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Abstract 

GeTe is a versatile base compound to produce highly efficient p-type thermoelectric materials 

such as the TAGS materials (AgSbTe2)1-x(GeTe)x and GeTe-PbTe nanocomposites. The pure 

GeTe composition shows a very high power factor, ~ 42 µWcm
-1

K
-2

, between 673 K and 823 K, 

which is among the highest power factors that have ever been reported in this temperature range. 

However, its relatively high thermal conductivity limits the dimensionless figure of merit ZT to 

values of only unity. In this paper, we present an efficient approach to reduce the thermal 

conductivity by preparing (In2Te3)x(GeTe)3-3x solid solutions. In spite of a slight degradation of 

the electronic properties, the drastic reduction of the thermal conductivity due to a synergistic 

combination of reduced electronic thermal conductivity, strong alloy scattering, and vacancy 

phonon scattering leads to ZT values as high as 1.35 at 823K for the x = 0.05 sample. Our results 

show that (In2Te3)x(GeTe)3-3x is a prospective substitute for TAGS as a p-leg element for 

high-temperature power generation. 
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Introduction 

Attributed to its capability to achieve the direct conversion between heat energy and electricity, 

thermoelectricity has becomes an appealing energy conversion technique in recent decades. 

Devices composed of thermoelectric (TE) materials can either act as a generator to produce 

electric power from waste heat or solar radiation, or function as a solid-state refrigerator to 

realize spot cooling of electronic devices or provide individual climate control in automobiles
1
. 

Applications of TE devices mainly depend on the material’s TE efficiency. This is evaluated by 

the dimensionless figure of merit
2
 ZT=S

2
T/ρκ, where S is the Seebeck coefficient, T is the 

absolute temperature, ρ is the electrical resistivity and κ is the thermal conductivity. Therefore, 

highly efficient TE materials should possess a large power factor (S
2
/ρ) but low thermal 

conductivity. 

Compounds belonging to the IV-VI family of semiconductors such as PbTe, SnTe, and GeTe 

attract continuous research interest in the TE field because their unique highly degenerate 

electronic structures give rise to quite large power factors at high temperature
3-8

. The pristine 

GeTe composition is self-doped by Ge vacancies and always presents p-type transport behavior
9
. 

It crystallizes in a rhombohedral structure (R3m) at room temperature and transforms to the 

NaCl-type cubic structure (Fm 3 m) at ~ 670 K
10

. The phase transition is accompanied by an 

increase in the valence band degeneracy, and thus the power factor is maintained at quite large 

values at high temperature
7
. Exceptional electronic properties of GeTe have been recently 

reported by Levin et al. In their work
6
, power factors as high as 42 µWcm

-1
K

-2
 were obtained 

above 700 K, but the ZT was not better than unity due to the high thermal conductivity. When 

GeTe is combined with AgSbTe2 to form a solid solution (AgSbTe2)100-x(GeTe)x (acronym 

TAGS-x, where x is the mole fraction of GeTe), an ultra low thermal conductivity can be 

obtained at x = 80 and 85, leading to quite a high ZT of 1.4 at ~700 K
11-13

. It is believed that the 

dramatic reduction of the thermal conductivity in TAGS materials is associated with either strong 

lattice strains or attributed to the twining boundaries and nano domains in the microstructure
11, 13

. 

Structural modifications through the phase transition of Sb2Te3(GeTe)n (n = 3-19) have been 
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reported.
14

 Moreover, the influence of phase transitions on thermoelectric properties has been 

studied in the (GeTe)nSbInTe3 (n ≤ 3) compounds.
15

 Various structure modifications of GeTe 

have been investigated very recently, several of which achieved impressive thermoelectric 

performance.
16-19

  

In our work, we present the TE properties of another simple GeTe-based solid solutions, 

namely (In2Te3)x(GeTe)3-3x. According to the GeTe - In2Te3 pseudo binary phase diagram
20

, the 

single phase solid solutions exist over a large In2Te3 concentration range, especially at high 

temperatures. The intentionally introduced alloying disorder and vacancies are expected not only 

to modify the electronic structures, but also to result in a huge reduction in the thermal 

conductivity
21

. We shall show that the excellent ZT at high temperatures makes these solid 

solutions a promising alternative for TAGS materials. 

 

Experimental 

Compositions of (In2Te3)x(GeTe)3-3x with x = 0.00 – 0.20 were synthesized by melting the 

stoichiometric constituent elements in vacuum sealed quartz ampoules. The elements were first 

heated to 1273 K at a rate of 2 K/min and reacted for 8 hours, then slowly cooled at the same rate 

to 873 K and soaked for 24 hours. After furnace cooling to room temperature, ingots with a 

metallic luster were obtained. Ground ingots were then hot pressed at 773 K and 60 MPa for 30 

min to form dense pucks. Powder x-ray diffraction (XRD) patterns were obtained using a Scintag 

X1 diffractometer with Cu Kα radiation. Low-temperature (2 K - 300 K) electrical and thermal 

transport properties were simultaneously measured by a steady-state technique in a cryostat. 

Au/Fe-Chromel thermocouples were used to record the temperature and Cu wires acted as 

voltage probes. The high-temperature (300 K – 823 K) electrical properties were measured using 

an ULVAC ZEM-3 system and thermal conductivity was determined from κ = D×Cp×d, where 

D is the thermal diffusivity, Cp is the specific heat capacity and d is the sample density. The 

thermal diffusivity was obtained using the laser flash method with an Anter Flashline 5000 

instrument. The data were also confirmed by a Netzsch LFA-457 laser flash system. The specific 
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heat capacity was measured by differential scanning calorimetry (DSC) using a Netzsch DSC 

404C apparatus. The sample densities measured by the Archimedes method were all above 96% 

of the corresponding x-ray density. Hall measurements were carried out in a Quantum Design 

MPMS system equipped with a Linear Research ac bridge (LR-700). The Hall carrier 

concentration and mobility were calculated using pH = 1/eR and µH = R/ρ respectively, where R is 

the Hall coefficient and e is the electron charge. 

 

Results and Discussion 

Figure 1(a) displays the XRD patterns for all samples investigated. The x = 0.00, 0.05 and 

0.10 samples only show a single phase with the rhombohedral structure, while the x = 0.15 and 

0.20 samples present a different crystal structure without noticeable impurity phases. A 

well-known character of the GeTe rhombohedral structure
22

 is the occurrence of split (024) and 

(220) peaks at 41
o
 ≤ 2θ ≤ 45

o
 as shown in the inset in Figure 1(a). During the phase transition at 

elevated temperature, the split peaks merge and a single (220) reflection for the cubic polymorph 

appears within this 2θ range
22

. For our samples, the (024) and (220) doublets shift towards one 

another with increasing x, and eventually form a single broad peak for x = 0.15 and 0.20, 

indicating a higher symmetry close to the cubic structure for these two samples at room 

temperature. This phenomenon is also observed in TAGS materials, where the split peaks get 

closer and the unit cell angle approaches 90
o
 with increasing AgSbTe2 concentration

12, 13
. 

However, we cannot claim that the x = 0.15 and 0.20 samples crystallize in the cubic structure 

because the much broadened peak is very likely caused by an overlap of the doublets and the 

small reflection peaks at 2θ ~ 25
o
 cannot be attributed to the cubic structure. This question can be 

clarified by the DSC measurements. As shown in Figure 1(b), a spike appears for all samples in 

their temperature-dependent specific heat capacity curves, suggesting that each sample 

experiences a phase transition
12

. The peak temperature for pure GeTe is 683 K, consistent with 

the previously reported phase transition temperature. Note that the peak temperature gradually 

decreases to ~508 K with the increasing In2Te3 concentration, a trend similar to that of the TAGS 
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system
12

. Therefore, we conclude that the x = 0.15 and 0.20 samples possess only a pseudo cubic 

structure. 

The temperature-dependent electrical transport results are shown in Figure 2. As can be seen 

in Figure 2(a), the electrical resistivity monotonically increases with the increasing In2Te3 

content over the entire investigated temperature range. The phase transition phenomenon of each 

sample is also distinguishable from the resistivity-temperature curve. A knee appears in the 

resistivity curve for x = 0.00 and 0.05 while an abrupt drop of the resistivity is observed for the 

other three samples around the phase transition temperature determined by the DSC 

measurements. The Seebeck coefficient, as shown in Figure 2(b), is also increased by the rising 

In2Te3 concentration below 300 K, however, the change of the Seebeck coefficient is more 

complicated above room temperature. Based on the above results, one will naturally take into 

account a decrease in the carrier concentration with increasing x, particularly hole concentration 

since the Seebeck coefficient is positive, for the good mapping between the Seebeck coefficient 

and resistivity. However, the concentration of holes obtained from the Hall effect at 200 K, as 

presented in Table 1, approximately increases with increasing x and thus the rising resistivity is 

caused by the rapid reduction of the mobility as shown in Figure 3. This is in stark contrast to the 

aforementioned conjecture of a decrease in the hole concentration. As the magnitude of the 

Seebeck coefficient is determined by the position of the Fermi level relative to the band edge, the 

increasing hole concentration can be only understood by an enhanced hole effective mass or the 

density of states. A recent study on In-doped SnTe found a similar effect to ours in which an 

increase in the hole concentration was accompanied by a larger Seebeck coefficient
4
. The authors 

attributed the anomaly to the resonant levels in the valence band introduced by In doping. In our 

work, we suggest that a two parabolic valence band model can explain the enhanced effective 

mass equally well. 

It is widely accepted that GeTe crystallizing in the rocksalt structure exhibits a band structure 

with a light valence band maximum (VBM) at the L point and a heavy second VBM along the Σ 

direction in the first Brillouin zone
23-25

. The low-temperature rhombohedral structure is formed 
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through only a slight distortion of the cubic unit cell along the [111] direction and thus their 

electronic structures are considered roughly identical
25

. In the two-band model where acoustic 

phonon scattering is assumed dominant, each electronic transport coefficient can be calculated 

using the band parameters as follows
7
: 

( )
3/ 2

*
l

l 1/ 2 l2

2
4
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=  
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where p is the hole concentration, m* the density of states effective mass, k the Boltzmann 

constant, h the Planck constant, η the reduced chemical potential E/kT, Fr(η) the Fermi integral, 

∆E the energy separation between the light and heavy VBM, b the mobility ratio of light hole to 

heavy hole, and L the Lorenz number. The subscripts h and l in all equations stand for heavy and 

light holes, respectively. The light band effective mass has been consistently reported as 0.5 m0 

where m0 is the electron mass
7, 23

. Although Kolomoets et al.
7
 took the heavy band effective mass 

as m0, we find such a value too small to account for our data and the value of 2.5 m0 better 

satisfies the transport results. The mobility ratio b is assumed as 4, the same value as that for 

SnTe and PbTe
3, 4

. Provided that the band effective masses and b are independent of the 
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composition and doping only changes the chemical potentials and the band edge separation ∆E, 

we can obtain the temperature-dependent Seebeck coefficient (solid lines) and Hall coefficient 

(dashed lines) by fitting the experimental data, as presented in Figure 2(c). The fitting parameters 

and results for each sample are listed in Table 2. It is worth mentioning that the results for 

pristine GeTe in our calculation are comparable to the literature results, for example, ∆E = ~0.30 

eV 
7, 23

 and d∆E/dT = 3×10
-4

 eV/K 
24

. From Table 2, we can clearly see that the chemical 

potential continues to move toward the band edge and at the same time the energy separation 

decreases with the rising In2Te3 content. The heavy band becomes more populated and the 

density of states consequently gets enhanced. Another interesting feature is that the Seebeck 

coefficient increases more modestly for x = 0.10 and even eventually decreases for x = 0.15 and 

0.20 at a certain temperature above 300 K, Figure 2(b). This behavior is in agreement with the 

upward shift of the chemical potential to the band edge and in this situation the bipolar effect can 

play a vital role in diminishing the Seebeck coefficient. In particular, the negative Hall 

coefficient for x = 0.20 at 250 K, Figure 2(c), reflects that electrons start to participate in the 

transport. The bipolar effect may also be evident in the increase of the thermal conductivity as 

we shall see later. Figure 2(d) depicts the power factor as a function of temperature for all studied 

samples. Our pure GeTe shows a very high power factor of 42 µWcm
-1

K
-2

 at temperatures above 

673 K, the same as the recently reported value for GeTe with a similar hole concentration
6
. The 

introduction of In2Te3 leads to a decrease in the power factor at high temperatures, however, the 

x = 0.05 sample still possesses a relatively high value of ~ 38 µWcm
-1

K
-2

 between 623 K and 

823 K. We note that this power factor is the highest among TE tellurides and TAGS materials 

within this temperature range. 

  The thermal conductivity for our samples is shown in Figure 4(a). In general, the total thermal 

conductivity is the sum of the electronic contribution (κe) and the lattice thermal conductivity 

(κL). The electronic part can be estimated using the Wiedemann-Franz law as κe=LT/ρ. The 

Lorenz number L is calculated using the high-temperature Seebeck coefficient data
26

. The 

calculated L is presented in the inset of Figure 4(b). We compared the near-room-temperature 
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values here (Figure 4(b) inset) with the L values calculated from the two-band model (Table 2) 

and found that the difference is less than 7%. As one can see in Figure 4(a), the 

near-room-temperature thermal conductivity is continuously decreasing from 7.2 W/m K for x = 

0.00 to 1.0 W/m K for x=0.20, due to the simultaneously reduced electronic and lattice thermal 

conductivity. However, the x = 0.10, 0.15 and 0.20 samples show rising thermal conductivity at 

elevated temperature as a consequence of the increased influence of the bipolar thermal 

conductivity contribution. Because the electronic part of the thermal conductivity, calculated via 

the Wiedemann-Franz law, does not account for the bipolar contribution to the thermal 

conductivity, the latter is also superposed on the lattice thermal conductivity in Figure 4(b). This 

phenomenon was also observed by a recent study in which one sample with the composition x = 

0.20 (the same as our composition) was studied
27

. The apparent increase in the lattice part can be 

understood as arising from the bipolar effect. This observation is consistent with our discussion 

above concerning the trend of the Seebeck coefficient in these three samples. Regardless of the 

bipolar effect, the lattice thermal conductivity is decreased from 1.8 W/m K for x = 0.00 to 0.9 

W/m K for x = 0.05 at 323 K and the latter sample shows lower lattice thermal conductivity than 

the pristine one over the entire temperature range. This reduction can be attributed to a strong 

phonon scattering by the mass and strain fluctuations between the vacancies/In and Ge host 

atoms
21

. 

  The temperature-dependent ZT is displayed in Figure 5. The pristine GeTe itself exhibits a ZT 

of 1.0 at the highest temperatures due to its excellent electronic properties. The best ZT of 1.35 

occurs in the x = 0.05 sample at 823 K and this sample also shows much higher average ZT than 

GeTe. Compared to the best performing TAGS materials
13

, even though the x = 0.05 sample 

shows higher thermal conductivity, its larger power factor results in comparable ZT values and 

such a solid solution is a suitable substitute for TAGS as a p-type element. 

All structural modifications of GeTe are accompanied by the development of particular 

nanostructures that can potentially influence transport behavior. The Seebeck coefficient is rather 

insensitive to the microstructure features provided no strong energy filtering takes place. The 
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electrical conductivity is almost always adversely affected on account of enhanced charge carrier 

scattering. The real benefit of the presence of nanostructural features is the reduced thermal 

conductivity due to enhanced scattering of mid to long wavelength phonons. While some of these 

effects may potentially be at play in our materials, we strongly feel that the large compositional 

modifications that occur through alloying are the predominant drivers of property modification. 

The extent, if at all, to which specific nanostructural features influence the thermoelectric 

performance in GeTe-based compounds could be the focus of a future investigation of these 

materials.  

 

Conclusion 

  The electrical and thermal transport properties of (In2Te3)x(GeTe)3-3x materials from 2K to 823 

K have been studied. Changes in the Hall coefficient and Seebeck coefficient with respect to the 

composition can be explained by a two valence band model. In this model, it is assumed that the 

chemical potential shifts toward the band edge and the light and heavy valence bands move close 

to each other with increasing In2Te3 concentration. First principles calculations should be a 

powerful method to verify the origin of the enhanced density of states that must accompany the 

increasing Seebeck coefficient as the concentration of In2Te3 increases. In addition, the rising 

resistivity leads to lower electronic thermal conductivity and the lattice thermal conductivity is 

also reduced due to strong phonon scattering by alloying disorder and vacancies. As a result, ZT 

is enhanced to 1.35 at 823 K for x = 0.05, a value comparable to the best modified TAGS 

materials. According to Narducci’s suggestion
28

, high power factor TE materials are more 

favorable for large-scale power generation. Therefore, these materials, which possess much 

higher power factors than TAGS materials and other TE tellurides, are very appealing candidates 

for practical applications. 
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Figure and Table Captions 

 

 

Figure 1. (a) XRD patterns for hot-pressed (In2Te3)x(GeTe)3-3x samples, and (b) specific heat 

capacity as a function of temperature for all samples. The inset in (a) is a magnification of the 

patterns between 41
o
 ≤ 2θ ≤ 45

o
. Note that large peaks in (b) are associated with the 

rhombohedral to cubic phase transition and the peak temperature monotonically decreases with 

increasing x. 

 

 

Figure 2. Electrical transport properties as a function of temperature for (In2Te3)x(GeTe)3-3x 

samples. (a) electrical resistivity; (b) Seebeck coefficient; (c) Hall coefficient and Seebeck 

coefficient for all samples from 100 to 300 K. Open symbols are for Seebeck coefficient and 

closed ones are for Hall coefficient. Solid and dashed lines are fitting results using a two-band 

model for the Seebeck coefficient and the Hall coefficient, respectively. (d) power factor. 

 

 

Figure 3. Mobility data for (In2Te3)x(GeTe)3-3x in the temperature range of 2 K – 300 K.  
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Figure 4. (a) Thermal conductivity and (b) lattice thermal conductivity as a function of 

temperature for (In2Te3)x(GeTe)3-3x samples. The inset in (b) is the calculated temperature 

dependent Lorenz number for all samples. 

 

 

Figure 5. ZT as a function of temperature for (In2Te3)x(GeTe)3-3x samples. 

 

 

Table 1. Hole concentration and mobility for (In2Te3)x(GeTe)3-3x samples at 200 K and 300 K 

respectively extracted from measurements of the Hal effect and electrical resistivity. Note that 

the data are not available for the x = 0.20 sample at 300 K due to the nonlinear behavior of the 

Hall resistance as a function of the magnetic field. 

 

 

Table 2. The chemical potential El relative to the light VBM, energy separation ∆E between the 

light and the heavy VBM, the temperature coefficients of El and ∆E, and the Lorenz number for 

(In2Te3)x(GeTe)3-3x samples at 300 K. 
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Figure 1(a) 
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Figure 1(b) 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Table 1 

 

 

 

Sample x=0.00 x=0.05 x=0.10 x=0.15 x=0.20 

pH (10
20

 cm
-3

) 

200 K / 300 K 
6.9 / 6.9 6.1 / 6.9 7.1 / 4.0 8.4 / 13.7 16.1 / - 

µH (cm
2
 V

-1
s

-1
) 

200 K / 300 K 
98 / 70 31 / 24 12 / 19 4.4 / 2.6 1.8 / - 

 

 

 

Table 2 

 

 

 

Sample 
El 

(eV) 

∆E 

(eV) 

dEl/dT 

(10
-4

 eV/K) 

d∆E/dT 

(10
-4

 eV/K) 

L 

(10
-8

 V
2
/K

2
) 

x=0.00 0.22 0.36 -0.4 5.3 2.33 

x=0.05 0.18 0.22 -0.7 0.8 2.20 

x=0.10 0.15 0.16 -1.9 -1.2 2.02 

x=0.15 0.07 0.06 -2.5 -1.6 1.74 

x=0.20 0.002 -0.03 0 0.07 1.75 
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