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In this paper we present the experimental results of an investigation of the electrical transport, 
thermoelectrical properties, the Shubnikov de Haas oscillations of Bi1-xSbx films (0 < x < 0.04) grown 
by the vacuum thermal evaporation and nanowires prepared by a modified Ulitovsky – Teilor 
technique. The results of the X-ray diffraction indicate that the trigonal axes were perpendicular to the 
film plane and the single Bi-2at%Sb nanowires with the diameter 100–1000 nm were represented by 
single crystals in a glass capillary with (1011) orientation along the wire axis. The investigations of 
the Shubnikov de Haas oscillations on Bi-2at%Sb wires with d > 600 nm show that overlapping of L 
and T bands was twice smaller than that in pure Bi. The temperature dependences of thin semimetalic 
Bi-3at%Sb films and Bi-2at%Sb wires show a semiconducting behavior. The semimetal- 
semiconductor transition induced by the quantum confinement effect is observed in semimetal          
Bi1-xSbx films and nanowires at the diameters up to five times greater than those in the pure Bi. That 
experimental fact, on the one hand, will allow observing the display quantum confinement effect at 
higher temperatures on nanowires of the same diameters, and, on the other hand, will allows 
separating effects connected with the surface state and the quantum size effects. In addition, the 
thermoelectric properties and thermoelectric efficiency of bismuth-antimony wires are considered and 
a possibility to use them in thermoelectric converters of energy is discussed. 
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УДК 539.261.1   
INTRODUCTION 

 

Semimetals and narrow band gap semiconductors 
have received particular attention because of their 
physical properties of interest for both fundamental 
physics and engineering of materials. It is known 
that best materials for thermoelectric and magne-
tothermoelectric cooling at the temperature as low as 
100 K are Bi1-xSbx alloys which have also been the 
subject of many experimental investigations           
[1–4]. Those studies clearly indicate that the              
Bi1-xSbx alloys have a great potential to be used in 
solid state cooling devices to attain low tempera-
tures.  

The thermoelectric efficiency depends on the 
thermoelectric figure of merit of the thermoelectric 
material of which the thermoelectric device is made. 
The figure of merit (ZT) of the materials is given by: 
 

2σα
,

χ
ZT T                                  (1) 

 

where σ is the electrical conductivity,  – the See-
beck coefficient, the total thermal conductivity             
 = e + p, (e is the electronic thermal conductivi-
ty, p is the lattice thermal conductivity), and T is the 
absolute temperature [5].  

Searching for high ZT materials is essential in 
thermoelectric power generation and refrigeration.  

One way to increase ZT is to maximize the Power 
factor 2 for a given  through optimizing the 
electronic band structure of the material. One ap-
proach for increasing Z is to search for physical sys-
tems exhibiting an enhanced thermoelectric power. 
The authors in [6–8] showed that due to the quan-
tum-mechanical nature of the motion of electrons in 
low dimensional structure, an enhancement of ZT 
should result. 

It has been predicted [9] that the thermoelectric 
efficiency of semimetalic Bi1-xSbx nanowires                     
(0 < x < 0.04) can be significantly enhanced relative 
to Bi nanowires [6–8]. 

When bismuth is alloyed with antimony the band 
structure is strongly affected. The direct gap at the L 
point decreases up to x = 0.04, where the L bands 
invert and the direct gap then increases with increa-
sing the antimony content. The semimetal-
semiconductor transition is around x = 0.07 and the 
semiconductor-semimetal transition occurs at              
x = 0.22.  

Since the overlapping of L and T bands in semi-
metal Bi1-xSbx alloys is smaller than of those in pure 
Bi, the quantum confinement effects and in particu-
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lar semimetal-semiconductor transition in Bi1-xSbx 
nanowires and films can be observed at much larger 
diameters than in pure Bi nanowires. On the one 
hand, it simplifies the manufacturing technology of 
single-crystal quantum wires and application of me-
thods to control their diameters. On the other hand, 
this will make it possible to separate the effects rela-
ted to the size quantization  and to the surface state, 
which were not taken into account in theoretical 
works [6–9] but play an important role in Bi wires 
with d ~ 50 nm [10, 11]. 

Therefore, we expect to obtain higher values of 
thermoelectric efficiency at larger diameters in           
Bi1-xSbx nanowires as compared to those in Bi na-
nowires.  

To preserve quasi-discrete nature of the spectrum 
during manifestation of the quantum size effects, it 
is necessary for the broadening h/ ( – relaxation 
time) to be shorter than the distance between ad-
jacent subbands h/ << s+1 – s. Thus, for the mani-
festation of the confinement effect, the most strin-
gent requirement is purity and exceptionally high 
structural perfection of single-crystal nanowires or 
films. 

The quantum size effect, which appears in the os-
cillatory dependence of R(d), as well as the Hall 
effect R(d) and the mobility (d) were observed at 
low and room temperatures in Bi and Bi1-xSbx films 
thermally sprayed onto various substrates [12–14]. A 
small step in the aforementioned oscillating thick-
ness dependence does not allow conducting similar 
studies in thin wires. 

A suitable material for studies of the influence of 
the quantum size effects on thermopower and re-
sistance are single-crystal nanowires of Bi1-xSbx            
(0 < x < 0.04) in a glass capillary prepared by the 
high frequency liquid phase casting [15–17], and 
monocrystalline Bi-3at%Sb films prepared by ther-
mal spraying on the mica substrate with subsequent 
recrystallisation under cover [18]. 

Here we report the experimental temperature de-
pendent resistance and thermopower of Bi1-xSbx na-
nowires and films with different diameters in the 
semimetal region and investigate the singularity of 
the manifestation of the dimensional effect in the 
temperature range of 4.2–300 K and in the magnetic 
field up to 14 T. 
 

SAMPLES AND EXPERIMENT 
 

A textured bismuth-antimony Bi-3at%Sb films 
were prepared by discrete thermal evaporation in 
vacuum (10-5 mm Hg.) on a substrate at the tempera-
ture of 410 K. Muscovite mica and a polyimide film 
were used as substrates. After deposition, the films 
were annealed at 540 K. The choice of material for 
substrates was mostly for two reasons. Mica has a 

crystalline structure, which has an orienting effect 
on a bismuth film and bismuth-antimony solid solu-
tions, so that the orientation of crystallites of the 
films is usually characterized by the C3 axis perpen-
dicular to the substrate plane. A polyimide substrate 
is amorphous, but the film grows with the same ori-
entation of the C3 axis as it grows on a mica substra-
te. 

The coefficient of linear thermal expansion of 
mica, bismuth, and polyimide is                    
(7.5–8.5)10-6 K-1 < 1110-6 K-1 < (30–50)10-6 K-1, 
respectively. Therefore, at a temperature below the 
temperature of formation of the film, the film tests 
the planar elongation in case of the mica substrate 
and planar compression in case of a polyimide sub-
strate. 

To obtain monocrystalline bismuth and bismuth 
antimony films the method of zone recrystallization 
under cover was used [18]. The essence of the me-
thod is as follows: on the original substrate, contai-
ning a depozited Bi or Bi1-xSbx film, the protective 
cover – KBr layer is sprayed. Thus, the film is in the 
container. The protective coating is needed to pre-
vent contraction of the film into droplets and to 
avoid any interaction of the molten material with the 
atmosphere. The inert atmosphere was produced by 
nitrogen purge.  

Then this container was put into the installation 
for zone recrystallization. The temperature recrystal-
lization was 290–300C, the zone width 1–1.5 mm 
and the velocity recrystallization v = 2 cm/h. After 
recrystallization the KBr cover has been removed by 
dissolution in water. 

The structure of the films was analyzed by the  
X-ray diffraction using the rotating crystal method in 
compliance with the Wolf-Bragg focusing. This me-
thod provides a possibility to determine the orienta-
tion of the planes relative to the substrate plane and, 
additionally, control the composition of the film.  

The results of the X-ray diffraction studies of  
Bi1-xSbx films (x = 0.03) are shown in Fig. 1.  

A small width of the diffraction peaks of the film 
as well as a good resolution of the X-ray peak of the 
doublet in the fifth order confirm the perfection of 
the crystal structure of the films and indicate a uni-
form distribution of antimony over the film. 

To provide the absence of block boundaries in 
the internal structure, the film is subjected to etching 
with the subsequent analysis of etch pits by the opti-
cal and atomic force microscopy. Since the sizes of 
the film (2 mm x 10 mm) are considerably larger 
than the maximal possible view in the atomic force 
microscopy, optical microscopy is a more informati-
ve method.  

The etch pits are mirror images of the crystal ori-
entation in the C1C2 basal plane and confirm that the  
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Fig. 1. X-ray diffraction pattern of Bi-3at%Sb film on mica. Inset: 
fifth-order peak of Bi and Bi-3at%Sb.  

Fig. 2. Optical microscopy image of 50 m single-crystal 
film after etching.

 

(a) (b)  
 

Fig. 3. SEM cross sectional image: (a) of 650 nm Bi-2at%Sb wire (clear) in glass envelope (gray); (b) schematic diagrams of the 
Fermi surface electrons and holes relative to the main crystallographic direction and orientation of Bi wire. Extreme of the Fermi 
surface, L electrons, and T holes in the direction perpendicular to the wire axis are shaded. 
 

film is single-crystal and (111) is oriented perpendi-
cular to the film plane (Fig. 2). 

Individual monocrystalline Bi-2at%Sb nanowires 
in a glass cover with different diameters were fabri-
cated by the high frequency liquid phase casting  
(Ulitovsky-Taylor method) [16, 17]. The length of 
the wires was more than 1–2 mm. Multiple horizon-
tal zone recrystallization of the nanowires was used 
for the homogenization of wires and for the impro-
vement of their structural perfection. At                        
vz = 0.1 mm/h, Bi1-xSbx wires are seen to be homo-
geneous. Electrical and thermal contacts to the na-
nowires were prepared using In0.5Ga0.5 eutectics just 
before measurements to prevent the diffusion of In 
or Ga in the sample.  

Figure 3a shows the SEM image of the Bi1-xSbx 
wire in a glass capillary. The wires had a strictly 
cylindrical shape. The glass envelope was very close 
to the wire surface and was more than an order of 
magnitude greater than the wire diameter.  

The test measurements of the crystallographic 
orientation of the wires were carried out using an 
Xcalibur-E Diffractometer; they show that their 
principal axes are oriented along the (1011) 
crystallographic direction. 

The measurement the angular rotation diagrams 
transverse [H  I] magneto-resistance (ADTMR) 
R() and Shubnikov de Haas (SdH) oscillations have 
allowed to conclude that Bi1-xSbx wires of all diame-
ters had the same orientation (1011) along the wire 
axes. In this case the wire axes make an angle of 
about 19 with the bisector axis C1 in the bisector-
trigonal plane C1; C3 and the binary axis C2 are per-
pendicularly to the wire axis (Fig. 3b). 

Figure 4 shows the ADTMR R/R() in the tri-
gonal-binary plane in a constant magnetic field               
H = 0.4 T, perpendicular to the current Bi-2at%Sb 
wires with different diameters at 300 K. As clearly 
seen in Fig. 4, all curves are symmetric with respect 
to the C2 axis ( = 90). At  = 0, the magnetic field 
H is close to the direction at which H is parallel to 
the C3 axis. When decreasing the wire diameter d, 
the anisotropy of the magnetoresistance decreases. 

Using the ADTMR R(), (H  I), the wire was 
oriented in a magnetic field so that the magnetic 

field vector H


 coincided with certain crystallogra-
phic axes C2 and C3 of the wires. 

The galvanomagnetic and thermoelectric coeffi-
cients were measured in the temperature range           
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4.2–300 K in magnetic fields up to 14 T in the main 
crystallographic orientation. 
 

 
 

Fig. 4. Angular dependences of residual magnitoresistance in 
the trigonal-binary plane in constant magnetic field H = 0.4 T  
(H  I), Bi-2at%Sb nanowires of different diameters:                   
1 – d = 300 nm; 2 – d = 600 nm; 3 – d = 900 nm; T = 300 K. 
 

The investigation of the SdH oscillations in Bi 
and Bi-2%Sb wires was carried out in magnetic 
fields up to 14 T at liquid helium temperatures and 
at 1.5 K on a setup, which permitted automatic re-
cording of the resistance R(H) and R/H(H) curves 
at H  I and H  I. 

Measurements in a strong magnetic field were 
performed in the International Laboratory of High 
Magnetic Fields and Low Temperatures (Wroclaw, 
Poland). 
 

RESULTS AND DISCUSSION 
 

The SdH oscillations from both light electrons at 
L and holes at T in all Bi-2at%Sb wires with                  
d > 300 nm were observed.  

Oscillatory dependences recorded in both the 
longitudinal (H  I), and the transverse magnetic 
fields (H  C3 and H  C2), which in each case allo-
wed recovering the form of the electron and the hole 
Fermi surface in L and T points of the Brillouin zo-
ne. For comparison, Fig. 5 shows the SdH oscillati-
ons in H  C2 (H   I) direction of pure Bi (curve 1) 
and Bi-2at%Sb wires (curves 2, 3). 

In this orientation, in a weak magnetic field, the 
oscillations from two equal mean main cross sec-
tions of the Fermi surface at L are observed. In 
strong magnetic fields, the oscillations from the ma-
ximum section ST

max of holes in T have been obser-
ved. The regions of existence of the SdH oscillations 
from L electrons and T holes are separated in the 
magnetic field due to a significant difference in the 
extreme section FS of L electrons and T holes in this 
direction. Displacement of a field of a quantum limit 
of the SdH oscillations both from L2,3 electrons and 
T holes in the area of a weak magnetic field is a 
clear evidence of a decrease of the Fermi surface in 

Bi-2at%Sb wires in comparison with those in pure 
Bi wires. 
 

 
 

Fig. 5. SdH oscillation in Bi and Bi-2%Sb wires on derivative 
TMR /H(H), H  I, H || C2. Inset: dependences of quantum 
number of SdH oscillations from inverse magnetic field 1/H.            
1 – pure Bi wire; 2 – T = 4.2 K; 3 – T = 2.1 K for Bi-2at%Sb,          
d = 600 nm. 
  

The frequency of the SdH oscillations                  
f2 = 1/ (H) from the maximum cross-section of the 
T hole ellipsoid decreases from 25 T to 14.9 T for 
pure Bi and Bi-2at%Sb wires. The frequency of the 
SdH oscillations from two equivalent electronic  
ellipsoids L2,3 decreased almost 2-fold: from f1 = 2 Т 
to f2  = 1,1 Т.  

To estimate the changes of overlapping of L and 
T bands by adding Sb in Bi, the well-known expres-
sions were used, allowing for definition of the ener-
gy position of the Fermi level for L and T electrons 
and holes [19].  

The values of the Fermi level of the holes and 

electrons εh
F and εe

F were calculated according to 

expressions (1–3):  
 

1
2 2

1 12ε ε ε ε ε
2 2

T T
par g parF gT   

    
   

     (1) 

 

where par is the energy in the parabolic band appro-

ximation, εT
F is holes of the Fermi energy (FE) in the 

T point, T
cm  is the minimum cyclotron mass of T 

holes; ε 200 meVT
g  is the gap in the T point of the 

Brillouin zone, 1
T
  – frequency of the SdH oscilla-

tions from the minimum cross section of the Fermi 
surface (FS) T – holes at H || C3.  
 

1

.ε
2π 2π

T T
T T
c c

ehS
par

m c m

 
 


                (2) 

 

The FL of the electrons in the L point is: 
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.

1

ε
2π

ehe e
eF mc


                          (3) 

 

Cyclotron masses of electrons and holes on the 
Fermi level were determined from the temperature 
dependence of the amplitude of the SdH oscillations 
at H  C2 (Fig. 5, curves 2, 3).  

The Dingle temperature TD determined from the 
dependence of the amplitude of the SdH oscillations 
in the magnetic field was 2 K, which indicates a high 
structural perfection of Bi-2at% Sb wires in a glass 
insulation. 

The values of the cyclotron masses, the Dingle 
temperature and F in the pure Bi and Bi-2at%Sb 
wires, calculated from the SdH oscillations, are 
presented below for comparison: 
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Using ,T
cm e

cm and 1,T
 1

e
 from the SdH oscillati-

ons and expressions (1–3), the values of Eh
f  = 9 meV 

and Ee
F = 13 meV, respectively, have been calcula-

ted.  
Thus the overlapping of  L and T bands decreases 

up to Eov = 21 meV, which is almost twice less than 
in the pure Bi wires. So, really the semimetal-
semiconductor transition in Bi-2at%Sb wires can 
occur at larger diameters than in pure Bi. 

Figure 6 shows the temperature dependences of 
the resistivity R(T) of the Bi-3at%Sb films of two 
different thicknesses deposited on mica (a) and po-
lyimide (b) substrates. Figure 7 shows the tempera-
ture dependences of the residual resistance            
R/R(T) = (RT – R0)/R0(T) of Bi-2at%Sb wires with 
different diameters.  

The gap g was determined from the temperature 
dependence of the resistivity of the inverse tempera-
ture. Figures 6a and b (insets) show the dependences 
of the resistivity (103/Т), which permits determina-
tion of the gap g

L, T in films. 
In the range of temperatures T > 100 K on de-

pendences (103/Т) it is possible to allocate a linear 
curve pieces. On inclination of these pieces, accor-

ding to the expression 
0ρ ρ exp ,

2

E

T
   

 
 it was pos-

sible to calculate the energy gap width g and its de-
pendence on the diameter and a substrate kind. 

The maximum value of g = 30 meV for                  
Bi-3at%Sb films (d = 300 nm), deposited on mice 
and the minimum value of g = 7 meV for a           
Bi-3at%Sb deposited on polyimide were obtained. 

On the one hand, it is because in Bi-3at%Sb films 
the overlapping of L and T bands ov is less than in 
Bi-2at%Sb. On the other hand, the compressing ac-
tion of mica and the stretching action of polyimide 
on the substrate lead to the maximal value of g on 
the films deposited on mica and the minimal value 
of g on the films with polyimide substrate. 

For both films and wires the substantial tempera-
ture dependence of R(T) on the thickness was obser-
ved. 

In Bi-2at%Sb wires the semimetal-semiconductor 
transition is observed at d < 500 nm, while in the  
Bi-3at%Sb films the semiconductor dependence 
R(T) remain till the thickness becomes 1000 nm 
(Figs. 6a,b, curves 2). In Bi-2at%Sb wires with              
d = 200 nm, the resistance R(T) increases 3.5 times. 

In the temperature range of 4.2–300 K at                
Bi-3at%Sb films with the diameter of 300 nm depo-
sited on mica the resistance R(T) increases 6–7 times 
(Fig. 6), and on a substrate from polyimide the re-
sistance R(T) increases 3–4 times. Besides, unlike 
Bi-2at%Sb wires, the resistance R(T) 1000 nm of 
films on mica and polyimide substrate also increases 
2.2 and 1.6 times, respectively.  

On the one hand due to the fact that in the               
Bi-3at%Sb alloy the overlap T and L bands is less, 
compared with the Bi-2at%Sb and on the other hand 
in the deposited on the mica films observed of 
"compression" effect in the direction perpendicular 
to the film plane, which, also leads to a reduction of 
overlap of L and T bands, the highest value of the 
gap g = 30 meV in Bi-3at%Sb films on the mica 
substrate (d = 300 nm) has been observed. 

Simultaneously with the measurements of the 
temperature dependence of R(T) the measurements 
of temperature dependences of thermopower (T) 
have been made in Bi-2at%Sb wires with different 
diameters (Fig. 8). In thin wires at temperatures        
< 150 K the thermopower changes its sign and forms 
a peak of a positive polarity in which  reaches 
+150 V/K at T = 35–40 K. 

As well as in pure bismuth wires, with decreasing 
of wires diameter a point of change of a sign of  
thermopower and the peak positive (+) polarity on 
temperature dependence (T) are displaces in the 
high temperature area. 

It is known that in Bi crystals the thermopower is 
determined by contribution of electrons in the 
conduction band in the L point and of holes in the T 
point of the Brillouin zone. 

According to [20], the diffusion thermopower in 
the case of two types of carriers looks like:  
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(a) (b)  
 

Fig. 6. Experimental temperature dependences of resistivity (T) of Bi-3at%Sb films, deposited on mica (a) and polyimide (b). Inset: 
dependences of (103/T) on thickness of film: 1 – d = 300 nm; 2 – d = 1000 nm.  
 

(a) (b)  
 

Fig. 7. Experimental temperature dependences of residual resistance R/R(T) in Bi-2at%Sb wires: 1 – d = 200 nm; 2 – d = 500 nm;     
3 – d = 1600 nm (a) and (b) dependences (103/T). 
 

Fig. 8. Temperature dependences of thermopower (Т) for  
Bi-2at%Sb wires with various diameters d: 1 – d = 300 nm;  
2 – d = 400 nm; 3 – d = 600 nm; 4 – d = 1600 nm.  

Fig. 9. Temperature dependences of Power factor = 2(T) for 
Bi-2at%Sb wires, T = 26 K, at various diameters d:  
1 – d = 300 nm; 2 – d = 400 nm; 4 – d = 1600 nm. 

 

 

1 23α (σ σ ) α σ
α

σ σ
L L L T T

e n

 



                    (4) 

 

where L1, L23, and T are the partial values of 
electric conductivity of electrons and holes, respec-
tively; L and T are the partial values of the ther-
mopower of electrons and holes. 

The diffusion thermopower was determined at 
various ratios of mobility of electrons and holes and 

at the relevant simplification n = p and 
μ

σ μ

σ
e

iib


   

by the expression:  

0 0α (σ )
α .

1

h e

ii

b

b





                          (5) 

 

In paper [19] it was shown that in the case of two 
types of carriers and strong degeneration (for Bi this 
is temperature T < 40 K), partial thermopowers for 
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quadratic and non-quadratic laws of dispersion are 
given by the expressions:  
 

   
2 2π ( 1)α ( )3
B

TT
F

k T r
e E
    

                  (6) 

2 2πα ( )3

( 2 ) 4( 1)
( ) ( 2 )

B
L

L
g F

L L
F g F g F

k T
e

E E
r

E E E E E

 

 
    

  (7) 

 

where r – scattering parameter of carrier of charge; 

kB – Boltzmann constant; L
gE – energy gap in L 

point. 
As was shown in [19], the electron spectrum in 

the L point of the Brillouin zone is non-quadratic; 
the one for holes in the T point of the Brillouin zone 
may be considered quadratic. Applying expressions 
(1) for T holes and (2) for L electrons, as well as the 
scattering factor r0 = 0.5 (r = 0.5 corresponds to 
scattering on impurities and takes place in bulk Bi 
samples at T < 40 K), the value ii = 1.48 T at  =  
was obtained. 

However, even in case of µ/ν = 1, relation (5) do-
es not give quantitative agreement with the experi-
ment, since in this case the maximum value of αii at 
40 K is 56 V/K, not 90–100 V/K obtained expe-
rimentally in pure Bi wires. In addition, the physical 
cause of non-monotonic dependence (T) in the 
whole temperature range 4.2–300 K was not clear. 

In work [21] the thermopower for a quantum Bi 
wire was calculated, taking into account the quan-
tum size effect and the scattering of electrons and 
holes on long-wave acoustic phonons and rough 
surface (surface in the form of the δ-like fluctuati-
on). 

This mechanism of scattering in quantum struc-
tures (films ore wires) was specified in [22, 23]. 

The peak of the positive polarity (T) reaches the 
values of 150–180 V/K at 30–40 K in Bi-2at%Sb 
wires with d = 200 nm. The effect of changing the 
sign of the thermopower in thin wires can be treated 
in terms of the appearance a new scattering channel 
stimulated by fluctuations in the diameter d, accord-
ing to the theoretical works [21–23]. At small dia-
meters d, inevitable fluctuations of the wires diame-
ter d lead to the change of the energy carriers at   
k11 = 0. The energy corresponding to the lower sub-

band E is 
2

2

π
.

2
E

m d



 With increasing the thickness 

on d, this energy is:  
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2 2

2 2

2 2
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π 1 1
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 
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   
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   





                   (8) 

Thus, E plays the role of a scattering potential 
for carriers. The effect of this scattering mechanism 
will be essential, especially for electrons. This leads 
to more intense scattering of electrons and to a viola-
tion of the relation   , (,  are the mobility of 
electrons and holes, respectively) and to the change 
in the sign of thermopower on curve (T).  

At low temperatures, when the processes of elect-
ron scattering on rough surface are most active due 
to the quantum size effect, the main contribution to 
the thermopower is made by holes. Therefore,  is 
positive and it increases with higher temperature. At 
further rise of temperature, an appreciable contribu-
tion to thermopower is made by the processes of 
scattering of charged particles on long-wave a-
coustic oscillations, and the thermopower value 
begins to be determined by electron scattering on 
phonons; therefore, the positive contribution to xx 
starts decreasing, the thermopower changes its sign 
and becomes negative. The given model is in good 
agreement with the presented here experimental re-
sults. 

From the measured values of the electrical re-
sistivity R(T), the thermopower α(T) (Figs. 7a, 8), 
the temperature dependence of the Power factor for 
Bi-2at%Sb wires, various diameters were calculated 
using the relation P.f. = 2. The results are shown 
in Fig. 9. Power factor increases from 300 K up to 
the maximum for temperatures around 100–70 K 
and then drops sharply at low temperatures. 

Using the value of the thermal conductivity of           
L = 610-2 W/cmK2 from [24], the calculated value 
of the thermoelectric efficiency ZT = 1 is achieved at 
temperatures of  80–100 K. That makes it possible to 
use Bi-2at%Sb wires as n-branches in thermoelectric 
power converters for various purposes. The presence 
of a glass cover provides them with a high mechani-
cal strength and reliable protection against the en-
vironment. 

SUMMARY 
 

The single-crystal films and wires on the base of 
the semimetal alloy Bi1-xSbx with different thicknes-
ses and diameters have been investigated. The 
crystallographic orientation has been reliably estab-
lished by the X-ray diffraction, the SdH oscillations 
and angular rotation diagrams of the transverse 
magnetoresistance. It is shown that the semimetal-
semiconductor transition induced by the size quanti-
zation in single-crystal semimetal Bi1-xSbx films and 
wires occurs at diameters d, 5–7 times exceeding d 
in similar structures of pure Bi wires, which allows 
separating the effects related to the size quantization 
of the energy spectrum and those of the surface sta-
tes. 

It was found that the appearance and increase of 
the energy gap g in semimetal Bi-3at%Sb films with 
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decreasing thickness correlates well with the value 
of g in semimetallic Bi-2at%Sb wires and reaches 
the maximum value of 25–30 meV in the wires and 
films with d = 300 nm.  

In semimetal Bi1-xSbx films the compressive ac-
tion of mica and tensile action of polyimide substra-
tes allows manipulating in the semimetal-
semiconductor transition in quantum Bi1-xSbx films. 

It is shown that the maximum value of the ther-
moelectric figure of merit ZT = 1, at T = 100 K in 
Bi-2at%Sb wires, which allows using given wires as 
n-branches in thermoelectric energy converters. 
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Реферат 

В монокристаллических пленках и нитях висмута 
происходит переход полуметалл-полупроводник 
(ПМПП) благодаря эффекту размерного квантования     
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(ЭРК), который модифицирует фононный спектр, что 
может  представлять практический интерес. Эффект в 
большей степени может проявляться в нанострук-
турах на основе сплавов Bi1-xSbx в полуметал-
лической фазе (x < 0,04), где имеет место мини-
мальное перекрытие L и Т зон. В данной статье 
представлены экспериментальные результаты иссле-
дований электронного транспорта, термоэлектри-
ческих свойств, осцилляций Шубникова де Гааза 
(ШдГ) пленок Bi-Sb (0 < x < 0,04) выращенных терми-
ческим напылением в вакууме и нанонитей в стеклян-
ной оболочке, изготовленных усовершенствованным 
методом Улитовского-Тейлора. Результаты рентгено-
структурного анализа показали, что у монокристал-
лических пленок тригональная ось ориентирована 
перпендикулярно плоскости подложки, а одиночные 
нити Bi-2ат.%Sb с диаметрами 100–1000 нм пред-
ставляют собой монокристаллы с ориентацией (1011) 
вдоль оси нити. Исследования ШдГ осцилляций нитей 
Bi-2ат.%Sb с диаметрами d > 600 нм показали, что 
перекрытие L и Т зон в 2 раза меньше, чем в чистом 
Bi. Температурные зависимости сопротивления R(T) 
тонких  полуметаллических  пленок  Bi-3ат.%Sb и ни- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

тей Bi-2ат.%Sb показывают полупроводниковую 
зависимость с уменьшением диаметра. Переход 
(ПМПП), индуцированный размерным квантованием 
наблюдался при диаметрах почти в 5 раз больших, 
чем в аналогичных образцах чистого висмута. Этот 
экспериментальных факт позволяет с одной стороны 
продвинуться в область более высоких температур 
(для наблюдения КРЭ), а с другой стороны разделить 
эффекты, связанные с размерным квантованием и 
поверхностными состояниями. В полуметаллических 
пленках Bi1-xSbx обнаружено сжимающее действие 
подложки из слюды, и растягивающее подложки из 
полиимида в направлении перпендикулярном плос-
кости пленки, что может служить дополнительным 
фактором управления переходом (ПМПП). Также 
обсуждается вопрос термоэлектрических свойств 
нитей для оптимизации и использования их в термо-
электричестве. 

 

Ключевые слова: нанонити, пленки, переход полу-
металл-полупроводник, квантовый размерный эф-
фект, термоэлектричество. 
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