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Abstract 

Thermoelectric Si0,65Ge0,35Sbδ materials have been fabricated by spark plasma sintering of Ge-Si-

Sb powder mixture. The electronic properties of Si0,65Ge0,35Sbδ were found to be dependent on the 

uniformity of mixing of the components, which in turn is determined by the maximum heating 

temperature during solid-state sintering. Provided the concentration of donor Sb impurity is 

optimized the thermoelectric figure of merit for the investigated structures can be as high as 0.628 

at the temperature of 490 °С, the latter value is comparable with world-known analogues obtained 

for Si1-xGexPδ.  
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1. Introduction 

The Si1-xGex substitutional solid solution is at a 

special place among thermoelectric energy 

converters as the most promising silicon-based 

material [1-3]. For this material high chemical 

and mechanical stability at elevated 

temperatures is an important advantage when 

concerning the applications in the air 

atmosphere. Some other advantages of Si1-xGex 

are low toxicity and a high degree of 

development of technological processes for Ge 

and Si [4]. The main characterizing parameter of 

thermoelectric materials is the dimensionless 

thermoelectric figure of merit (ZТ) 𝑍𝑇 = 𝛼2𝜎𝜘 ∙ 𝑇,   (1) 

where ϰ is the thermal conductivity, σ is 

electrical conductivity (sometimes resistivity ρ 

= 1/σ can be used instead) and α is a Seebeck 

coefficient which can be determined by 

measuring the thermo-voltage (UTE) and a 

temperature difference (ΔТ) between the “hot” 
and “cold” edges of the material: α = UTE/ΔТ .  

 

As a rule, the parameters in (1) are not 

independent within one material: with 

increasing σ, the Seebeck coefficient decreases 

and ϰ increases [5]. Modern technologies such 

as nanostructuring provide quasi-independent 

control of thermoelectric coefficients, which 

allows one to obtain simultaneously low values 

of ϰ with high values of α and σ, and, thus, to 

increase ZT [2,3,5] 

In the present paper we report on the results of 

investigating Si0.65Ge0.35 thermoelectric 

structures fabricated by the technique of spark 

plasma sintering (SPS) of the mixture of Si, Ge 

and Sb powders. The SPS technique provides 

unique possibilities for the formation of 

nanostructured materials and controlling their 

parameters [6,7]. Feature of this work is the use 

of Sb impurities for fabricating the Si1-xGex, with 

n-type conductivity whereas in the majority of 

the papers As or P impurities are used. The 

advantages of antimony in comparison with P or 

As [1-6] are lower toxicity, as well as the 

mailto:dorokhin@nifti.unn.ru


2 

 

possibility of a new technological option for 

fabricating the n-type material.  

Although antimony has limited solubility in Ge 

and Si [8], the use of non-equilibrium 

fabrication techniques such as SPS allows 

introducing the impurity over the solubility limit 

and achieving the doping concentrations 

sufficient for obtaining high values of ZT. In this 

paper the variation of Sb concentration as well 

as of the sintering modes has been carried out in 

order to obtain the increased ZT values. The top 

value obtained was as high as ZT=0.628 at 

490 °С which is comparable with values 

characteristic for a “classical” phosphorous or 

boron doped Ge-Si material [2,6,9]. 

2. Experimental 

A series of 5 samples of nanostructured 

Si0.65Ge0.35Sbδ (δ=0.005-0.009) was made for 

this study. The initial powder to be sintered was 

fabricated by milling the high-purity Ge, Si and 

Sb bulk pieces with Fritsch Pulverisette 6 ball 

mill with zirconia grinding media and grinding 

bowl filled with argon to prevent the oxidation. 

The milling modes (6 hours, 250 RPM) provided 

the average particle size of 50-500 nm. The 

composition of the material was set by weighing 

the Ge, Si and Sb pieces and then converting the 

weight percent to atomic.  

The sintering was carried out using the DR. 

Sinter Model SPS-625 spark plasma sintering 

system. The variable parameters were the Sb 

concentration (0.5-0.9 at.%) and a maximal 

sintering temperature (Ts = 1080-1180 °C). The 

other sintering parameters (pressure of 70 MPa, 

heating rate of 50 °C/min) were kept constant. 

The sintering temperature was determined by a 

pyrometer on the outer wall of the mold with 

sintered powder, with further conversion to the 

temperature inside the mold [10]. The 

technological parameters and some 

measurement results are presented at Table.1. 

The sintered ingots of Si0.65Ge0.35Sbδ were cut 

into plates on which phase composition studies 

using X-ray diffraction (XRD) analysis, as well 

as measurements of thermoelectric coefficients 

were performed. The Seebeck coefficient was 

calculated from simultaneous temperature and 

thermoelectric voltage measurements using 

chromel-alumel thermocouples [11]. The 

resistivity was measured by the standard four-

probe method. The thermal conductivity was 

measured by the stationary heat flux method 

[12]. The measurements were carried out in the 

temperature range of Тm = 50-490 °С. The 

technology for structures fabrication, as well as 

all measurement techniques, are described in 

detail in [7,11].  

Table 1. Technological parameters of fabricated 

Si-Ge samples 

Sample Technological Sb 

content (δ), at.% 

Sintering temperature 

(Тs), °С 

1 0.5 1080±10 

2 0.5 1180±10 

3 0.7 1150±10 

4 0.7 1180±10 

5 0.9 1180±10 

3. Results and discussion 

Fig.1 shows X-ray diffraction spectra of the 

initial powder (1) and samples (1, 3, 5) formed 

at various temperatures. The lines corresponding 

to unmixed Ge and Si are present in the 

diffraction pattern of the initial powder (1). 
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Fig.1. X-ray diffraction pattern for samples 1, 3, and 

5, as well as for the initial powder (Powder). The 

icons indicate the positions of the peaks for Si, Ge, 

and a GeSi solid solution. 

Lines associated with Sb were not resolved due 

to low concentration. Sintering of a powder at 

Тs = 1080-1180 °С leads to the interaction 

between the components and to the appearance 

a Si1-xGex solid solution associated lines at the 
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spectra (Fig.1, curves 1,3,5). This is 

accompanied by vanishing the Ge-related lines 

from the spectra, whereas Si-related lines are 

preserved and their intensity monotonically 

decreases with the increase of Тs. The latter is 

attributed to increase of Si and Ge intermixing 

with the increase of sintering temperature. 

Fig.2 shows the temperature dependence of 

resistivity. All samples were n-type 

conductivity. For the sample 1 fabricated at the 

lowest temperature of Ts = 1080 °C, the 

dependence is a semiconductor type, and the 

resistivity value is the highest among the 

investigated structures. The ρ(Tm) dependences 

for the Samples 2-5 (which were fabricated at 

the elevated temperatures) are similar: all the 

curves are peak functions with the maximum at 

200-300 °C and the resistivity values varying 

slightly in the range of Tm = 30-490 °С. In case 

of same impurity concentration, a lower value of 

ρ is characteristic for samples sintered at higher 

temperatures. An increase in impurity 

concentration in the range of 0.5-0.9 a.% leads 

to decrease of ρ which is typical for impurity 

doping of semiconductors.  
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Fig.2. Temperature dependence of resistivity 

measured for the samples shown in Table 1. The 

curve number corresponds to the sample number. 

The thermal conductivity (Table 2) is 

approximately the same for all nanostructures, 

the value lies within the range of 2.5 – 3.75 

W/m K. The latter fact can evidence on the 

similarity of the presented samples both in 

composition and in grain size. The values of ϰ in 

Table.2 are close to the ones obtained for n-

Si0.60Ge0.40, highly doped with As or P [1]. The 

Seebeck coefficient varies nonmonotonically 

with varying structural parameters (Table 2), 

which is believed to be due the α being related 

with the resistivity. The latter depends not only 

on the concentration, but also on the 

homogeneity of the phase composition of the 

sample. 

Table.2. Thermoelectric parameters of 

Si0.65Ge0.35Sbδ samples. The parameter were 

measured at Tm = 450 °C. 
Sample ρх104, 

Ω*m 

α, 
μV/K 

ϰ, 
W/m*K 

ZT 

 

1 40±2 410±40 2.5±0.3 0.03±0.006 

2 7±0.5 690±40 3.5±0.3 0.14±0.03 

3 11±1 644±40 3.2±0.3 0.09±0.02 

4 2.0±0.2 490±40 3.75±0.3 0.30±0.06 

5 1.2±0.1 490±40 2.73±0.3 0.54±0.1 

 

Figure 3 shows the temperature dependences of 

ZT, calculated by (1). With the increase of 

measurement temperature ZT value 

monotonically increases and the highest values 

are characteristic of nanostructures with a Sb 

content of 0.7 to 0.9 at.%. A decrease in impurity 

concentration, as well as a decrease in sintering 

temperature, leads to a significant decrease in 

ZT.  
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Fig.3. Temperature dependences of the 

thermoelectric ZT measured for the samples shown 

in Table 1. The curve number corresponds to the 

sample number. 

The obtained results can be explained in terms 

of the phase composition of the samples and the 

degree of the impurity incorporation into the 
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substitution position of Ge or Si. An insufficient 

formation temperature leads to ineffective 

mixing of Ge and Si, which is accompanied by 

the conservation of the silicon phase (this can be 

seen from the XRD patterns in Fig.1). The 

resulting heterogeneity of the Si1-xGex 

composition leads to a modulation of the band 

gap, thereby causing a slight increase in 

resistance (compare samples 3 and 4 in Table 2 

with the same Sb concentration, but different 

sintering temperatures). In turn the resistance 

increase causes a decrease in ZT.  

In addition, the incorporation of substitutional 

impurities into the solid solution substantially 

depends on the sintering temperature. We 

believe that the high resistance values of the 

low-temperature sample 1 are due to the action 

of both of the above factors. When sintering the 

sample with the highest Sb concentration of 

0.9 at.% and at a higher temperature, the 

material with the highest value of ZT is formed 

(sample 5, Table 2).  

Finally, we should note that the conditions for 

efficient phase mixing and conditions for 

efficient Sb incorporation may differ. Indeed, 

one would need fundamentally nonequilibrium 

sintering conditions to incorporate Sb impurity 

over the solubility level whereas Ge and Si 

mixing may occur in the thermal equilibrium. 

In particular introduction of Sb with the 

concentration of over 1 at.% in [7] had led to a 

formation of antimony clusters in the Si0.65Ge0.35 

matrix accompanied with the sharp increase of 

the resistivity. The poor Ge and Si intermixing 

also leads to resistivity increase as has been 

shown in the present paper (Sample 1).  

The experimental conditions described in 

section 1 allowed us to achieve both sufficient 

Ge and Si mixing and Sb impurity incorporation 

sufficient to obtain the high values of ZT. We 

believe that this combination can still be 

optimized by further manipulation of the 

parameters of sintering. 

4. Conclusion 

Thus, the study of thermoelectric properties of 

Si0.65Ge0.35 with the Sb impurity has shown that 

the values of resistivity and thermal conductivity 

for given impurity concentration are determined 

mainly by the phase composition of Si0.65Ge0.35 

and the degree of impurity incorporation. The 

best thermoelectric characteristics were 

obtained for the structures fabricated at 

temperatures above 1100 C. The latter value is 

close to the melting temperature of Si0.65Ge0.35 

solid solution. The top value of ZT = 0.628 was 

obtained at the maximal measurement 

temperature of  490 C for Si0.65Ge0.35 with 0.9 

at.% of Sb impurity. This value is comparable 

with the best known phosphorous doped 

Si0.8Ge0.2 analogues [2,6,9]. In conclusion, it 

was demonstrated for the first time that 

antimony doping, similarly to phosphorus 

doping, can be used to obtain the n-type Si1-xGex 

thermoelectric solid solutions. 
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Figures

Figure 1

X-ray diffraction pattern for samples 1, 3, and 5, as well as for the initial powder (Powder). The icons
indicate the positions of the peaks for Si, Ge, and a GeSi solid solution.

Figure 2

Temperature dependence of resistivity measured for the samples shown in Table 1. The curve number
corresponds to the sample number.



Figure 3

Temperature dependences of the thermoelectric ZT measured for the samples shown in Table 1. The
curve number corresponds to the sample number.


