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THE IMPACT OF DIMENSIONS, MAGNETIC FIELD, ELASTIC DEFORMATION 
ON THE THERMOELECTRIC FIGURE OF MERIT OF THE TOPOLOGICAL 

INSULATOR WIRES BASED ON SEMICONDUCTOR Bi1-xSbx WIRES  

This paper presents the experimental results of a study of thermoelectric properties of the 
topological insulator (TI) wires based on semiconductor Bi1-xSbx wires. Glass-coated 
semiconductor Bi-17 at % Sb wires prepared by the Ulitovsky liquid phase casting method were 
single crystals strictly of cylindrical shape with diameters ranging from 100 nm to 1000 nm and 
crystallographic orientation (1011) along the wire axis. It has been found that the energy gap 

Eg in the Bi-17 at % Sb wires increases with decreasing wire diameter as 1/d, which is a 

manifestation of the quantum size effect. At low temperatures, a deviation from the exponential 
temperature dependence of the resistance R ~ exp (E/2kBT) is observed; the conductivity of the 
wires increases with decreasing diameter which is most pronounced at Т = 4.2 К due to the TI 
properties, in particular, the presence of surface states with high conductivity. The effect of 
temperature, magnetic field, elastic deformation, and the diameter of the Bi-17 at % Sb wires on 

power factor P.f. = 2 in the temperature range of 4.2 – 300 K has been studied. It has been 

shown that the maximum P.f. value is achieved at T = 300 K for wires with d = 100 nm and P.f. 

decreases with increasing diameter d. It has been found that both the magnetic field (H  I) and the 

elastic deformation of the wires lead to  increase in the power factor by 35 – 40 % at T > 150 K; 
this finding opens up the possibility of optimizing the thermoelectric parameters of Bi1-xSbx TI 
based wires for use in thermoelectric energy converters. 
Key words: thermoelectricity, semiconductor nanowires, topological insulator, quantum size 
effect, deformation. 

Introduction 

It is known that Bi1-xSbx alloys in the semiconductor concentration range for many years 
have been the best magnetothermoelectric material in the intrinsic region and have been widely 
used as n-legs in thermoelectric power converters at low temperatures (40 < T < 150 K) [1 – 6]. 

Bi1-xSbx (0  x  1) alloys form a continuous series of solid solutions. With a change in Sb 

concentration from 0 to 1, the energy spectrum of Bi is being constantly rearranged into Sb 
spectrum, forming in the concentration range (0.08 < x < 0.25) a semiconductor phase with 
maximum gap 25 meV (Fig. 1) [7]. 
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Fig. 1. Schematic of energy spectrum rearrangement in Bi1-xSbx  
alloys versus the concentration of Sb (0 < x < 0.25 Sb). 

Optimization of thermoelectric materials includes three parameters - thermopower  (the 

Seebeck coefficient), electric conductivity of material  and thermal conductivity  = (e+p), where 

e is electron thermal conductivity and p is lattice thermal conductivity. The thermoelectric figure of 

merit Z = 2/e+p [2]. 

Long-term manipulation of these parameters has not resulted in the improvement of 
thermoelectric figure of merit (Z > 1), the reasons for which have been considered in detail in papers 
and reviews [3 – 9]. 

A new impetus to development of thermoelectric materials was given by theoretical works of 
M.S. Dresselhaus with co-authors [10 – 13] dedicated to low-dimensional quantum systems (wires, 
films, quantum dots) based on Bi and Bi1-xSbx materials in which quantum size effects are most 
pronounced and in which considerable improvement of thermoelectric figure of merit ZT was 
predicted. It was shown that sample dimensions (thickness or diameter d) become an additional 
parameter affecting the thermoelectric figure of merit of material, when at least one of sample 

dimensions d is commensurate to the Broglie wavelength λ .
h

p
  

The reason for this is increase in the density of states of charge carriers g(Е) leading in 

quantum systems to increase of thermopower , as well as decrease in thermal conductivity  due to 

reduction of the mean free path of carriers and phonons because of additional scattering on the 
boundaries. Rapid development of nanotechnologies promoted experimental development of 
thermoelectric nanomaterials. However, experimental results obtained during recent 15 – 20 years 
are more modest than theoretical. Several papers [14, 15] reported on obtaining ZT = 2 at Т = 300 K 
in Bi2Te3/Sb2Te3 superlattices and ZT = 3 at Т = 450 K in quantum dot PbTe/PbSeTe superlattices. 
The thermoelectric achievements in low-dimensional semiconductors are most fully covered in the 
paper by J.P. Heremans [16]. A particularly complex issue is reproducibility of results and their real 
use in thermoelectricity. 

In recent years much attention has been given to a new class of materials – topological 
insulators [17 – 19] which include Bi1-xSbx alloys in semiconductor region (Fig. 1). In [20] it was 
shown that the state of topological insulator is realized in semiconductors with inverted spectrum. 

It was long believed that in the semimetal Bi1-xSbx alloys with x < 0.04 the energy spectrum at 
point L is inverted and in the alloys with x > 0.04 it is direct, since in the electron and hole spectrum at 
point L the ”saddle point” was not found. However, in 1998 the authors of [21] discovered the “saddle 

point” in the electron and hole spectra at point L of the Brillouin zone, at х  0.15, so with increase in k, 
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the E(k) relationship acquires a double-humped shape. Thus, the spectrum of Bi at point L is direct, and 
the spectrum of Bi1-xSbx (0.04 < x < 1) alloys is inverted, and so in these alloys in semiconductor region 
one should expect manifestation of TI properties, particularly in low-dimensional systems. 
Semiconductor Bi1-xSbx alloys were the first open thee-dimensional TI with five intersected Fermi 
levels of surface band [22, 23]. Studies by means of angle-resolved photoemission spectroscopy 
(ARPES) have proved the existence of surface states in the semiconductor Bi1-xSbx alloys with the 
dispersion law which enables one to refer these alloys to the class of topological insulators [24].  

High carrier mobilities from the surface states were found in Bi0.9Sb0.1 TI [25]. Thermoelectric 
figure of merit improvement in topological insulators was predicted in [14, 19, 26].  

To understand macroscopic properties of TI surface state and study the opportunities of their 
practical use, it is necessary to perform transport studies. The purpose of the present paper was to 
study manifestation of TI properties and to investigate the thermoelectric properties of Bi-17 at % Sb 
TI wires depending on diameter, temperature, magnetic field and elastic deformation.  

Samples and experimental procedure 

Thin single crystal wires were prepared by the Ulitovsky liquid phase casting method [27, 28]. 
Single crystal Bi-17 at % Sb ingot, prepared by zone recrystallization method, was used as the initial 
material.  

Crystallization of microwire core of bismuth and Bi1-xSbx alloys proceeds with strong 
overcooling of melt at the crystallization front. For bismuth, ultimate overcooling depth occurs at 
casting rate 10 m/s and reaches 40 – 50 °С. Strong overcooling and high crystallization rates 
contribute to growth of single crystal core and retention of stoichiometric composition of  
Bi-17 at % Sb alloy.  

Wire diameter was measured by optical microscope Biolаm with magnification 1350. Test 
diameter measurements were made on scanning electron microscope (SEM) Vega Tescan 5130 MM. 

Monocrystallicity of Bi-17 at % Sb wires and their crystallographic orientation was established 
by means of rotation X-ray diagrams. Samples of all diameters had orientation (1011) along the wire 
axis. In so doing, like in the wires of pure Bi [29], the trigonal С3 axis is inclined to the wire axis at 
an angle of ~ 20º, and the С3 axis is normal to that axis. 

Glass-coated wires were arranged on a plate of copper-clad paper-based laminate with the cut-
out copper contact stripes onto which InGa eutectics was deposited which at 300 K was in liquid 
state. A contact was created due to wetting of InGa wire ends with eutectics, to provide contact 

ohmicity. The length of the sample was 1  3 mm. The plate with the wire was placed into a special 

holder which was immersed into cryostat for low-temperature measurements. A differential 
thermocouple Cu-Cu(0.05 Fe) having thermal contact with the cold and heated wire ends was used 
for measuring temperature difference on sample ends. Temperature gradient was created from 0.5 K 
to 2 K depending on the measurement temperature. 

The resistance was measured by two-contact method with the error not more than 1 %, and 
total error of thermopower measurement was ~ 10 %. 

The arrangement of principal crystallographic axes and monocrystallicity of the wires of all 
diameters have been confirmed by investigation of angle rotation diagrams of transverse 

magnetoresistance R() (H  I) in various magnetic fields (0.5  14 Т) at Т = 300 K, 150 K, 80 K, 4.2 K.  

Example of recording angle rotation diagrams R/R() of Bi-17 at % Sb wire with d = 200 nm 

at 150 K and different values of magnetic field Н is represented in Fig. 2.  
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Angular dependences of transverse magnetoresistance are symmetrical with respect to 

direction  = 0 and  = 900, which fully corresponds to phenomenological expressions [30]. It should 

be noted that unlike rotation diagrams of transverse magnetoresistance, on the wires and single 

crystals of Bi and semi-metal Bi1-xSbx alloys in high magnetic fields  minimum is formed at Н  С3, 

and maximum – at Н  С2.  

This data is in good agreement with the results of [24] obtained on the bulk single crystals of 
corresponding composition and orientation.  

Deformation dependences of resistance R() and thermopower (), where  = l – l0/l0, l0 is 

sample length without tensile load were measured to 1.5 – 2 % of relative elongation, as described in 
[31, 32]. Particular attention was focused on deformation elasticity condition which was estimated by 
the reproducibility of results at numerous stretching cycles for each temperature. 

 
Fig. 2. Transverse magnetoresistance rotation diagrams of Bi-17 at % Sb wire, 

Т = 150 K, d = 200 nm, for different magnetic field values. 

Measurements in a magnetic field were performed in a longitudinal configuration H  I,  

H  T) in the region of magnetic fields up to 14 Т in the Bitter-magnet field at temperatures 2 – 300 K 

in the International Laboratory of High Magnetic Fields and Low Temperatures (Wroclaw, Poland). 

Discussion of the results 

Fig. 3 shows temperature dependences of relative resistance R/R(T), where R = RT – R300, 

for semiconductor Bi-17 at % Sb wires of different diameters, in the temperature range of  

1.5 – 300 K. At 300 K relative resistance  is practically independent of wire diameter d. With 

decrease in temperature, resistance grows for the wires of all diameters under study, and exponential 

areas, R ~ exp(E/2kBT), appear on the R(T) dependences. 

The slope of exponential areas and the area of their existence depend on the wire diameter d. 

With decreasing wire diameter d, the area of linear dependence (103/T) is displaced toward higher 

temperatures (Fig. 3, inset). From the linear dependences (103/T) it follows that thermal gap 

essentially depends on the wire diameter d, increasing from the value 20 – 22 meV, for the wire with 

d = 1100 nm, typical for the bulk samples of similar composition, to the value E = 42 meV for the 

wire with d = 100 nm. 
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Such dependence on the wire diameter d is a manifestation of quantum size effect leading to 
semimetal-semiconductor transition in semimetal wires of pure Bi and Bi1-xSbx (x < 0.04), and in 
semiconductor Bi1-xSbx wires [33, 34] – to gap increase with decreasing wire diameter d [12, 27, 28, 
33, 34]. 

It should be noted that in Bi1-xSbx alloys с 0.15 < x< 0.22 the thermal gap found from the 

experimental dependences of resistivity on temperature, is indirect gap ELH, equal to the distance 

between the bottom of conduction band and the ceiling of valence band in Н (Fig. 1). However, in 

the general case from the (T) dependences of semiconductor Bi1-xSbx alloys the “effective” thermal 

gap ET is determined which is observed as a result of thermal generation of carriers both through 

EgL gap and through ELT or ELH. According to Fig. 3 (inset below) the energy gap exponentially 

grows with decreasing diameter E ~ exp(d). 

 

Fig. 3. Temperature dependences of reduced resistance R/R(T) in the Bi-17 % Sb wires of  

different diameters: 1. d = 100 nm, 2. d = 200 nm, 3. d = 600 nm, 4. d = 900 nm.  
On the inset above: R(103/T) dependences for the wires with d = 200 nm and d = 1100 nm; 

 below - dependences of Eg gap on the wire diameter d. 

In low-temperature region T < 100 K there is major change in the temperature dependences 
R(T) (Fig. 3) with decreasing wire diameter d. There was a deviation from the exponential growth of 

R(T) with decrease in temperature and plateau formation at Т  4.2 K. The temperature whereby this 

deviation occurs is displaced toward higher temperatures with decreasing wire diameter d. In fact, at 
4.2 K there is an increase in the conductivity of semiconductor Bi-17 at % Sb wires by a factor of  

 5, with increasing diameter from 1000 nm to 100 nm (Fig. 3).  

Such R(T) behaviour in low-temperature region can be explained from the standpoint of 
manifestation of TI properties, namely the emergence of high-conductivity surface states the 
contribution of which increases with decreasing wire diameter and the resistance drops. In TI, 
conductive surface properties result from strong spin-orbit interaction which leads to the emergence 
of spin-split topological surface states with the Dirac type of dispersion, i.e. linear dependence of 
energy on pulse [35]. 

There were also investigated temperature dependences of thermopower (T) in the 

temperature range of 4.2 – 300 K for the wires of different diameters (Fig. 4). 
For the wires of all investigated diameters the thermopower is negative in the entire 

temperature range. With decreasing temperature, the thermopower increases in the absolute value 
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reaching -150 V/K in the region of 30 – 50 K. With decrease in temperature to 4.2 K, the 

thermopower decreased to -20 V/K for the wires of all investigated diameters. 

 
Fig. 4. Temperature dependences of thermopower (T) of Bi1-xSbx wires of 

 different diameters: 1. d = 100 nm, 2. d = 200 nm, 3. d = 600 nm, 4. d = 900 nm.  

In the inset: temperature dependences of power factor P.f. = 2(Т). 

With decreasing wire diameter, maximum thermopower value is reduced and the peak is 
displaced toward higher temperatures. Thermopower decrease in the thin wires of semiconductor  
Bi1-xSbx alloys is due to the effect of surface scattering on the mean free path of electrons determining 
at T < 100 K the sign and value of thermopower. The drop in the effective mean free path of 
electrons with decreasing wire diameter results in the reduction of their contribution to thermopower, 
which is the consequence of classical size effect manifestation. 

Dependences of power parameter P.f. = 2 on the temperature and wire diameter d were 

determined according to thermopower (T) and resistance R(T) data and represented in the inset of 

Fig. 4. Maximum value P.f. = 8 10-5 W/cm K2 is achieved at 300 K in the wires with the minimum 
diameter d = 100 nm (Fig. 4, curve 1).  

The effect of magnetic field H  I, T and elastic tensile deformation on the thermoelectric 

figure of merit of the Bi-17 at % Sb wires was investigated at different temperatures. 

 
а)                                                                          b) 

Fig. 5. Field dependences of relative resistance R/R(H) (а) and thermopower (H) (b) of Bi – 17% Sb 

wire, d = 200 nm at different temperatures: 1. Т = 17 K, 2. Т = 38 K, 3. Т = 64 K. In the inset (а) initial sections 

(up to 1 Т) of the field dependences of R/R(H). In the inset (b): field dependence of power factor P.f.(Н), at 

different temperatures: 1. Т = 17 K, 2. Т = 38 K, 3. Т = 64 K. 
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Fig. 5 and 6 represent the magnetic field dependences of resistance (а) R/R(H) (H  I) and 

thermopower (b) (H) (H  T) at fixed temperature values of the Bi-17 at % Sb wires, d = 200 nm 

(Fig. 5) and d = 100 nm (Fig. 6). 
With increasing magnetic field, the resistance grows at all temperatures, however, in weak 

magnetic fields with a rise in temperature resistance growth is decelerated (insets in Fig. 5а and  

Fig. 6а), whereas increase in thermopower (H) is enhanced (Fig. 5b, 6b).  

In the Bi-17 at % Sb wires with d = 200 nm resistance growth versus magnetic field (Н = 2 Т) 
is 80 % at Т = 64 K, and in the wires with d = 100 nm resistance increases by 18 % at Т = 52 K. 
Weak thermopower increase in magnetic fields up to 2 Т leads to reduction of power factor in the 
wires with d = 200 nm (curve 3 in the inset of Fig. 5b) and stabilization of P.f. for the wires with 
d = 100 nm (curve 2 Fig. 7а). 

 
а)                                                                          b) 

Fig. 6. Field dependences of relative resistance R/R(H) (а) and thermopower 

(H) (b) of the Bi-17 at % Sb wire, d = 100 nm, at different temperatures: 1. Т = 7 K, 2. Т = 52 K, 3. 

Т = 100 K, 4. Т = 145 K. In the inset (а) the initial sections of the field dependences of R/R(H). 

At higher temperatures the situation is different. As is seen from Fig. 6b, at Т = 143 K for the 
wires with d = 100 nm, the thermopower increases in magnetic fields 2.5 Т by ~ 20 % (curve 4), 
whereas the resistance increases by ~ 10 % under the same conditions. The calculated value of power 

factor P.f. = 2 versus a magnetic field points to P.f. increase by ~ 40 % in a magnetic field 2.5 Т 

(Fig. 7а, curve 4).  

  
а)                                                                                 b) 

Fig. 7. (а) Field dependences of power factor P.f. of the Bi-17 at % Sb wire, d = 100 nm, at different 
temperatures: 1. Т = 7 K, 2. Т = 52 K, 3. Т = 100 K, 4. Т = 145 K. (b) Deformation dependences of relative 

resistance R/R0(H) - curve 1, and thermopower () - curve 2, the Bi-17 at % Sb wires, d = 100 nm at 

T = 146 K. Inset: deformation dependence of power factor P.f. (). 
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There were also investigated deformation dependences (tensile deformation) of resistance R() 

and thermopower () at different temperatures. Fig. 7b shows deformation dependences of 

resistance R/R0(H) -1 and thermopower () – 2 at Т = 146 K, ( = l-l0/l0, where l0 is wire tension 

length).  
As can be seen from Fig. 7b, elastic tensile deformation of thin wires (d = 100 nm) to 1.8 % of 

relative elongation leads to resistance decrease and increase of thermopower absolute value, which 
results in P.f. increase by ~ 30 % at 146 K. 

Thus, magnetic field and elastic deformation lead to an increase in thermoelectric figure of 
merit of the semiconductor Bi-17 % Sb wires with d = 100 nm, which opens up the possibility of 
purposeful control over thermoelectric parameters of nanowires based on the semiconductor Bi1-xSbx 
alloys. It is interesting to study the thermoelectric figure of merit with a simultaneous impact of a 
weak magnetic field and deformation in high-temperature region 200 – 300 K. 

Conclusions  

Studies of magnetothermoelectric properties of single-crystal Bi-17 at % Sb TI wires with 
diameters from 100 nm to 1000 nm have shown that, on the one hand, manifestation of quantum size 

effect leads to increase in the energy gap Eg with decreasing wire diameter: Eg ~ 1/d, and, on the other 

hand, manifestation of TI properties in low-temperature region (4.2 K) leads to increase in conductivity 

 with decreasing wire diameter due to formation of high-conductivity surface states of TI.  

It was established that both a weak magnetic field and elastic tensile deformation lead to 

power factor increase by  30 – 40 % in the wires with a minimum diameter 100 nm at tempera- 

tures  140 K. 

Decreasing diameter d of the wires and study of their thermoelectric parameters at Т > 150 K 
with a simultaneous impact of deformation and magnetic field will enable one to optimize 
magnetothermoelectric parameters of Bi1-xSbx wires for their use in thermoelectric power converters. 

This work was performed with support of STCU grant # 5986. 
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