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The article compares carrier mobility in monocrystals, as well as monocrystal and block films of differ-

ent width thus defining carrier contribution to interaction with phonons, surface, boundaries and structur-

al defects of crystallites in bismuth films doped with tellurium. It is determined that there is a linear de-

pendence of inverse electron mobility on inverse width of bismuth film doped with tellurium. 
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1. INTRODUCTION 
 

At present an overwhelming majority of the re-

searches was dedicated to searching for the optimal 

conditions to obtain bismuth films doped with telluri-

um and provide for their high level of structural perfec-

tion and studying the influence of structure on physical 

properties of bismuth films [1]. The work on research-

ing the doping influence on the structure and the gal-

vanomagnetic phenomena in thin bismuth films has 

mainly been carried out abroad; it remains sporadic 

and lacks system [2-7].  

For example, Orlova and Rogacheva’s research re-

sults revealed that the use of thermal evaporation of 

bismuth crystals doped with tellurium in vacuum al-

lows for deeper doping of bismuth films than bulk bis-

muth crystals [2]. Heremans and Dilner [3-6] note, that 

an increase of tellurium admixture concentration leads 

to expansion of low field area and to a significant de-

crease of electron mobility.  

Based on the Mayadas-Shatzkes model in Fuchs-

Sondheimer theory, the authors [7] connect this fact 

with the crystallite boundaries making a significant 

contribution to electron scattering in block bismuth 

films doped with tellurium.  

In this connection there arose the necessity to ob-

tain monocrystallic bismuth films doped with tellurium 

in attempt to exclude crystallite boundaries contribu-

tion to carrier mobility limitations, thus approaching 

closely tridimensional monocrystal properties. 

The article aims to define the influence of size (film 

width), doping degree and structural defects on carrier 

mobility in block and monocrystallic bismuth films 

doped with tellurium based on the determined regular 

change patterns of galvanomagnetic coefficients. 

 

2. METHODS OF THE EXPERIMENT 
 

The block bismuth films doped with tellurium were 

obtained by means of discrete thermal evaporation on 

the muscovite mica substrate in vacuum under pres-

sure of 2∙10 – 3 Pa. The discrete method was employed 

due to significant difference between pressures of bis-

muth and tellurium vapors at evaporation temperature 

of bismuth. Muscovite mica was chosen as a substrate 

material as mica has an orienting effect on crystalline 

structure of evaporated bismuth films. As a result, 

threefold С3 axis is perpendicular to the substrate 

plane in the obtained films, and it considerably facili-

tates the analysis and interpretation of the experi-

mental data [1, 8] 

To improve crystalline structure, deposition of bis-

muth films doped with tellurium achieved by means of 

vacuum evaporation was carried out with optimal 

technological parameters to obtain pure bismuth films 

[1]. A bismuth crystal with adequate concentration of 

tellurium admixture was used as a source material. 

Time-of-flight mass spectrometry performed by 

LUMAS-30 spectrometer with low-pressure pulsed 

glow discharge in a combined hollow cathode was em-

ployed to control the contents of tellurium in the origi-

nal crystal [9]. Samples to analyze quantitative compo-

sition – thin plates, 10  10 mm in size, 1 mm in width, 

were cut out from the middle of original crystal and 

fixed as a bottom of hollow cathode in gas-discharge 

cell, where pulsed ionization of sample atoms occurred 

in glow-discharge plasma. It was supposed the telluri-

um concentration in the film and monocrystal did not 

change. 

Monocrystal bismuth films doped with tellurium 

were obtained by means of floating-zone refining under 

coating to differentiate the influence of film surface and 

crystal boundaries on the carrier scattering in these 

films [8, 10]. 

The width of all films was defined by means of 

multibeam optical interferometry with MII-4 micro-

scope. The width of monocrystal film was deemed equal 

to the width of block film. 

To study all the obtained films, Solver scanning 

probe microscope produced by NT-MDT company was 

used employing the method of atomic force microscopy 

in semi-contact regime and DRON-7, X-ray diffractom-

eter, was applied to implement the rotating crystal 

method with the scheme of -2  scanning in copper 

anode radiation [1, 8]. 

The measurements of the galvanomagnetic effects 

for all the obtained films were carried out by means of 

the automated device. The measurements of the specif-

ic electrical resistivity ρ11, the relative transverse mag-

netoresistance ρ1133 and Hall coefficient R12,3 were car-
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ried out in steady-state conditions following classical 

methodology. Relative error of the specific resistivity 

measurement was approximately 12 %, Hall constant – 

approximately 14 %, magnetoresistance – approximate-

ly 5 %. 

The results of the measurements and their descrip-

tion are considered in detail in papers [8]. We are not 

going to dwell on them in this paper, as it concerns 

processing of experimental data. 

 

3. SCATTERING MECHANISMS IN BLOCK AND 

MONOCRYSTAL BISMUTH TELLURIDE 

FILMS 
 

3.1 Calculation of the Carrier Mobility in Bis-

muth Films with 0.15 at. % and 0.075 at. % Te 

Contents  
 

It is known that the galvanomagnetic coefficient 

changes in the bismuth films doped with tellurium are 

fully defined by the temperature dependencies of con-

centration and carrier mobility. 

In this connection the easiest option is to calculate 

electron mobility in the interval under study for films 

with 0.150 at.% Te and films with 0.075 at. % Te within 

temperature range of 77-100 K employing the compo-

nent expression ρ11 and taking into consideration that 

only electrons are carriers under the given tellurium 

concentration and the 2 1u u   correlation of electron 

mobilities in  trigonal plane [8].  

In this case expression for transport coefficients ρ11, 

ρ1133 and R12,3 are simplified: 
 

  11 1 21 / 0,5en u u      (1) 

 

 2
12,3 11 1 2R e nu u     (2) 

 

  2 2
11,33 11 1 2 1 2 12,3 110,5 /enu u u u R         (3), 

 

where n is the concentration of electrons, e is the elec-

tron charge.  
 

 
 

Fig. 1 – The temperature dependencies of electron mobility in 

the block and monocrystal bismuth films doped with telluri-

um; tellurium contents is 0.150 at. %; films are of different 

width 
 

According to the data for the bulk Bi crystals with 

0.150 at. % Te, the electron concentration is equal to 

n  2.95∙1025 m – 3 [11]. For bulk Bi crystals with 0.075 

at. % Те the electron concentration is equal to 

n  1.42∙1025 m – 3 [11]. The temperature dependencies 

of electron mobility u1
 – for the Bi films with 

0.075 at. % Те and 0.150 at. % Те and different width 

are shown in Fig. 1-2. 
 

 
 

Fig. 2 – The temperature dependencies of electron mobility in 

the block and monocrystal bismuth films doped with telluri-

um; tellurium contents is 0.075 at. %; films are of different 

width 
 

Figures 1-2 show that in all the films under study 

the electron mobility 1u
  increases with temperature 

decease. The decrease in width is accompanied by the 

decrease in electron mobility that is caused by classic 

size effect [8]. 

The mobility of the monocrystal Bi film with 

0.150 at. % Te contents is higher than that of the block 

films with the same contents throughout the tempera-

ture range. 

 

3.2 Calculation of the Carrier Mobility in the 

Bismuth Films with 0.05 at. % Te Contents  
 

Let us carry out the calculation of carrier mobility 

for the Bi films (0.05 at.% Те).  

It is notable that absolute value of Hall coefficient 

[8] of the Bi films (0.05 at.% Те) considerably decreases 

when the width of the film gets smaller in 77-110 K 

temperature range, this decrease is usually associated 

with the rising carriers concentration [2-6]. However, 

taking into consideration that 2 1u u   [8] in bismuth 

crystals, expressions (1) and (2) imply that the ob-

served dependence of Hall coefficient on film width can 

also be caused by changes in the ratio of carrier mobili-

ty components [8]. 
 

  2 14 /R u enu    (4)
 

 

Independence of the electron concentration on film 

width is supported by the linear dependence of specific 

electrical resistivity (ρ) on the inverse value of film 

width (1/d) in 77-110 K temperature range [8]. 

To analyze experimental data on galvanomagnetic 

phenomena in the bismuth films with 0.05 at. % Te we 
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will use the fact that the magnetoresistance value and 

consequently the carrier mobilities have a tenuous 

connection with temperature, in case carrier mobility is 

severely limited by film surface or structural defects, 

and the changes in specific electrical resistivity reflect 

temperature dependence of carrier concentration [8]. 

Length of free path of an electron in the bulk Bi crystal 

with 0.005 at. % Te is approximately equal to 300 nm 

under the temperature of 300 K [11]. 

To create conditions of significant limitation of car-

rier mobility by film surface and structural defects in 

the temperature range under study, a special Bi film 

with 0.05 at. % Te was produced, its width was far less 

than the length of free path in the bulk Bi crystal with 

0.05 at. % Te and equal to 60 nm; then temperature 

dependence of the specific electrical resistivity of the 

film was measured. The experimental results reveal 

that the films that are less than 0.4 µm at the tempera-

ture of 77 and 300 K (ρ(77)/ρ(300) have almost the 

same ratio of the specific electrical resistivity that 

shows significant limitation and weak temperature 

dependence of carrier mobility in these films [8].  

The experiment resulted in deriving the dependence 

of specific electrical resistivity on temperature for 60-

nm-wide film; so if we take into it into consideration 

and also assume that electrons and holes in the sample 

under research have approximately equal mobility that 

does not depend on the temperature, we shall  find car-

rier concentration n(T) – n(77)  p(T), that is deter-

mined by electron-hole pair excitation caused by in-

creasing temperature, asserting that electron concen-

tration n(77) is the same as in bulk crystal 

((n(77)  9,83∙1024 m3, p(77)  0 [11]) when the temper-

ature is 77K. Hence: 
 

         0,5 77 77 / 1p T n T     (5) 

 

      77n T n p T   (6) 

 

Employing formulae (5) and (6) and the experimen-

tally obtained temperature dependence of specific elec-

trical resistivity of 60-nm-wide Bi film with 0.05 at. % 

Te, we calculated the temperature dependence  of car-

rier concentration that was predetermined by electron-

hole pair excitation. The results of calculation are pre-

sented in [8]. 

Thus we proposed a model for carrier concentration 

calculation based on experimental data on the films for 

tellurium concentration that makes it possible to ob-

serve single-region approaching at nitrogen tempera-

ture. 

The results of calculation of electrons and holes 

concentration within the framework of the proposed 

model agree well with the experimental data on the 

specific electrical resistivity and Hall coefficient for the 

block Bi (0.05 at. % Te) films that are less than 0.4 m-

wide in single region zones as well as in the tempera-

ture range that is characterized by electron-hole pair 

excitation. 

We calculated temperature dependence of electrons 

and holes mobility for every Bi film with 0.050 at. % 

Te, on the basis of the temperature dependence of the 

specific electrical resistivity and Hall coefficient, using 

expressions (1) and (3) and taking into consideration 

hole component and the obtained values of carrier con-

centration for the 60-nm-wide film and ratio 1 2/u u  , 

calculated by means of expression (4) at 77 K, and as-

suming independence of the 1 2/u u  ratio on tempera-

ture and film width. The results are shown in Fig. 3-4. 
 

 
 

Fig. 3 – The temperature dependence of electron mobility in 

the block and monocrystal bismuth films doped with tellurium 

(tellurium contents – 0.050 at. % Te) that have different width 
 

 
 

Fig. 4 – The temperature dependence of electron mobility in 

the block and monocrystal bismuth films doped with tellurium 

(tellurium contents – 0.050 at. % Te) that have different width 
 

Fig. 3-4 give grounds to the conclusion that the val-

ues of electrons and holes mobility  in the films that are 

less than 0.4 m have a tenuous dependence on tem-

perature in case of significant limitation of carrier mo-

bility due to film surface and structural defects. 

The dependence of electrons 1u
  and holes u  mobil-

ity on the width is most clearly observed in electrons 

(Fig. 3); it proves that film surface has a greater limit-

ing effect on electrons than on holes. The electron mo-

bilities in all temperature range have higher values. 

Insignificant decrease of holes mobility in the low 

temperature range is connected with the considerable 

error of defining this mobility due to small concentra-

tion of the holes and their small contribution to the 

galvanomagnetic properties of the bismuth films doped 

with tellurium compared to electrons contribution. 

Moreover, the temperature dependences on Fig. 1-3 
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give grounds to conclude that increase of donor admix-

ture of tellurium in the bismuth films results in de-

crease of electron mobility in the whole temperature 

range [2, 4, 8]. 

 

3.3 Matissen’s Rule 
 

In case different scattering mechanisms [10] have 

an independent contribution to carrier mobility limita-

tion by phonons 11 / phu , surface 11 / su
 , and defects that 

are present in the films (e.g. crystallites boundaries) 

and additional in relation to the bulk crystal 11 / defu , we 

can employ Matissen’s Rule [8, 10]: 
 

 1 1 1 11 / 1 / 1 / 1 /ph s defu u u u       (7) 

 

To differentiate the various scattering mechanisms 

contribution to electron mobility limitation in the bis-

muth films doped with tellurium, dependences 

 11 / 1 /u f d  were worked out for block and mono-

crystal films. The results for the temperature of 77 K 

are presented in Fig. 5. 
 

 
 

Fig. 5 – The dependence 11 / u
- on 1/d in the block and mono-

crystal bismuth films with tellurium contents 0.050 at. %, 

0.75 at. % and 0.150 at. % at 77 K. For 1/d  0 the values of 

11 / u
 of the bulk monocrystal are given 

 

The same figure shows values of inverse electron 

mobilities in the bismuth monocrystals containing 

0.050 at. % Te, 0.075 at. % Te, 0.150 at. % Te and the 

monocrystal bismuth films containing 0.050 at. % Te, 

0.150 at. % Te. 

As it can be seen in Fig. 5, the dependences 

 11 / 1 /u f d  for block films are close to linear. Ex-

trapolation of these dependences at the given tempera-

ture to 1 / 0d  yields values of carrier mobilities 

caused by scattering on phonons and additional film 

structural defects, i.e. values 1 11 / 1 /ph defu u  [12]. 

The deduction of inverse mobility of the bulk bis-

muth monocrystal of the same composition 11 / phu  from 

this value defines the contribution of the film structur-

al defects to the limitations of this mobility. Fig. 5 

makes it obvious that this contribution does not depend 

on tellurium concentration and equals 

to 11 / 1defu  (m2/В∙с) – 1, thus, has a correlation with 

the fact that increase of doping tellurium admixture 

concentration does not significantly change the size of 

crystallites in all the films under research. 

In 0.80 m-wide monocrystal films, the surface con-

tribution 11 / su
  also does not depend on doping degree 

and equals to: 1 1 11 / 1 / 1 / 0,25s phu u u     (m2/В∙с) – 1. 

These conclusions can be used in further analysis of 

the results for pure bismuth films and bismuth films 

with other concentrations taking into consideration 

scattering of electronic subsystem. 

 

4. CONCLUSION 
 

The proposed model of calculation of carrier concen-

tration based on the experimental data for the 60-nm-

wide Bi film (0.050 at. % Te) permits to define the val-

ues of electron and holes concentration in the electron-

hole excitation zones. 

When contribution of phonon scattering decreases 

in the bismuth films doped with tellurium, classical 

size effect manifests itself in carrier mobility limitation 

that grows as the width of the films decreases. 

In bismuth films with the contents of tellurium 

equal to 0.050-0.150 at. % the contribution of film sur-

face and structural defects to electron mobility limita-

tion does not depend on tellurium concentration. 
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