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Abstract  
Intrinsic p- and n-doped Bismuth Telluride samples are 

compared with respect to the evolution of their 
thermoelectric material parameters like thermal and 
electrical conductivity. The Seebeck coefficient is discussed 
in dependence on the melt spinning fabrication technique. 
The melt spinner used is only able to produce small thin 
ribbon shaped specimens, some as thin as 10 micron. This 
limits melt spinning to mainly production of research 
specimens for alloys with high critical cooling rate, which 
are difficult to fabricate with other techniques. Therefore 
this method was combined with spark plasma sintering 
(SPS) to produce wafer sized samples from the melt 
spinning flakes. Additional parameters are alloying or 
doping of the base material by comparing the properties as 
prepared to different annealing conditions. The intrinsic p- 
and n-doped material was alloyed with up to 0.5% lead 
telluride by rapidly cooling the bulk material to improve the 
thermoelectric properties analysed from RT up to about 600 
K. A Seebeck coefficient of well above 200 µV/K could be 
obtained for p- and n-type materials. For annealed melt spin 
prepared material with the composition 
[(Bi0,2Sb0,8)2Te3]0.97PbTe0.03 a compaction and the formation 
of a nanocomposite structure was obtained resulting a high 
powerfactor of about 34µW/K2cm.  

 

Introduction 
The preparation of thermoelectric compounds of doped 

bismuth telluride and its alloys has recently gained 
increasing interest due to their structural features showing 
increased values for the thermoelectric figure of merit (ZT) 
[1, 2].  

One promising approach to improve the thermoelectric 
properties is to manufacture nanocomposite materials 
exhibiting lower thermal conductivities and higher ZT 
values. The use of nanostructured materials has led to recent 
breakthroughs in the thermoelectric field [1–3].  

Beside the possibility to grow nanoscaled materials by 
epitaxial methods, it is attractive to produce much cheaper 
bulk materials with a nanoscaled structure exhibiting similar 
profits for thermoelectric applications. Mainly two basic 
methods are described. One is based on mechanical alloying 
and subsequent sintering of those mixtures [4], the other one 
is based on rapid cooling of melted materials exhibiting 
miscibility gaps in the phase diagram, which will form 

nanoscaled precipitations in a bulk sample under these 
conditions. [5-9] 

Melt spinning, developed for rapid cooling of liquids like 
metal melts, is used to develop materials that require 
extremely high cooling rates in order to form, such as 
metallic glasses or nanocomposites. The cooling rates 
achievable by melt-spinning are on the order of 101-
107Kelvin/s.  

The multi component system of 
PbTe/Bi2Te3/Sb2Te3/Bi2Se3 is of special interest being 
composed of good thermoelectric materials on the one hand 
but with a restricted miscibility in the phase diagram e.g. 
PbTe/ Bi2Te3. The miscibility in phase diagrams may even 
differ severely for different authors, also indicating a high 
uncertainty of the crystalline fine structure on the nanoscale. 
[10-14]. Nanocomposites of „V2VI3“ with PbTe bulk 
quenched material will be compared to the corresponding 
melt spin material. 

 

Melt spin n/p-“Bi2Te3“  
For the melt spinning process parameters like the 

rotation speed, extrusion pressure, casting temperature, 
distance nozzle to cooling wheel as well as the pressure and 
kind of gas in the recipient were varied.  
The obtained samples of the melt spin process were flakes 
with a size of about 2 mm by 2 mm and a thickness of 30 to 
100 µm. The flakes are highly oriented with the c-axis 
showing in the direction perpendicular to the surface, 
determined by oriented XRD-experiments. The specimens 
are very fragile. There was no difference in the composition 

100

120

140

160

180

200

220

68
0K

 3
h 

in
 N

2

47
3K

  1
h 

+ 
57

3K
 1

h 
in

 N
2

 

 

S
ee

be
ck

 c
oe

ffi
ci

en
t [

µV
.K

-1
]

no
t a

nn
ea

le
d

47
3K

  1
h 

+ 
57

3K
 1

h 
 

in
 a

ir

62
3K

 3
h 

in
 N

2

68
0K

 1
h 

su
ffi

ci
en

t

 
Figure 1: Improvement of Seebeck coefficient of p-type  

(Bi0.2Sb0.8)2Te3 prepared by the melt spinning method due 
to different annealing conditions.   
 



of the samples measured with EDX between before or after 
Growth. 

Measuring the thermoelectric properties of those samples 
results in a Seebeck coefficient for p-type material of about 
140 µV/K. It is remarkable that no influence was observed 
from the variation of all the melt spinning process parameter 
mentioned above and that the variation of this value 
remained within the experimental error of less than 10 %. 
For n-type material the Seebeck coefficient became as low 
as -40 µV/K (fig. 2) and again there was also no evident 
influence of the process parameters to be seen.  

A substantial improvement could be obtained for the 
thermoelectric properties by annealing of the samples. The 
annealing conditions were varied according to figure 1 in a 
temperature range from 473 K to 680 K and the annealing 
time between 1 and 3 hours. 

Best conditions were found to be an annealing time of 1 

hour at 680 K under Nitrogen atmosphere. No influence was 
found of oxygen on the annealing process. The conditions 
hold as well for p-type material as they do for n –type 
material.  

For both materials we end up with Seebeck coefficients 
giving an absolute value as high as 210 µV/K (figure 2: for 
n-type material). It is remarkable that the initial value of the 
Seebeck coefficient for n-type material is only about half of 
that for p-type and that the n-type material shows a higher 
standard deviation for the as-grown material as well as for 
the annealed one which implies, that the n-material is less 
reproducible and might show a higher degree of disorder . 

The temperature dependence of the Seebeck-coefficient 
(figure 3) shows improvement only for temperatures close to 
room temperature. Above 450 K the as grown material 
exhibits better values of the Seebeck-coefficient. This might 
be due to the different micro- or nanostructure of the as 
grown material which influences the mobility and 
concentration of the charge carriers as well as the heat 
conductivity. But the conditions are evidently not stable for 
the as grown material, since during measuring its 
temperature dependence an annealing effect is observed 
leading to irreproducible results. Figure 3 shows only the 
data of the first measurement for the not annealed sample. A 
second scan exhibits lower values for high temperatures and 
higher thermopower at room temperature. 

Regarding the electrical conductivity of the melt spin 
samples we observe a similar behavior. While the p-material 
shows only a minor change of the electrical conductivity of 
initially 400 S/cm connected with a reduced standard 
deviation after annealing (+/-100 reduced to +/-10), we 
observe for the n-type material an increase of the electrical 
conductivity of more than 300% (figure 4). The drawn line 
indicates the increase of conductivity as a guide for the eye.  

 

Alloying of (Bi, Sb)2Te3 with PbTe  
 To further improve the thermoelectric properties of the 

material we started to alloy the Bi2Te3 compounds with 
PbTe as a promising possibility to form nanocomposites. 
The concentration of PbTe was varied between 0.05 at% and 

 
Figure 2: Seebeck coefficients of n-type Bi2(Se0.1Te0.9)3 
prepared by the melt spinning method due to different 
preparation conditions of the sample.  Annealing 
conditions were 1h at 680 K. 

 
Figure 3: Influence of the annealing procedure on the 
temperature dependence of the Seebeck coefficient for p-
type (Bi0.2Sb0.8)2Te3 prepared by the melt spinning method. 
Annealing 1h at 680 K improves the thermal power only 
up to 450 K. For higher temperatures the thermoelectric 
properties of the not annealed sample give better results. 
 

 
Figure 4: Improvement of the electrical conductivity of n-
type  Bi2(Se0.1Te0.9)3 prepared by the melt spinning method 
due to annealing 1h at 680 K. 



0.5 at%, which is still in a range were some authors predict 
miscibility of this compounds [10].  

The samples were prepared by melting the starting 
materials with appropriate initial weight in a quartz ampoule 
together; the ampoule were quenched in cold water. The 
microscopic inspection of the samples showed no evidence 
of any precipitation or inclusions down to the sub micron 
range. Also annealing of the samples did not produce any 
precipitation in that range. TEM inspection of the material is 
still in preparation and will be published later on.  

The thermoelectrical properties are shown in figure 5. 
By increasing the amount of PbTe the Seebeck coefficient is 
reduced from about 160 to 100 µV/K while the electrical 
conductivity is increased from about 800 to 1600 S/cm, 
which might be explained by a doping effect due to the 

PbTe. The thermoelectric properties were analysed parallel 
to the surface at room temperature (RT) for p-type samples 
with PbTe up to 0.5%. The thermal conductivity of these 
samples shows a minimum for a concentration of 0.1% PbTe 
at temperatures from RT to 600K. This leads to an 
improvement of the figure of merit ZT at RT of about 20% 

(ZT = 0.45) compared to the samples without PbTe (fig. 6). 
While that improvement at RT is most likely due to the 
improved electrical and reduced thermal conductivity, the 
increase by a factor of 3 at 550 K for alloys with 0.3% PbTe 
might be due to a combination of increased Seebeck 
coefficient and a substantially reduced thermal conductivity. 
That leads to the highest ZT value of 0.64. Further increase 
of the ZT seems to be possible due to annealing of the 
materials. 

 For comparison, samples with a concentration of PbTe 
of about 0.3 at% were analyzed, which were prepared by the  
melt spinning process.  

Figure 7 exhibits a SEM picture of the surface of such a 
sample before and after annealing. The as grown material 
exhibits a network like strukture of needles with a diameter 
of about 1 µm.  After annealing this structure has become 
more compact and the magnification in the inset shows 
clearly structures of precipitations in the nm-range.  

That change of the structure is also reflected in the 
thermoelectrical properties of the material, shown in figure 
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Figure 5: Influence of the amount of PbTe alloying on the 

thermoelectric properties of in water quenched p-type  
(Bi0.2Sb0.8)2Te3. Lines are guides to the eye. 
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Figure 6  Figure of merit ZT for p-type (Bi0.2Sb0.8)2Te3 with 

different concentrations of PbTe depending on measuring 
temperature. A clear improvement of ZT is observed for low 
concentrations of PbTe close to RT and for higher concentrations 
at elevated temperature up to 600 K, indicated by red arrows.  
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Figure 7 Scanning electron micrographs indicating the 
improvement of the melt spin prepared p-type material 
(Bi0.2Sb0.8)2Te3 with 0.3 at% of PbTe by annealing 1h at 680°C 
under nitrogen.  
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Figure 8   Improvement of the electrical conductivity  
for p-type (Bi0.2Sb0.8)2Te3 prepared by the melt spinning 
method due to annealing 1h at 680 K. 



8. The electrical conductivity remains more or less the same 
after annealing (1000 – 1300 S/cm) and is slightly higher 
compared to the in water quenched material (about 1000 
S/cm). More interesting is the substantial improvement of 
the Seebeck coefficient from about 120 µV/K (the quenched 
and the meltspin material are the same) to about 160 µV/K 
by annealing the melt spin material. By this a power factor 
of ~34µW/K2cm was obtained by annealing. It seems, that 
the nanocomposite structure improves the thermopower and 
eventually the thermal behaviour offering the chance of 
ZT>1, which is still under investigation. These results will 
be published elsewhere. 

Conclusions 
It could be demonstrated that melt spin fabrication can 

exhibit relatively high Seebeck coefficients of more than 200 
µV/K at RT after annealing. Although the process 
parameters of the melt spinning process do not remarkably 
influence the properties of the material, both p- and n-Bi2Te3 
are improved after annealing substantially to exhibit higher 
Seebeck coefficients and better electrical conductivity. In 
general, n-type material seems to remain more unstable even 
after annealing.  

For temperatures above RT the results are still not 
convincing and further experiments are necessary to obtain 
better effects. Alloying with PbTe is another promising 
possibility to produce nanocomposites due to the incomplete 
miscibility of the materials. 

For (Bi0.2Sb0.8)2Te3 alloyed with up to 0.5% PbTe and 
quenched after melting in water the properties could already 
be improved for temperatures higher than RT. The thermal 
conductivity is significantly reduced and Pb-rich 
precipitations at grain boundaries of layered material could 
be observed. An improvement for ZT of nearly 30% was 
obtained at RT and for temperatures of about 550 K a factor 
of 3 was obtained for the improvement giving values for ZT 
of about 0.64. Further enhancement seems to be possible due 
to annealing of the material. While the properties of in water 
quenched material and for melt spin material are more or 
less the same, a substantial improvement of the 
thermoelectric properties was observed due to annealing of 
melt spin material, resulting a power factor as high as 
~34µW/K2cm.  The nanocomposite structure was shown by 
SEM for the best material with a composition of 
[(Bi0.2Sb0.8)2Te3]0.97PbTe0.03 after annealing, accompanied 
with a substantial campaction of the material. This material 
offers the chance for ZT >> 1.   
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