%GeTe-Nano systems. Conventional and high-

resolution TEM, as well as Selective Area Electron Diffraction (SAED) were performed with a JEOL 

2100F transmission electron microscope under 200 kV. High Angle Annular Dark Field (HAADF) 

STEM imaging and Energy Dispersive X-ray Spectroscopy (EDS) were performed with a Hitachi HD-

2300 Dual EDS Cryo STEM operated under 200 kV. The TEM specimen was prepared with 

conventional methods, including dicing, grinding, dimpling, followed by high energy (2.8 keV) Ar ion 

milling until hole formation and cleaned with 2 keV and then low energy (300 eV) Ar ion milling. Ar 

ion milling was performed with a Fischione Model 1050 TEM Mill at cryogenic temperature with the 

help of a liquid nitrogen cooling stage. Scanning electron microscopy (SEM) and EDS analysis were 

performed for Pb0.988Sb0.012Te-13%GeTe-Nano before the SPS process using a Hitachi S-3400N-II 

SEM with a solid state backscattered electron (BSE) detector.  

Density Functional Theory (DFT)
[33]

 band structure calculations were carried out for pure 

stoichiometric PbTe and GeTe alloyed PbTe. The calculations were performed using the Vienna ab 

initio Simulation Package (VASP)
[34]

 with projector augmented wave (PAW)
[35]

 pseudopotentials 

utilizing the generalized gradient approximation and Perdew-Burke-Ernzerhof (PBE)
[36]

 exchange-

correlation. For Pb and Ge atoms, the semi core d electrons were treated as valence states. Both 

relaxation calculations and band structure calculations were performed with a plane-wave basis cutoff 

energy of 520 eV and spin-orbit coupling (SOC). The total energies were converged within 0.01 meV 

with a Monkhorst-Pack
[37]

 k-mesh with 5000 k-points per reciprocal atom in the Brillouin zone. 
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Figures 

 

Figure. 1. (a) Refined lattice parameters of Pb0.988Sb0.012Te-x%GeTe-SS (black) and Pb0.988Sb0.012Te-

13%GeTe-Nano (red) as a function of GeTe content, indicating a linear contraction of the lattice. The 

red short dotted line is the Vegard’s law type behavior and (b) Electronic absorption spectra 

obtained from diffuse reflectance infrared spectroscopy measurements on PbTe-x%GeTe samples 

(without Sb doping to minimize interband states), showing increasing band gap with increasing GeTe 

content. 
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Figure. 2. S/TEM and EDS analysis of Pb0.988Sb0.012Te-13%GeTe-SS. (a) Low magnification; (b) medium 

magnification and (c) high-resolution TEM images show a homogeneous, single-phase solid solution. 

No obvious nanostructures can be observed. Selective area electron diffraction (SAED) pattern is 

shown in the inset image of (a). No streaking or spot splitting can be observed in SAED pattern, 

indicating the solid solution nature of the material; (d) EDS spectrum of Pb0.988Sb0.012Te-13%GeTe-SS, 

indicating the existence of Pb, Te and Ge elements in the sample. The unlabeled peaks come from 

the TEM specimen holder or the TEM grid underneath the sample; and (e) STEM HAADF image and 

elemental EDS mapping of Pb0.988Sb0.012Te-13%GeTe-SS. Ge, Pb, and Te distribute uniformly in the 

sample, the contrast difference in elemental maps is due to sample thickness variations. 
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Figure. 3. Thermoelectric transport properties as a function of temperature for Pb0.988Sb0.012Te-

x%GeTe-SS SPSed pellets; (a) Electrical conductivity, σ; (b) Hall coefficient, RH and carrier 

concentration, n at 300 K; (c) The temperature-dependence of carrier concentration for 

Pb0.988Sb0.012Te-x%GeTe-SS (x = 0, 5, 8, and 13); (d) corresponding Hall mobility; (e) Seebeck 

coefficient, S; and (f) Seebeck coefficient as a function of Hall carrier concentration at 300 K. The 

solid curves are the theoretical Pisarenko plots for n-type PbTe with effective mass of electrons of 

0.3 me (black) and 0.4 me (red). 
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Figure. 4. (a) Calculated electronic band structures of Pb27-nGenTe27 (n = 0, 1, 2, 3 and 4), with spin-

orbit coupling included; (b) Calculated band-edge energies of the conduction band (CB) and valence 

band (VB) at L and ∑, as functions of n in Pb27-nGenTe27; (c) Calculated effective masses (longitudinal 

ml, transverse mt) of electrons (e) and holes (h) at the L point in reciprocal space as functions of n in 

Pb27-nGenTe27. The unit me is the free electron mass; (d) Temperature-dependence of the calculated 

band structures of Pb23Ge4Te27 considering only the thermal expansion effect. 
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Figure. 5. (a) Power factors, PF; (b) Total thermal conductivity, κtot; (c) Lattice thermal conductivity, 

κlat; and (d) Figure of merit, ZT, values for Pb0.988Sb0.012Te-x%GeTe-SS SPSed pellets. 



 

  

 

This article is protected by copyright. All rights reserved. 

20 

 

 

 

Figure. 6. S/TEM and EDS analysis of Pb0.988Sb0.012Te-13%GeTe-Nano. (a) STEM HAADF image and (b) 

STEM ADF image of Pb0.988Sb0.012Te-13%GeTe-Nano system. Large number density of nanoscale 

precipitates (selectively indicated by red arrows) can be observed; (c) conventional medium 

magnification TEM image of a representative precipitate (outlined by the red circle); (d) high-

resolution TEM image of a representative precipitate-matrix interface. The precipitate was indicated 

by the red dashed line. Selective area electron diffraction (SAED) pattern is shown as the inset image 

at the lower left corner; and (e) STEM HAADF image and elemental EDS mapping of a representative 

area in Pb0.988Sb0.012Te-13%GeTe-Nano. The maps demonstrate that the precipitate has higher Ge 

concentration and lower Pb, Te concentrations than the matrix. 
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Figure. 7. Thermoelectric transport properties as a function of temperature for Pb0.988Sb0.012Te-

13%GeTe-SS and Pb0.988Sb0.012Te-13%GeTe-Nano SPSed pellets; (a) Electrical conductivity; (b) 

Seebeck coefficient; (c) Power factor; (d) Total thermal conductivity; (e) Lattice thermal conductivity; 

and (f) ZT values. 
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Figure. 8. Comparison of average ZTavg values with the temperature gradient of 300 K to 773 K for 

several n-type PbTe thermoelectric materials. 
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The table of contents: 

Both supersaturated solid solutions and nanostructured n-type Pb1-xGexTe systems can be 

prepared via a non-equilibrium process with excellent thermoelectric performance. The 

nanostructured sample can further enhance the ZT via reducing the lattice thermal conductively. 

Then the ZTavg of ~1.04 is obtained, which is among the highest ZTavg values for n-type PbTe materials 

reported so far. 
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