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The capacitance properties of silicon micropixel avalanche photodiode at influence of small alternative signal of 

different frequency (10 kHz ÷ 1 MHz). It is shown that at small values of constant voltage applied to the structure, the 

significant decrease of measured capacitance at the decrease of alternative signal frequency is observed. It is established 

that decrease of measured capacitance is connected with appearance of series resistance at avalanche photodiode 

depletion.   

 

Кeywords: avalanche photodiode, capacitance of p-n transition,  concentration of ionized impurity.  

PACS:07.77-n;  07.77.-Ka; 29.40Wk; 85.30De; 85.60Dw 

 
INTRODUCTION 

The micropixel avalanche photodiodes (MAPD) 

developed last time and having the high amplification 

coefficient ~10
5
, able to register the unit light quantums 

with high efficiency (40%), have the wide application to 

prepare devices and equipment for scientific 

investigations, in particular, in medical and nuclear 

physical equipment and also for radiation control [1-3].  

The principle of operation  and production technique 

of the investigated samples MAPD with deeply put pixels 

are described in detail in [4,5]. The samples are produced 

towards with Zecotek Imaging Singapore firm. In these 

photodiodes the potential distribution in depletion region 

of epitaxial layers has the peculiarities that it causes by 

the presence of high-doped matrix from n
+
-regions 

between two epitaxial layers of p-type conduction [6].  

Earlier the capacitance properties of analogous samples 

are investigated at the only frequency 10MHz [7]. 

However, the investigation of the dependence of MAPD 

structure barrier capacitance on alternative signal 

frequency is of the interest.       

 

MEASUREMENT TECHNIQUE 

The installation scheme for capacitance 

measurement of investigated diodes is presented in fig.1. 

The sinusoidal electric signal with constant amplitude 

40mB is fed to the sample by generator Textronix 

AFG3102. Frequency f of alternative signal is varied in 

limits from 10кHz up to 1MHz. Taking under 

consideration the properties of differentiating chain, the 

resistance R3 is chosen so that signal amplitude, taken on 

him (oscillograph indications DP07254) would be not 

above 250mV.  Moreover, measurement accuracy of 

capacitance is 7%. For example, R3 =1кОm is chosen for 

frequency 10kHz; R3 =257Оm for 30 kHz; R3 =60Оm for 

100 kHz; R3 =30Оm for 600 kHz and R3 =11.3Оm for 

1MHz. 

 

  

 
 
Fig.1. Electrical scheme of capacitance measurement of micropixel avalanche photodiodes: K is power supply (Keithley 6487),  

           G is generator (Textronix AFG310), A is amplifier and О is oscillograph (HANTEK  DP07254).  
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Fig.2 The dependence of photodiode capacitance MAPD-3N on applied voltage at different frequencies f. 

 

 
Fig.3. The frequency dependence of measurement capacitance at two fixed value of applied voltage: 1 is Urev=0,5V; 2 is Urev=1V.    

 

 

The previous calibration of measurement equipment is 

carried out with the help of etalon high-frequency 

condensers with capacitances 220 and 440 pF. They are 

connected into scheme instead of diode under 

consideration and the corresponding voltage drop Uet is 

obtained. For measurement of CD photodiode capacitance 

accuracy in interval Urev= (0÷2)V is chosen the calibration 

capacitance Сet=440 pF, and Сet=220pF is chosen in 

interval  Urev = (2÷20)В. 

MAPD of“МАРD-3N” type having the operating 

voltage Uop.v=90,2V is chosen in the capacitance of 

investigated sample. Voltage drop UD on load R3 is fixed 

if power supply Keithley 6487(К) gives constant voltage 

on the sample. The avalanche photodiode capacitance is 

defined by the following relation: СD =  
𝑈𝐷

𝑈𝐸𝑇
𝐶𝐸𝑇  . 

 

RESULTS AND THEIR DISCUSSION 

The measurements results of barrier capacitance of 

“МАРD-3N” photodiode in the dependence on applied 

voltage at different frequencies f of alternative signal are 

presented in fig. 2. At low values of Urev=0÷3V voltage 

the measurement capacitance strongly depends on 

alternative signal frequency. The dependence of 

capacitance on frequency significantly slows down and 

becomes almost insignificant one after 5V with the 

growth of applied voltage Urev.  

The dependence of capacitance on frequency in  

small voltages (0÷5В) region is connected with 

construction peculiarity of investigated sample MAPD. 

The presence of matrix from n+-regions between two 
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epitaxial layers of p-type conduction leads to appearance 

of some effective between epitaxial  layers.  

As the depleted layer begins on substrate boundary 

with first epitaxial layer, then above mentioned effective 

resistance behaves itself as series connected one with 

measurement capacitance. Indeed, the influence of this 

resistance on measurement capacitance will depend on  

alternative signal frequency: the higher frequency the 

stronger this influence, that is confirmed by results 

represented in   fig. 3.  As it is seen from fig. 3, the device 

capacitance in10÷100кHz frequency region practically 

remains constant. This evidences about the fact that 

photodiode reactive resistance is significantly bigger than 

value of series resistance and that’s why the measurement 

capacitance is equal to device barrier capacitance.  

  

CONCLUSION 

It is shown that MAPD measurement capacitance 

with deeply put pixels depends on frequency of small 

alternative signal superimposed on constant voltage. The 

strongest frequency dependence is observed in constant 

shifting region Urev=0÷3V. It is established that for 

correct measurement of MAPD capacitance with deeply 

put pixels one should use the small alternative signal with 

frequency not more 100kHz.  

________________________________ 
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KINETICS OF PHASE TRANSFORMATIONS IN CuIn5Se8 THIN FILMS 

 

А.Ch. MAMEDOVA, N.К. KERIMOVA, D.I. ISMAYILOV 

Institute of Physics of Azerbaijan National Academy of Sciences 

AZ-1143, H.Javid ave., 33, Baku, Azerbaijan 

amamedova@inbox.ru 

 
The processes of phase formation and phase transitions in CuIn5Se8 thin layers allowing the carrying out of the continuous 

object shooting at thermal treatment different conditions are investigated by kinematic electronography method. It is shown, that 

amorphous films form at evaporation of synthesized compound and thermal spraying of binary compounds Cu2Se and In2Se3  in    

ratio 1:5. The crystallization kinetic parameters of amorphous films of CuIn5Se8 are established. The crystal growth regularity, 

activation energy values of germ-formation and their further growth are obtained.  

 

Keywords: crystallization kinetics, amorphous film, nano-thickness  

PACS: 548. 74; 539,234 

 

1. INTRODUCTIUON 

The main method for determination of crystal 

structure and phase composition of thin layers is the 

electron beam diffraction on nanodimensional films. The 

essence of kinematic electronography method based on 

rapid electron diffraction on objects, the dimensions of 

which are commensurable ones with wavelength of 

incident radiation, is the fact that diffraction picture is 

fixed on moving photographic plate which is 

mechanically drawn. The stationary values of activation 

energies showing on phase transition end when whole 

material of different compositions taking part in process 

transits from the amorphous state into crystal one or from 

the one crystal modification into another one, are obtained 

by kinematic electronography for thin films of each 

compound. The coherently scattered electrons having the 

big sensitivity to relatively scattered substance allow us to 

fix the reaction beginning and follow its further motion. 

This method can’t be considered as alternative one to X-

ray spectrometry and other optic methods not applying to 

nano-thickness films. The kinematic electronography is 

the unique independent method for quantitative 

investigations of phase transformation kinetics taking 

place in nano-thickness amorphous and crystalline films: 

texture, polycrystalline, monocrystalline films. The data 

obtained by this method can’t be found with enough 

definiteness by other above mentioned methods which 

aren’t potentially suitable for films by thickness by 

several decades nanometers. The result interpretation 

obtained by kinematic electronography presents the big 

interest for semiconductor material science.  They can be 

used for measurement of diffusion rates in thin layers 

based on optical measurements up to present time and 

give the direct comparison possibility of obtained result 

for thin films with data for massive samples.      

 

2. EXPERIMENT TECHNIQUE 

The very narrow strip is cut from total diffraction 

picture to obtain electron diffraction patterns by kinematic 

method with the help of shutters being in electron 

diffractograph EMR – 102.  Using these shutters one can 

make the gap of any width. As diffraction maximum 

width on photo-plate increases with gap increase then the 

diffraction ring curvature strongly reveals with gap 

increase. However, the diffraction lines from 

polycrystalline sample keep its width and sharpness 

within limits of gap width change.  The gap width at 

photo-plate drawing is selected by shutter establishment 

and in dependence on primary beam intensity one can be 

established in limits 0,1; 0,3; 0,5mm. It should switch off 

the forepump and close the fore vacuum valve for 

neutralization of vibrations from vacuum forepump at 

electron diffraction pattern kinematic shooting.    

The study complexity of kinetics amorphous film 

crystallization processes and appearance of new 

crystalline modifications in case of phase transformations 

is in the fact that the mechanism of crystallization center 

formation and their further growth is often unknown. The 

data on crystal growth mechanism and dependence of 

phase transformation rate on temperature one can obtain 

by studying of time-temperature dependences of 

amorphous film crystallization and thin crystal layers 

recrystallization with establishment of phase transition 

kinetic parameters.   

The thin-film materials suitable for investigations by 

diffraction method of high-energy electrons are obtained 

by both evaporation of synthesized compound CuIn5Se8 

and thermal spraying of binary compounds of Cu2Se and 

In2Se3 compositions in ratio 1:5. At simultaneous and 

layer-by-layer precipitation of Cu2Se and In2Se3 the 

evaporation sources which are tungsten baskets of conic 

profile lag behind each other on distance 150mm at height 

50mm relatively to freshly cleaved NaCl and grids 

covered by celluloid serving as substrates. The vapor 

condensation is carried out on substrates being at room 

temperature in vacuum, the residual gas pressure in which 

is ~ 10
-4

 Pa.  The precipitation rate is ~ 0,2 nm/sec. For 

prevention of re-evaporation and thin-film sample 

oxidation in case of their thermal treatment at high 

temperatures, the thin films are covered by celluloid thin 

layer so that they are involved in singular capsule. It 

should be noted that at temperatures 423K and higher the 

celluloid protective film destroys. For removal of such 

processes, the probabilities of oxidation in air and 

decomposition in the process of following thermal 

treatments at increased temperatures or at their long 

storage, the investigated samples are capsulated by thin 

layers of amorphous carbon [1-2]. Taking into 

consideration the carbon layer thickness the total 

thickness of investigated objects doesn’t exceed ~50nm.  

mailto:amamedova@inbox.ru
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The structural characteristics of CuIn5Se8 thin layers 

obtained on NaCl and КCl surfaces being at different 

temperatures and film phase composition formed by  

simultaneous and consistent evaporation of Cu2Se and 

In2Se3 are studied on electron diffractograph EMR – 102. 

         

3. RESULTS AND THEIR DISCUSSION 

The layer-by-layer precipitation of Cu2Se, In2Se3 on 

substrates being at room temperature leads to phase 

distribution on condensation plane corresponding to 

calculated component composition at both simultaneous 

evaporation and independent on evaporation order.  

On the base of scheme of phase condensation 

distribution on the plane constructed according to 

experimental data obtained as the result of analysis of 

electron diffraction pattern taken from points situated 

from each other on distance 4mm, it is established that 

forming films are amorphous ones in substrate region 

where by calculation the triple compound of CuIn5Se8 

composition should form.  The diffuse lines of electron 

diffraction pattern from amorphous films contain values 

  /sin4S 30,52; 40,43; 60,85 nm
-1

. The 

amorphous films forming in sufficiently wide region of 

condensation plane at temperature 383K crystallize with 

structural characteristics а=0,572; с=1,162 nm according 

with data for hexagonal compound α – CuIn5Se8 given in 

[3].  

With the aim to study of CuIn5Se8 amorphous film 

crystallization kinetics the isothermal kinematic electron 

diffraction patterns showing the crystallization process at 

363, 373 and 383K are obtained. At temperatures higher 

393-398K the abrupt phase transition takes place as the 

result of which the whole process of phase transformation 

kinetics can’t be fixed from beginning till the end.   

The kinematic electron diffraction pattern, on which 

the crystallization process of amorphous CuIn5Se8 at 

temperature 373K is registered, is given in fig.1. 

 

 
 

Fig 1. Kinematic electron diffraction pattern showing the phase      

          transformation kinetics in CuIn5Se8 thin films. 

 

The polycrystalline hexagonal CuIn5Se8 forms in the 

crystallization process. The diffuse lines of amorphous 

CuIn5Se8 totally disappear as the result of film annealing 

weakening with time and diffraction line intensities of 

crystal phase of hexagonal syngony increase. 

The lines with )1220( , )2440(),2431( indexes 

not overlapping with amorphous phase lines and 

neighboring crystal phase lines that could make mistakes 

in intensity measurements, are chosen for both 

photometric definition and intensity electrometric 

measurement of CuIn5Se8 hexagonal diffraction lines in 

dependence on annealing time.         

The intensity maximal value is compared with one 

of fully crystallized volume of investigated object for 

transition of intensity values to quantity of crystallized 

CuIn5Se8. The volume fitting on intensity unit is defined 

by the way that finally allows us to find the values of 

substance crystallized part volume in dependence on 

annealing time.    

 We use the following expression: 

   



L

Pd
V

Ф
II hklhkl

ohkl
4

22



                            (1) 

where Io is primary beam intensity, λ is electron beam 

wave length, Ф is structural factor, Ω is elementary cell 

volume, V is radiated volume of polycrystalline 

substance, dhkl is interplanar spacing, Δ is Debye ring 

small sector, P is multiplicity factor, Lλ is device 

constant.   

The values of crystallized CuIn5Se8 in time moment 

Vt established for diffraction lines with above mentioned 

indexes are approximately identical ones; the difference 

doesn’t exceed 3%.  The dependences

 to

o

VV
V


lnln  

on tln for temperatures 363K, 373K and 383K, 

expressed by direct lines, are  presented in fig.2.   

The comparison of isotherm data with following 

analytical expression    

 

                 
)]exp(1[ m

ot ktVV                     (2)         

                           

established by Avrami-Kolmogorov for phase 

transformation kinetics shows that the best coincidence 

takes place at m=4. The value m=4 shows that in case of 

crystallization of amorphous CuIn5Se8 the three-

dimensional crystal growth takes place. lnK values for 

363, 373, 383К are equal to 25,7, 22,2 and19,8 

correspondingly. lnK dependence on reversal temperature 

for CuIn5Se8 is linear one.  

According to Arrhenius equation: 
 

          )3(
1

ln ggf ЕE
RT

AK  ,             (3)                 

 

where Еgf and Еg are activation energies of germ-

formation and growth correspondingly. The sum value   

Еgf + 3Еg, defined by straight line inclination of lnK 

dependence on 1/T, is equal to 87,7kcal/mol. The 

activation energy of germ-formation (Еgf), established 

from dependence 0/1  on 1/T, is equal to 21,4kcal/mol. 

The value of growth activation energy, obtained by 

equality ggftot ЕЕE 3.   , is equal to 22,1kcal/mol. 

Thus, it is established that at crystallization of amorphous 

CuIn5Se8 the values of activation energy necessary for 

crystallization center formation, i.e. germ-formation and 

their further growth have approximately identical values: 

21,4 and 22,1 kcal/mol, that is very seldom. 
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Fig.2. 

to

o

VV

V
lnln


 dependence on lnt for crystallization of amorphous CuIn5Se8. 

 

CONCLUSION 

The phase transformation kinetics in CuIn5Se8 

amorphous films takes place on regularities established by 

Avrami-Kolmogorov and is described by analytical 

expression Vt = Vo [1 - exp( - kt
m
)]. At crystallization of 

CuIn5Se8 amorphous films, the three-dimensional crystal 

growth takes place. The activation energies of germ-

formation and growth have approximately identical 

values: 21,4 and 22,1 kcal/mol. 

 

 

________________________________ 
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THERMAL EXPANSION, ISOTHERMAL COMPRESSION AND HEAT CAPACITY 

DIFFERENCE AT CONSTANT PRESSURE (СP) AND CONSTANT VOLUME (CV) IN 

SOLID SOLUTIONS 0.2) 0.1;(x)(TlInS)(TlGaSe x2x12    

 

M.M. KURBANOV, M.M. GODJAYEV, A.M. AKHMEDOVA 
Sumgayit State University 

 
The temperature dependences of thermal expansion and isothermal compression of (TlGaSe2)0,9(TlInS2)0,1 and 

(TlGaSe2)0,8(TlInS2)0,2 are investigated. The heat capacity difference at constant pressure and volume (Cp-Cv) is calculated on the 
base of experimental data. It is established that (Cp-Cv), which is connected with the increase of defect number and weakening of 

chemical bond in lattice, increases with temperature increase and increase of TlInS2 content in composition.      

 
Keywords: solid solution, structure, thermal expansion, isothermal compression, heat capacity, phase  transition.  
PACS: 72.15.Cz  65.40.De, 65.60.+a 

 

The strongly anisotropic layered and chain 

semiconductors have the series of interest physical 

properties. Such compounds are also used for creation of 

laser facility and different of sensitive gauges. The 

calorimetric investigations and ones of photoconduction 

show that phase transition takes place in these crystals    
[1-3].  

The thermal expansion, isothermal compression and 

heat capacity difference at constant pressure and constant 

volume (cp-cv) in solid solutions (ТlGaSe2 )0,9  (TlInS2 )0,1 

and (ТlGaSe2 )0,8  (TlInS2 )0,2 are investigated in the 

present work with the aim to obtain additional 

information on phase transition and influence of crystal 

structure imperfection on thermodynamic parameters.   

The solid solutions (ТlGaSe2)0,9(TlInS2)0,1 and 

(ТlGaSe2 )0,8(TlInS2)0,2 are synthesized by two 

temperature method by the way of alloying of high purity 
initial elements [4]. The elementary cell parameters are 

defined by X-ray method. It is established that solid 

solutions (ТlGaSe2)1-x(TlInS2)x (x=0,1;0,2) crystallize in 

monoclinic syngony. The lattice parameters are: 

а=10,512(2)Å, в=10,578(2) Å, с=15,030(2)Å, 

)3(6,100  for (ТlGaSe2)0,9(TlInS2)0,1 and 

а=10,531(2)Å, b=10,598(2)Å, с=15,630(2)Å 

)3(6,100  for  (ТlGaSe2)0,8(TlInS2)0,2. 

The thermal expansion and isothermal compression 

are measured by technique from [5] at 80-350K. The 

samples for measurements are prepared from synthesized 
ingots of cylindrical form of length 30mm and diameter 

5mm. The error at measurements is 0,5%.  

The measurement results of thermal expansion (α) 

and isothermal compression (T) (ТlGaSe2)0,9  (TlInS2)0,1 

and (ТlGaSe2 )0,8(TlInS2)0,2 are given on fig.1 and 2.  

 

 

 
 
Fig. 1. Temperature dependence of thermal expansion coefficient of crystal system (TlGaSe2)1-x(TlInS2)x where х:  -0,1;  - 0,2. 
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Fig. 2. Temperature dependence of thermal expansion coefficient of (TlGaSe2)1-x(TlInS2)x crystals where х:  - 0,1;    - 0,2 

 

As it is seen the anomaly is observed in 105-120K 

interval on temperature dependences ()
 
and (T). Such 

behavior of temperature dependence () and (T) is 
probably connected with the fact that phase transition of 

second order takes place in the given temperature region. 

From fig.1 and 2 it is seen that the anomaly decreases 

with TlInS2 of content increase in composition of solid 

solutions.  Such behavior of () and (T) can be 
connected with structure imperfection increase and 
weakening of interatomic chemical bond. The difference 

of heat capacity and constant pressure (Cp)  and volume 

(Cv) is calculated on experimental data. The 

thermodynamic ratio is used for calculations [6].      

 

                        

T

VP

VT
CC



 2

                            (1) 

where 
 
is volume coefficient of thermal expansion. The 

calculation results are given in table. 

From the table it is seen that (Cp-Cv) increases with 

temperature increase of heat capacity difference at 

constant pressure and constant volume. Besides, such 

increase takes place with TlInS2 content increase in the 
composition. Such (Cp-Cv) change proves that crystal 

imperfection degree increases and interatomic bond 

weakens with TlInS2 content increase in the composition 

of solid solution. 

 

                                                                                                                                                               Table 
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   T, K 

(ТlGaSe2)0,9(TlInS2)0,1 (ТlGaSe2 )0,8(TlInS2)0,2 

106 
K-1 

T1012 
m2/N 

(Cp-Cv) 
J/kqK 

106 
K-1 

T1012 
m2/N 

(Cp-Cv) 
J/kqK 

90 14.8 6.37 3.35 14.85 6.32 2.17 

100 22.95 6.46 3.68 22.86 6.45 2.37 

120 24.87 6.48 4.40 24.72 6.46 2.84 

140 22.35 6.59 5.04 22.29 6.54 3.27 

160 23.43 6.68 5.69 23.37 6.63 3.68 

180 24.75 6.70 6.40 24.63 6.65 4.13 

200 30.36 6.72 7.07 30.21 6.70 4.56 

250 33.06 6.73 8.82 32.85 6.68 5.71 

300 33.84 6.78 10.51 33.72 6.71      6.83 
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ENERGY SPECTRUM AND SCATTERING MECHANISM OF CHARGE 

CARRIERS IN MONOCRYSTALLINE ALLOYS Bi1-xSbx (0, ≤ x ≤ 0,25) 

IN THE TEMPERATURE RANGE T = 77-300K 

 

B.А. ТАIROV, H.А. GASANOVA   

Institute of Physicsof Azerbaijan NAS, H.Javid ave.,33, Baku, AZ-1143 

btairov@physics.ab.az, rasulova.khayala@mail.ru 

 
The resistivity components ρij, Hall coefficient Rijк and magnetoresistance ρij,кl in monocrystalline alloys Bi1-xSbx at 

temperatures of 77-300K are measured. The possibility of quantitative interpretation of galvanomagnetic effects in bismuth and      

Bi1-xSbx alloys with x ≤ 0,09 based on the model of electron Fermi surface in the form of three ellipsoids and holes, in the form of 

ellipsoid of rotation . In alloys and antimony of electron Fermi surface remains the same as in the bismuth; for holes in antimony it is 

in the form of six ellipsoids of general type and an ellipsoid of rotation. Hole Fermi surface in Bi1-хSbх with 0,16 ≤ x ≤ 0,25 is 

represented as three ellipsoids general type being presumably in Σ ST point. The angle of inclination of the electron ellipsoids 

decreases with antimony content increase. Based on the analysis of anisotropy of hole mobilities, one can suggest, that hole ellipsoids 

in Bi1-хSbх  alloys with 0,16 ≤ x ≤ 0,25 are less anisotropic ones than the hole ellipsoids Bi1-хSbх with 0 ≤ x ≤ 0,16, so anisotropy hole 

mobility in Bi1-хSbх alloys with 0,16 ≤ x ≤ 0,25 ν2/ν1 = 0,05 and ν3/ν1 = 0,5 and in Bi1-хSbх  alloys with 0 ≤ x ≤ 0,16 ν2/ν1 = 0,009 and 

ν3/ν1 = 0,7. The current extremes and parameters of electrons in Bi1-хSbх alloys are established. It is shown that in Bi1-хSbх semi-

metallic alloys at 77 - 200K, there is a mixed electron scattering equally with acoustic phonons, L - T interband electron scattering is 

effective one and fusion scattering of charge carriers predominates in Bi1-хSbх semiconductor alloys in 77 - 170K interval and at         

T > 170K electrons efficiently disperse on acoustic phonons.   

  
Keywords: scattering mechanism, solid solution, charge carriers 

PACS: 64.75.Nx; 72.20.Pa 

 

INTRODUCTION 

Recently the interest in bismuth and Bi1−xSbx alloys 

has grown [1-2]. The small value of thermal conductivity 

and the small effective mass of electrons in Bi1−xSbx solid 

solutions allows us to use them in infrared sensors and 

thermoelectric generators, the characteristics of which are 

directly connected with energy spectrum and charge 

carrier scattering mechanism.  

Therefore, in this paper, the study of 

galvanomagnetic effects in n - Bi1−xSbx to identify the 

energy spectra in these crystals, is carried out.  

 

EXPERIMENTAL RESULTS AND DISCUSSION 

The components of electric conduction, 

magnetoresistance and Hall coefficient are measured at 

constant current in magnetic fields 0-0,2Tl. The 

measurements are carried out in solenoid, the 

homogeneous field region of which is 0,15-0,2 along 

solenoid axis, its inner diameter is 0,1m. 

It should be noted, that the values of the coefficients 

ρijk and ρij,kl given in the paper, correspond to the 

conditions of a weak magnetic field. To obtain these 

values, the dependence of corresponding galvanomagnetic 

coefficient on the field is always taken. Moreover, the 

condition for weak magnetic field, i.e. the independence 

of Rijk Hall coefficient and ρij,kl magnetoresistance, is 

controlled.   

For quantitative interpretations of the experimental 

results on the galvanomagnetic properties of Bi1−xSbx the 

relations [3,4,5] between the components of the 

galvanomagnetic coefficients with electron and hole 

kinetic parameters 

It should be noted that the given relations [3,4,5] 

remain in force in NENP model, as it is revealed in [6] 

that the presence of three symmetrically placed ellipsoids 

in Bi1−xSbx almost softens the anisotropy of kinetic 

coefficients associated with the deviation of the 

dispersion law from ellipsoid form. Therefore, at 

calculation of kinetic phenomena, one can restrict by ENP 

and EP models. Such interpretation from one hand allows 

us to judge about correctness of the choice of energy 

spectrum model by the agreement of the experimental and 

calculated values, since at the assumption of relaxation 

time isotropy of carries the mobility tensor components 

characterize the components of the effective mass tensor.  

To calculate the parameters of the energy spectrum 

of charge carriers in bismuth-antimony alloys on the base 

of experimentally obtained values of the galvanomagnetic 

coefficients, it is necessary to concentrate on the most 

obvious its model, which further will be confirmed by the 

comparison of experimental and calculated values. Firstly, 

let’s go back to the schemes which demonstrate the 

energy spectrum variation of Bi1−xSbx alloys on the its 

composition (Fig. 1).  

As it is seen from the figure at the content of 

antimony 6 at.% , the gap between the valence and the 

conduction bands opens, while the gap width is 

determined by La conduction band and Т valence band. 

According to the model of Fermi surface (like pure 

bismuth) should include three ellipsoids of general type 

for electrons, inclined in respect of the basal plane, and 

the ellipsoid of rotation with axis in trigonal direction for 

holes. 

 When the content of antimony (8-12 at.%), the gap 

is determined between La and Ls energy distances, and the 

hole Fermi surface should be presented by three ellipsoids 

similar to electron one.  However, T and Σ hole bands 

being near the bottom of the conduction band have the 

significantly higher density of states than Ls, whereby in 

alloys with antimony content up to 12 atm.%, they can 

play a major role in the transfer phenomena at 

temperatures higher than 77K. 

mailto:btairov@physics.ab.az
mailto:rasulova.khayala@mail.ru
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Fig.1.The schemes of energy spectrum reconstruction of bismuth-antimony alloys at increase of antimony concentration [7,8]. 

 

The new hole band the extremum of which 

presumably is H or ∑ points begins to play role at further 

antimony content increase [9, 10]. The question, whether 

the new appeared hole band is one with extremum in H 

point as in pure antimony, which falls with antimony 

concentration increase on energy scale or this band is one 

with extremum in точке ∑ point which rises from valence 

band depth of pure bismuth, is still open.  

Note that the energy indirect gap between bands 

with extremum La point and appeared band decreases and 

is equal to zero at 22at% Sb with antimony content 

increase. Bi1−xSbx alloys become the semimetals at further 

antimony content increase.  

According to above mentioned we use the model 

representing electron Fermi surface in the form of three 

ellipsoids general type easily inclined in respect to 

trigonal axis and placing in Brillouin zone in L point for 

interpretation of galvanomagnetic properties of Bi1−xSbx 

(0,15≤х≤0,25) alloys. Hole Fermi surface is represented 

by three or six ellipsoids general type inclined in respect 

to trigonal axis and placing in ∑ and Н points of BZ. 

For antimony the electrons are in L point and holes 

are in H and GT points of Brillouin zone.  

For interpretation of some Bi1−xSbx alloy properties 

especially at doping it is suggested that the carriers of 

additional bands take part in transfer phenomena are also 

used in works [11-12],.   

Thus, in general case the energy spectrum model of 

charge carrier in Bi1−xSbx alloys should take under 

consideration the possibility of charge carrier placement 

in La, Ls, T, ∑, H and GT bands.  

Such model in general case can be described by 

three mobility components of La electrons (µ1,µ2,µ3), three 

mobility components of Ls, ∑, Н holes and ∑ electrons 

(ν1,ν2, ν3), incident angle of electron and hole ellipsoids φe, 

φg correspondingly, concentration Nэ, Ng and finally, by 

two mobility components of holes Т and GT (ν1
’
= ν2

’
, ν3

’
) 

and concentration.   

The ratios between above mentioned energy 

spectrum parameters and galvanomagnetic coefficients 

can be obtained in the assumption of contribution 

independence into general charge carriers of different 

types.  

The ratios obtained by such way are given in 

references [3,4,5]. 

The formula of the electric conduction expansion in 

the magnetic field is convenient by the fact that the 

obvious additivity of carrier contributions of separate 

bands is reflected.  However, in experiment the resistance 

components in magnetic field, which are connected by 

ratio symmetry with corresponding components of 

electric conduction for D3d crystals [13].  

The ratios given in [13] towards the following 

condition:  

 

                    Nэ=Ng+ Ng
’
                                 (1) 

  

represent themselves the 13 levels with 13 in determinates 

(left parts of equations are experimentally obtained 

coefficients).  

The ratios given in [13] towards with following 

condition:  

  

                       Ne=Ng+ Ng
’
                             (1) 

 

represent themselves the 13 levels with 13 unknown 

values (left parts of equations are experimentally obtained 

coefficients).  

Thus, the solution of this nonlinear system of 

equations should lead to concrete definition of energy 

spectrum parameters. However, in analytical form it is 

impossible to solve this system of equation and that’s  

why for this aim, the special programs with following 

solution selection which corresponds to physical meaning 

of obtained values are used.  

The investigations of galvanomagnetic properties of 

Bi1−xSbx alloys are carried out in complex with of 

dispersion definition of Electromagnetic Magnetoplasma 

Waves (EMPW) the results of which are described in 

[14,15,16]. The important factor is the fact that EMPW 

propagation in Bi-Sb crystals is practically defined by 
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parameters of energy spectrum of L electrons and waves 

in hole plasma damp because of less hole mobilities (in 

undoped alloys).  The definition of L electron parameters 

is also carried out with computer use and results of these 

experiments are used for the solving of above mentioned 

system of equations. Such use of investigation results of 

EMPW dispersion allows us to compare the 

correspondence of defined parameters by these two 

methods. As it is show in [17], the valence band in L 

point should be almost “mirror” for м1 and м3 directions 

in respect of conduction band, for м2 direction the 

effective mass of halls is bigger in two times than one of 

electrons.   That’s why component ratios of L hole 

mobilities in м1 and м3 directions are equal to ones of L 

electron mobilities. Thus, the mobility structure of 

electrons and holes in L is defined.   

  The values of experimental and calculated values 

of galvanomagnetic coefficients for Bi, Sb and Bi1-xSbx 

alloys with antimony content 0÷25 аt.% at temperature 

77K are given in table 1. As it is seen from the table, for 

all alloy compositions the experimental and calculated 

values are in well agreement. It is necessary to note that 

agreement was only in narrow interval of values of 

concentration and charge carrier mobility, which are 

given in table 2.The values of experimentally defined and 

calculated values of galvanomagnetic coefficients in Bi1-

xSbx alloys at Т=77 К (σ11, σ33 are measured with 

delicacy3%, σ123, σ231 – 5%, σ11,22 – 10%, σ11,11 and σ33,11 – 

15%, σ11,33  and σ33,33 – 20%; the dimension σij is  Ω
-1

cm
-1

, 

σijk is   cm
 
C

-1
 Ω

-2 
, σij,kl is cm

3 
C

-2
 Ω

-3
) are given in table 1. 

                                                                                                                                                       Table 1 
аt.% Sb type σ11 ×10-5 σ33 ×10-5 σ231 ×10-7 σ123 ×10-6 

0 Exp. 32,32 26,57 9,99 3,75 

Calc. 32,39 26,54 9,52 3,57 

6 Exp. 12,44 15,94 8,7 2,77 

Calc.  11,8 14,64 8,72 2,98 

9 Exp. 6,67 7,94 5,45 2,22 

Calc.  6,65 7,82 6,16 2,15 

12 Exp. 4,8 5,3 2,72 0,84 

Calc.  4,6 5,4 3,07 0,83 

16 Exp. 5,15 5,7 2 0,68 

Calc.  4,87 6,1 2,06 0,6 

18 Exp.  6,25 7,8 2,2 0,58 

Calc.  6,03 7,7  2,26 0,59 

20 Exp.  7,4 9,1 1,82 0,53 

Calc. 7,1 8,9 1,9 0,53 

22 Exp.  7,94 9,6 1,28 0,34 

Calc.  7,53 9,38 1,38 0,31 

25 Exp.  8,1 10,2 0,69 0,21 

Calc.  7,27 9,1 0,86 0,19 

100 Exp.  141 198 0,63 7,2 

Calc.  145 192 0,58 7,14 

 

Continuation of Table 1 
аt.%Sb type σ11,33 ×10-6 σ33,11 ×10-8 σ11,11 ×10-8 σ11,22 ×10-8 σ33,33 ×10-6 

0 Exp.  220 34,66 19,92 59,4 106,24 

Calc.  200 35 17,8 54 108 

6 Exp.  245 76,2 29,4 82,7 192 

Calc.  244 72,8 26 79,4 143 

9 Exp.  284 70,4 35,7 95,2 171 

Calc.  278 79,1 28,6 86,1 155 

12 Exp. 96 30,9 17,26 49,5 62 

Calc.  100 32 17,06 47,9 71 

16 Exp.  34 10,7 5,84 14,2 19 

Calc.  39 14,3 5,1 15,6 20 

18 Exp.  17,5 10,3 3,55 11,1 10,5 

Calc.  23,81 11,9 4,21 12,8 12 

20 Exp.  11 7,5 2,62 7,85 8 

Calc.  17,23 7,2 2,6 7,85 7 

22 Exp.  8,6 2,9 1,74 4,3 5,72 

Calc.  10,6 3,5 1,26 3,83 7,23 

25 Exp.  5,3 1,16 1,01 1,97 2,23 

Calc.  4,35 1,47 0,53 1,6 2,98 

100 Exp.  12,5 0,38 0,1 0,32 3,5 

Calc.  11,3 0,45 0,08 0,34 2,5 
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Тable 2  

Kinetic parameters of charge carriers for Bi1-xSbx alloys at Т=77 К 
at.% Sb 0 6 9 12 16 18 20 22 25 100 

φэ 7010’ 6040’ 6030’ 5050’ 50 4040’ 4010’ 406’ 406’ 6023’ 

φg    70 160 160 160 160 160 240 

µ1, m
2/Vs 74 120 172 179 90 71,5 52 34,4 23,2 1,83 

µ2, m
2/Vs 0,74 1,08 

 

1,84 

 

0,63 

 

0,81 0,643 0,468 

 

0,309 

 

0,209 

 

0,037 

µ3, m
2/Vs 37 84 112 

 

92 

 

 

63 50 36,4 24,1 16,2 1,42 

ν1, m
2/Vs    57 30 18 13 9,1 

 

5,8 2,313 

ν2, m
2/Vs    0,24 

 

1,5 

 

0,9 

 

0,65 

 

0,455 

 

0,29 0,296 

 

ν3, m
2/Vs    29 15 9 

 

6,5 

 

4,55 2,9 

 

1,45 

ν1
,
, m2/Vs 12,3 9,9 

 
15,2        

ν2
,
, m2/Vs 12,3 9,9 15,2        

  ν3
, , m2/Vs 0,984 0,792 

 

1,2 

 

       

Nэ, m
3 4,5 

×1023 

1,1 

×1023 

4,05 

×1022 

2,4 

×1022 

4,95 

×1022 

8,21 

×1022 

1,33 

×1023 

2,1 

×1023 

3,04 

×1023 

39 

×1024 

Ng, m
3    2,4 

×1022 

4,95 

×1022 

8,21 

×1022 

1,33 

×1023 

2,1 

×1023 

3,04 

×1023 

39 

×1024 

Ng
,
, m3 4,5 

×1023 

1,1 

×1023 

4,05 

×1022 

      4,88 

×1024 

 

 

On obtained results, one can make the conclusions: 

1. The possibility of quantitative interpretation of 

galvanomagnetic effects in bismuth and Bi1-xSbx alloys 

with x ≤ 0,09 based on the model of electron Fermi 

surface in the form of three ellipsoids and holes in the 

form of an ellipsoid of revolution, is shown. 

2. In alloys and antimony of electron Fermi surface 

remains the same as in the bismuth; for holes in antimony 

these surfaces are presented in the form   of six types of 

ellipsoids and an ellipsoid of rotation.  

3. Hole Fermi surface in Bi1-хSbх with 0,16 ≤ x ≤ 

0,25 is represented as three ellipsoids of general type, 

being presumably in ∑ point ZB. 

4. The angle of inclination of electron ellipsoids 

decreases with antimony content increase. We note that a 

similar conclusion was reached in [18], where the 

dependence of angle of inclination of electron Fermi 

surface on composition for Bi1-хSbх  alloys (0≤х≤0,22) is 

defined by dispersion investigation method EMPW.      

5.  Based on the analysis of hole mobility 

anisotropy one can suggest, that hole ellipsoids in Bi1-хSbх 

alloys with 0,16 ≤ x ≤ 0,25 less anisotropic than the hole 

ellipsoids Bi1-хSbх with 0, ≤ x ≤ 0,16 since anisotropy hole 

mobility in alloys for with Bi1-хSbх 0,16 ≤ x ≤ 0,25 ν2 / ν1 

= 0,05 and ν3 / ν1 = 0,5 and in Bi1хSbх  alloys with 0, ≤ x ≤ 

0,16  ν2 / ν1 = 0,009 and ν3 / ν1 = 0,7. 

The temperature dependence of tensor component of 

mobility of electrons and holes in Bi0,80Sb0,20 alloys, 

multiplicity of obtained solutions are inside the sections 

designated on fig.2. As it is seen from the figure, all 

solutions are in very narrow intervals, evidencing on 

unambiguity of carried out calculations. The constructed 

dependence of mobility of electrons and holes averaged 

on three directions on temperature also evidences on 

unambiguity of carried out interpretation (fig.3), all 

obtained values of averaged mobilities are in limits of 

confidence interval shown by line sections on plot.   

 
Fig. 2. Temperature dependence of the mobility tensor 

components of the electron and hole of alloy 

Bi0,88Sb0,12; 1 is µ1; 2 is µ2; 3 is µ3; 4 is ν1; 5 is ν2; 6 is 

ν3.  
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By other hand, for explanation of temperature 

dependence character of mobility and charge carrier 

concentration, one can use the simple two-band model 

[19] with averaging of directly measurement 

galvanomagnetic coefficients according to relations: 

 

                     
1

𝜌
= 𝑒𝑁µ  

1

𝑏
+ 1                                  (2) 

                      𝑅 =
1

𝑒𝑁
∗

1−𝑏

1+𝑏
                                         (3) 

                  
𝜌𝛥𝜌

𝑅2𝐻2 =
𝑏2

 𝑏−1 2                                        (4) 

 

and definition of averaged mobilities and charge carrier 

concentrations according to usual expressions for 

isotropic model.  

                𝜌 =
1

3
 2𝜌11 + 𝜌33                                 (5) 

                𝑅 =
1

3
 2𝑅231+𝑅123                               (6) 

     
𝛥𝜌

𝐻2 =
1

15
 𝜌11,11 + 5𝜌11,22 + 4𝜌11,33 +

           +4𝜌33,11 − 4𝜌23,23 + 5𝜌33,33                   (7) 

 

where b is ratio of mobilities of electrons and holes. 

The values of averaged mobilities of electrons and 

holes, concentrations at different temperatures, calculated 

by such way, are also shown on figures 4,5 and 6. 

 

 
 

Fig.3. Temperature dependence of the carrier mobility in the  

           alloy Bi0, 80Sb0,2;   is electrons ●is holes ν,  

           calculated by the isotropic model, in the confidence  

        intervals of electron and hole mobilities, averaged over    

        the three directions. 
 

Though these dependences can’t be totally described 

with power functions on temperature, the possibility 

analysis of their explanation on the base of representation 

on scattering mechanism of charge carriers can be carried 

out within the framework of representation 
P

.           

  

 
 

Fig. 4. Temperature dependence of the electron mobility:  

            ● - Bi0,92Sb0,08; о- Bi0,84Sb0,16; о+ - Bi0,88Sb0,12;   

            + - Bi0,80Sb0,20; ∆ - Bi0,78Sb0,22; х - Bi0,75Sb0,25; 

 

 
Fig. 5. The temperature dependence of the hole mobility: 

            ● - Bi0,92Sb0,08; о- Bi0,84Sb0,16; о+ - Bi0,88Sb0,12;  

            + - Bi0,80Sb0,20; ∆ - Bi0,78Sb0,22; х - Bi0,75Sb0,25; 
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Fig. 6. Temperature dependence of the charge carrier  

            concentration: ● - Bi0,92Sb0,08; о- Bi0,84Sb0,16;  

            о+ - Bi0,88Sb0,12;  + - Bi0,80Sb0,20; ∆ - Bi0,78Sb0,22; 

            х - Bi0,75Sb0,25 


First of all, it is necessary to note that temperature 

dependences of mobilities are defined by P2,5 degree.  

The dependence inclination of mobilities on temperature 

decreases with antimony content increase in solid 

solutions. If one can suppose that scattering on acoustic 

phonons and alloy disorders are the main ones, then 

temperature dependence of mobility should be defined by 

P 
3

2
  degree. The last one it is followed from the fact that 

scattering on disorders weakly depends on temperature 

and scattering on acoustic phonons gives P3/2. Thus, 

experimentally observable temperature dependences 

evidence on the presence of main scattering mechanism 

characterized by more strong temperature dependence. By 

other hand, in pure bismuth and Bi1-хSbх alloys with 

0,≤х≤0,10 in temperature interval 77-200K, as it is shown 

in [20,25,26], the intervalley scattering caused by acoustic 

and optic phonons is the responsible for strong 

temperature dependence of electron mobility. In spite of 

the fact that acoustic phonons can play role in intervalley 

scattering in agreement of Korenblite work [21], the 

Lopez [22] calculations of matrix elements for acoustic 

and optic phonons show that intervalley scattering on 

optical phonons is effective one in 50 times than in 

acoustic ones.   

  If one can suppose that in Bi-Sb alloys like in pure 

bismuth, that strong temperature dependence of charge 

carrier mobility is responsible for intervalley scattering on 

acoustic phonons, then it is clear the change of 

temperature dependence inclination of charge carrier 

mobility on alloy composition. Indeed, according to [23] 

in Bi-Sb alloys the scattering on alloy disorders which 

doesn’t play the dominating role, but increases with 

increase of second component content, should be 

observed.  

The relaxation time at scattering on alloy disorders 

is as follows: [24]        

                              𝜏 =
𝑐

𝑥(1−𝑥)
                                (8) 

 

where х is atom content of one of components, с depends 

on difference in atomic weights and difference of bond 

energy in lattices of components. 

The mobility limited by scattering on alloy disorders 

is correspondingly proportional to [m∗x(1-x)]
-1

. If we take 

under consideration the nonquadratic character of electron 

dispersion law, then their effective mass is proportional to 

N
1/3

.   

The change of charge carrier concentration in Bi-Sb 

alloys with different antimony content in temperature 

interval 77-300K, is shown on fig. 6. As it is seen from 

the figure, the maximal change of charge carrier 

concentration is observed in alloys with antimony content 

8 at%, so the relaxation time at scattering on alloy 

disorders weakly depends on temperature, the mobility 

change limited by this mechanism will be found by only 

effective mass change N
1/3

. Thus, according to fig.6, the 

mobility in interval 100-300K should change not more 

than in 3 times, whereas in experiment (see fig. 4) the 

mobility in the same temperature interval changes in 30 

times, i.e. scattering on alloy disorders can’t be the 

determinative one in mobility temperature dependence.  

At the same time contribution of alloy disorder 

increases with antimony content increase according to 

expression (4), decreasing the inclination of 

experimentally observable temperature dependences of 

mobilities, moreover, intervalley distance becomes more 

dominant one and dependence inclination increases.  

Analogously, the role of intervalley scattering on 

acoustic phonons leading to mobility change Т−
3

2 

decreases with temperature increase.   

  The orienting differentiation of contributes of all three 

above mentioned scattering mechanisms can be carried 

out by the following way.  

The presence of straight-line portion on 

experimental dependences lgµ on lgT allows us to 

orientate in first approximation on such dependence, 

though at intervalley scattering the mobility temperature 

change can’t be presented in the form of temperature 

exponential function.  

  Supposing that the intervalley scattering plays the 

dominating role at high temperatures  we will obtain the 

value of electron mobility 210
2 

m
2
/Vs for alloy with 

antimony content 8at% by extrapolation up to 77K.   

By other hand, at this temperature, according to [23] 

the electron mobilities, limited by scattering on alloy 

disorders and acoustic phonons, are equal to 310
2 

 and 

3,110
2 
m

2
/Vs. 

Such detail coincidence one can consider occasional 

one, as above mentioned calculations have the orientation 

character because of supposition µT
-p

, mobility 

averaging method and supposition of total domination of 

intervalley scattering at high temperatures. Nevertheless, 

the presence of such scattering mechanisms well 
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explaines both the strong temperature dependence of 

mobility on temperature and dependence of its inclination 

on temperature and alloy composition.  

If we calculate the total mobility from following 

relation 
1

µ
=  

1

µ𝑖
 where µ𝑖 are mobilities limited by three 

above mentioned mechanisms supposing the contribution 

independence of separate scattering mechanisms, then we 

will obtain the value 90
 
m

2
/Vs coinciding with value 

obtained by experiment.   

Note that in work [27] it is swown that electron mobility 

limited by scattering on alloy disorders is as follows: 
   

                    µ𝑑𝑖𝑠 . =
2,1108𝑚3

𝑥(1−𝑥)𝑉𝑠𝑒𝑐
𝑛

1

3                   (9) 

 

and mobility limited by scattering on acoustic phonons 

has the following form:  
 

                     µ𝑎𝑐 . =
1,11025

𝑚 𝑉𝑠𝑒𝑐
𝑛−1                     (10) 

 

The dependences of mobilities µ𝑑𝑖𝑠 . and µ𝑎𝑐 . on Bi-Sb 

alloy composition are shown in fig.7 (curve 1 and 2 

correspondingly, total mobility is curve 3). 

 

 
 

Fig. 7. The dependences of electron mobilities in Bi1-xSbx alloys  

           on alloy composition at T=77K: 1 is acoustic scattering;  

           2 is scattering on alloy disorders, 3 is total scattering. 
 

Thus, in work it is shown that change of electron 

mobility in the dependence on Bi-Sb alloy composition 

(at T=77
0
 К) can be calculated taking into consideration 

the nonquadratic character of dispersion law and 

scattering charge carrier on acoustic branch of lattice 

oscillation spectrum and alloy disorders.  

Electron effective mass in undoped bismuth is equal 

to 0,04mo and on bottom of conduction band is equal to 

0,0021𝑚0
∗  . Then in [27] it is shown that: 

                      
𝑚 ∗

𝑚0
 

2

= 1 +
2ℎ2 32𝑛 

2
3

𝑚0
∗𝑚0𝐸𝑔

                    (11) 

Using (11) one can define the effective mass on the 

bottom of conduction band on known value of charge 

carrier concentration in undoped Bi-Sb. The calculation 

gives 0,0026mo* value that satisfactorily agrees with 

value 0,0021mo* calculated on experimental results [28].  

Note that temperature dependence of averaged mobility 

found by calculation according to many-valley model 

practically coincides with dependence found according to 

isotropic one. Such agreement isn’t occasional as it is 

mentioned above, if we suppose that  ratio of mobility 

tensor components don’t change with temperature 

increase then these dependences should coincide. 

For hole mobilities the agreement between mobility 

values defined by these methods, also can be considered 

as satisfactory one, however, the difference between 

curves are essentially bigger than for electronic 

mobilities, besides,the value spread obtained at solving by 

computer is also essentially bigger one.  

Such difference can be explained by following way: 

the electron mobility is essentially higher than hole one 

because of the fact that definition of last ones should be 

carried out with less accuracy.  Besides, it is posiible that 

in transiion phenomena not only ∑ holes but the ones of 

another band take par,t the contribution of which is don’t 

essential one, but it can lead to some change of 

calculation results. At the same time the emphasis of this 

contribution we consider as inappropriate one as it is 

necessary to increase of the number of defined parameters 

and, therefore, the unambiquity of carried calculations.  

Going to temperature change of charge carrier 

concentration, it is necessary to note that its definition on 

isotropic model gives more good results. Indeed, from 

figure 8 it is seen that many solutions obtained by 

computer gives the values totally coinciding with defined 

ones accrding to isotropic model.  

 
Fig.8. Temperature dependence of charge carrier concentration     

           of Bi0,80Sb0,20 alloy;  is calculated on isotropic model; in  

           confidence interval  is calculated on multi-ellipsoid  

           model.   

 

Thus, character of concentration dependences of 

mobility components confirms the conclusion on change 

of actual extremum in valence band, made on the base of 

described above mentioned machine experiment.  



ENERGY SPECTRUM AND SCATTERING MECHANISM OF CHARGE CARRIERS IN MONOCRYSTALLINE ALLOYS ……. 

19 

 
 

Fig.9. The dependence of charge carrier concentration on alloy  

           composition at 77K. 

 
 

Fig.10. The dependence of mobility tensor components of  

             electrons and holes of Bi-Sb alloys on antimony content  

             at 77K. 

 

The concentration changes of charge carriers and 

components on alloy composition at 77K are shown in 

figures 9,10. Let’s consider the one of peculiarities of 

these dependences. As it is seen from the figures, the 

dependences on alloy composition of all mobility 

components and charge carrier concentration in antimony 

content interval 16÷25 at% present themselves the 

monotonously changing curves. At the same time, 8at% 

corresponding to antimony content is obviously 

eliminated from these dependences. The last one can be 

evidence of change of band actual extremums.  

Thus, character of concentration dependences of 

mobility components confirms the conclusion on change 

of actual extremum in valence band on the base of 

described above mentioned machine experiment. 
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EVOLUTION EQUATION OF WIGNER FUNCTION FOR RELATIVISTIC QUANTUM 

SYSTEMS 
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The evolution equation for time-dependent Wigner distribution function and equation to define “distribution eigenfunctions” 

and energy eigenvalues of one-dimensional dynamic systems are obtained within the framework of relativistic finite-difference 
quantum mechanics.   
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INTRODUCTION 

As it is known, there are several equivalent 

mathematic formulations of non-relativistic quantum 

mechanics. The quantum  mechanical formulation in 

phase space uses only usual functions depending on p

impulse, coordinate x and in general case on time t  for 

description both states of physical systems and observable 

values. Phase representation gives the possibility to 
describe the quantum phenomena picture using the classic 

language as far as possible. In this representation Weyl 

symbols  txpA ,,  are corresponded to operators 

 txpA ,ˆ,ˆˆ  and functions of system state are 

corresponded to distribution quantum functions

 txpF f ,,  in it [1-6]. The fact, that phase 

representation uses only c-numerical values in of quantum 

mechanics but not operators, sometimes simplifies the 

mathematic description of quantum physical systems. The 

intensive application of phase representation in different 

fields of theoretical physics such as statistic physics, 

quantum optics, collision theory, nonlinear physics, is 

explained by this fact.  

Wigner distribution functions [1], Glauber-

Sudarshan functions [7,8], Khusimi functions [9],  

Kirkvud functions [10], standard-ordered distribution 

function [11] are related to quantum distribution functions 

 txpF f ,, .  

They are analogous ones to simultaneous probability 

density for p  impulse and x coordinate but have the 

series of character peculiarities not allowing interpret 

them by such way. The noncommutativity of p̂  impulse 

operator and coordinates x̂ one is the reason preventing 

the introduction of simultaneous distribution of 
probabilities in quantum mechanics, i.e. the impossibility 

to measure quantum particle impulse and coordinate 

simultaneously. That’s why in quantum mechanics one 

can find the probability distribution for coordinates and 

impulses separately but not simultaneously.  

Consequently, the quantum distribution functions 

should be considered as mathematical tool simplifying the 

quantum calculations. They are called quasi-probability or 

quasi-density of probability simultaneous distribution p
 

and x .              

The general class of non-relativistic quantum 

distribution functions for pure states in coordinate 

representation in one-dimensional case is defined by  the 

following formula [12]: 

 

     

      ,,,
2

1
,

2

1

4

1
,,

2

pixxi

NN

f

N eeftxtxxdddtxpF 























        (1а) 

 

 and in impulse representation is defined by formula: 

 

    

     























 .,,

2

1
,

2

1

4

1
,,

2

xippi

NN

f

N eeftptppdddtxpF 


            (1c)  

 

Here  txN ,  and  tpN ,  are non-relativistic wave functions of quantum system state in coordinate and 

impulse representations, correspondingly. The different quantum distribution function corresponds to different choice of
 

 ,f  function, for example, at   1, f  formula (1) gives the following expression for Wigner function:  

 

𝑊𝑁 𝑝, 𝑥, 𝑡 =
1

2𝜋ℏ
 𝑑𝑥 ′𝜓𝑁

∗  𝑥 −
𝑥 ′

2
, 𝑡 

∞

−∞
𝜓𝑁  𝑥 +

𝑥 ′

2
, 𝑡 𝑒−𝑖

𝑝𝑥′

ℏ =

                 =
1

2𝜋ℏ
 𝑑𝑝′𝜙𝑁

∗  𝑝 +
𝑝 ′

2
, 𝑡 

∞

−∞
𝜙  𝑝 −

𝑝 ′

2
, 𝑡 𝑒−𝑖

𝑝 ′ 𝑥

ℏ

                                   (2) 
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at   2,  ief 
 
formula (1) gives standard-

ordered quantum function, at 

  









44
exp,

22 






 m

m
f  

it gives Khusumi function where   is arbitrary positive 
constant.The exact expression for Wigner function for 

series of relativistic quantum-mechanical systems is 

discussed in scientific literature [2-5] and 13-16].  

Wigner representation for relativistic models of 

linear oscillator describing the finite-difference equation  

[17, 18] is considered in [19, 20].  

  The aim of present work is to obtain the equation 

for Wigner relativistic function. Our task is formulated 

within framework of finite-difference version of 

relativistic quantum mechanics [21-25]. Here the 

conception of relativistic configuration r- space 

introduced in [22] plays the key role. 
 The corresponding canonically conjugated to r- 

space the impulse p-space is Lobachevsky three - 

dimensional space realized on upper margin of mass 

hyperboloid

 

0,ˆ
0

2222

0  pcmpp    

The finite-difference variant of relativistic quantum 

mechanics has many character properties of non-

relativistic quantum mechanics. The essential difference 

is in the fact that the wave function in relativistic 

representation satisfies to finite-difference equation. In 

one-dimensional case it has the following form:    
                                     

      txtxVHtxi ot ,.,   ,               (3) 

 

where free Hamiltonian is as follows 

     
  xxximcH  ,cosh2

0  and     txV ,
 

is non-stationary potential. The one-dimensional plane 

waves  of following form 

            





ix

ix

e
mc

pp
xp 







 




0),(         (4) 

 

are eigenfunctions of free Hamiltonian, i.e.  pEH   , 

where 






 


mc

pp0ln

 

is rapidity, 
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0 cmpccpE p  .
 

The connection between relativistic configuration x- and 

impulse p -representations is given with the help of 

relativistic Fourier transformation  

                                    

       pdtpxptx ,,
2

1
, 





       (5) 

where  mcd
p

dp
mcd

o

p   is invariant element of 

integration in Lobachevsky p-space. The conditions of 

completeness and orthogonality for functions (4) have the 
form: 

     

     .,,
2

1

,,,
2

1

xxdxpxp

dxxpxp









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
















        (6) 

 

EVOLUTION EQUATION FOR WIGNER 

RELATIVISTIC FUNCTION 

 According to present analogy between finite-

difference relativistic quantum mechanics and non-

relativistic one in works [19-20] Wigner relativistic 

function is defined similarly to non-relativistic case (2): 
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,
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 (7а)                                                                                                                                        
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
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
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
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

 
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
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
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




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

 dett x 
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                          (7b) 

 

 As dynamics of relativistic quantum system in considered case is defined by finite-difference equation (3) then 

Wigner function  txpW ,,  also will satisfy to finite-difference evolution equation.To find this equation we use the 

work (3). But firstly in equation (3)we chose the potential energy in form
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
 where ,   

Ra . Using thr expression for density matrix      txtxtxx ,,,, 2121
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 we have:  

  

 







 




  xi

xx et
x

xVish
i

shmc
t

i 2
0

2 ),
2

()
2

(2







 ,),
2

( 2
0 















 


 x

x i
i

eet
x

xV    (8) 

 

where we take 2,2 21 xxxxxx   in correspondence with formula (7a).   

Differentiating (7a) and substituting (8) and further using the obvious following ratios 
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 we obtain the evolution equation for Wigner function: 
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where 
2

ˆ 
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i
xX . 

Formula (9b) is finite-difference analogue of  integration by parts and is right for of  xf  and  x  functions, 

which are infinitely differentiable and vanishing at infinity towards with all derivatives  

The method for determination of  so-called “distribution eigenfunctions” and spectra of different physical values is 

supposed in work [26] (see also [27]). The integral equation  for finding of quantum distribution eigenfunctions and 

functions of energy eigenvalues are given for example. We obtain the finite-difference analogue of this equation, i.e. the 

relativistic finite-difference equation for quantum Wigner distribution function of system stationary states.  

Let’s again use equation for      2121, xxxx    :  

 

             1

21
)()(cosh)cosh( 10

2 xi

xx exViimc





  ).,(2),()( 212120
2 xxExxexV xi







         (11) 

 

Here wave functions  ,ix  2,1i are solutions of stationary relativistic motion finite-difference equation: 
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E  is system energy. 

 Doing the same as at derivation of equation (10) we obtain the equation for relativistic Wigner function of 

stationary states:        
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One can easily check that equations (10) and (13) in non-relativistic limit c  transform into corresponding 

non-relativistic ones: 
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It should be noted that as in non-relativistic case [27] the relativistic stationary Wigner distribution functions 





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
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


0

t

W
 being the solutions of equation (13) should satisfy simultaneously to equation (10). By other words, 

jointly solving the equations (10) and (13), one can find the eigenfunctions and eigenvalues of equation (13) and also 

thermodynamically equilibrium distribution function.  
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CONCLUSION                                       
In the present paper we derivate the relativistic one-

dimensional equations: evolution equation for non-

stationary Wigner functions and eigenvalue equation for 

stationary ones. At c  these equations transform 

into corresponding non-relativistic equations for non-

stationary and stationary Wigner function. 
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The electronic structure and conformational-dynamic properties of allatostatin molecules are investigated in present work by 

MNDO and ММ+ methods; the stable elements of spatial structure are revealed; the quantitative estimation of dihedral angle change 
limit of peptide molecule main chain in the process of dynamic reconstruction is carried out.   
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INTRODUCTION 

The study of electronic structure and 

conformational-dynamic properties of biological 

molecules including neuro-peptides, becomes the more 

actual one in the connection with development high level 
of computer technologies and the more distribution of 

corresponding program products. The investigations in 

this direction are also actual ones from solving of modern 

science main problem point of view, connected with 

establishment of interconnection between molecule 

structure and their functional activity. The neuro-peptides 

of allatostatin assemblage having the unique ability to 

regulate the processes of synthesis and secretion of 

juvenile hormones of insect different types can be related 

to the object of last decade intensive investigation [1-

4].The allatostatin assemblage includes the peptide 

molecules known as allatostatines I-IV or Dippu-ASTs.  
The dynamic properties of allatostatin molecules are 

investigated in the given work by method of molecular 

mechanics ММ+ ; the stable elements of spatial structure 

are revealed; the quantitative estimation of dihedral angle 

change limit of peptide molecule main chain in the 

process of dynamic reconstructions is carried out. The 

allatostatin electronic structure is also investigated by 

semiemperical method of quantum chemistry MNDO in 

standard parameterization and the comparative analysis of 

obtained results is carried out.     

 

CALCULATION METHODS 
The methods of quantum chemistry and molecular 

dynamics are wide spread in numerical modeling of 

electron and atomic structures of complex molecular 

systems. Nowadays the enough many calculative 

complexes realizing the calculations by methods of 

quantum chemistry and molecular dynamics are known. 

The complex of quantum-chemical and molecular-

dynamic programs HyperChem is related to the number 

of such functioning program products. All results of 

electron and molecular-dynamic modeling presented in 

the given work are obtained with the use of this program 
the demonstration version of which is available on site 

http://www.hyper.com [5-7]. The calculated models of 

molecules are constructed on the base of atom coordinates 

obtained by method of theoretic conformational analysis 

within framework of atom mechanical model [8-11]. The 

optimal neuro-peptide electronic structure is established 

in optimization process of valent electron energy at fixed 

coordinates of atom nuclei. At electronic structure 

calculation the molecule general charge in ground state is 

equal to zero. The values of total, atomic and electron 
energies of molecules and dipole moments are calculated; 

the charge distribution on atoms of molecules is 

investigated. The change character of atom partial charges 

in dependence on conformational states of molecules 

under consideration is studied. N-end of neuro-peptide is 

modified by acetyl (ACE) and C-end is modified by N-

methylamine (NME) with formation of two additional 

peptide bonds with the aim of decrease of edge effect  

from  strongly polar end groups.     

 

CALCULATION RESULTS AND THEIR 

DISCUSSION 
The low-energy allatostatin conformational states 

before and after molecular dynamics carried out during    

30psec at constant temperature 273K are shown in        

fig.1-4. The neuro-peptide molecule relaxation with use 

of force field ММ+ is carried out before calculation. The 

electron parameters of molecules under consideration are 

calculated by MNDO methods  

 Allatostatin I. Allatostatin I is neuro-peptide in 

chemical structure of which there are thirteen amino-acid 

residuals Ala1-Pro2-Ser3-Gly4-Ala5-Gln6-Arg7-Leu8-

Tyr9-Gly10-Phe11-Gly12-Leu13. The conformation 
corresponding to conformational energy global minimum 

according to conformational analysis data and 

conformation obtained in the end of dynamic 

transformations in molecular dynamic process are shown 

on fig.1a.  The analysis of obtained results shoes that 

during first five picoseconds the molecule energy strong 

changes take place, further the fluctuation character 

becomes the monotonous in simulation process. The 

energy achieves its minimum value in the end of time 

interval (5-30psec) that evidences about spatial structure 

stabilization. As it is followed from calculation results the 

peptide chain sector Leu8-Leu13 forming -turn is more 
stable in comparison with Ala1-Gln6 sector on N-end of 
peptide molecule. This result is agree with conformational 

analysis data according to which -turn on Leu8-Leu13 
sector realizes in 70% of calculated low-energy states of 

allatostatin I molecule. 

mailto:Lala_Veliyeva@rambler.ru
http://www.hyper.com/
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Fig.1. Conformational transformations (a) and total energy change (b) of allatostatin I molecule in molecular dynamics process. 

 

 
Fig.2. Conformational transformations (a), total energy change (b), distribution of electrostatic potential (c) and charge density (d) on  
           XY plane obtained for allatostatin II.   

 

Allatostatin II. Allatostatin II is neuro-peptide 

consisting of consistency of decade amino-acid residuals 
Gly1-Asp2-Gly3-Arg4-Leu5-Tyr6-Ala7-Phe8-Gly9-Leu10. 

The conformation corresponding to global minimum of 

conformational energy according to conformational 
analysis data is shown in fig.2a. [8]. The molecule 

contains the residual (Arg4) with positively charged side 

radical and residuals with aromatic side chains (Tyr6, 

Phe8). The negatively charged carboxylated group of 

aspartic acid side chain (Asp2) and volume side chain in 

leucine residual (Leu10) are also related to the number of 

functionally important groups defining the peculiarities of 

molecule spatial structure. According to results of 

conformational analysis, the presence of labile C-end 
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sector at relatively hard N-end fragment is the peculiarity 

of molecule spatial structure. As it is followed from 

calculation results the molecule energy change has the 

non-monotonous character, the energy fluctuation during 

whole dynamic process is observed. The strong energy 

decrease which achieves the minimum value 

~128.3kcal/mol is observed in simulation end. The 

formation of two -turns, in top of which there are 
residuals Arg4 and Phe8, is observed in allatostatin II 

spatial structure. The quantum-chemical calculations by 

MNDO method are carried out after molecule relaxation. 
Any quantum-chemical calculation is based on system 

energy minimization of N electrons and M nuclei. The 

minimum search methods allow us to find the point on 

potential energy surface corresponding to molecule 

equilibrium configuration with less energy (or minima if 

they are several ones). The choice of initial geometry and 

symmetry of molecule plays the important role: taking 

account right symmetry the calculation time can reduce in 

several times because of decrease of variable parameter 

number.  

The conjugated gradient method is used in 
calculations. The quantum-chemical method is also used 

for calculations of dipole moments and construction of 

electrostatic potential distribution picture and charge 

density for allatostatin molecules. The molecular 

electrostatic potential is defined by electron density ρ(r) 

and nucleus charges Z. The potential characterizes the 

electrostatic interaction energy between molecular 

(negative and positive) charge distribution and positive 

infinitely small unit charge.                 

Allatostatin  III. Allatostatin III is neuro-peptide 

with primary structure containing the consistency from 

nine amino-acid residuals Gly1-Gly2-Ser3-Leu4-Tyr5-
Ser6-Phe7-Gly8-Leu9.  

The start structure for molecular-dynamic 

calculations corresponds to state with minimum value of 

conformational energy obtained as a result of 

conformational analysis of allatostatin III molecule [9]. 

As it is followed from calculation results the strong 

change of molecule energy in simulation process takes 

place during first five picoseconds.  

The distance increase between end groups of Gly1 

and Leu9 residuals (increase takes place in limit      

6.17.3 Å) which doesn’t destroy the character elements 

of allatostatin III molecule spatial structure is the result of 

such change, in particular, the folded structure on      

Leu4-Phe7 section doesn’t change during molecular 

dynamics.

      

 
Fig.3. Molecular dynamic of allatostatin III (a), change of molecule total energy (b), distribution of electrostatic potential (c) and  
           charge density (d) on XY plane 

     

       Allatostatin IV. There are eight consistently 

connected amino-acid residuals Asp1-Arg2-Leu3-Tyr4-

Ser5-Phe6-Gly7-Leu8 in primary structure of       

allatostatin IV.  The conformation corresponding to 

global minimum of conformational energy according to 

conformational analysis data shown in fig.4a [10,11].  

The significant conformational mobility of N-end 

consistency in comparison with tetra-peptide fragment 

Tyr4-Leu8 is established in molecular dynamics process. 

The energy change has the non-monotonous character, 

achieves the maximum value at 12psec, further the 

monotonous decrease and further relaxation of molecule 

structure takes place.  

The obtained results will be used for molecular 

modeling of neuro-peptide analogues and study of their 

structural-functional interaction with the aim of revealing 

of spatial structure general elements responsible for 

pharmacological effects of investigated compounds.      
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Fig.4. Molecular dynamics of allatostatin IV (a), molecule total energy change (b), distribution of electrostatic potential (c) and    
           charge density (d) on XY plane. 
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In the framework of Standard Model the process of scalar Higgs boson production in electron-positron annihilation has been investi-

gated: fHfee  . It is shown that, this process is defined by only four helicity amplitudes 
RLLRLL FFF ,,  and 

RRF , which describe 

following reactions: ,RLRL fHfee   ,LRRL fHfee   
RLLR fHfee   and 

LRLR fHfee  . The cross sections are calculated for spiral 

processes and analytic expressions are obtained for the left-right spin asymmetry 
LRA  and the degree of fermion longitudinal polari-

zation  p. It is verified that left-right spin asymmetry 
LRA  depends only on coupling constants of electron and it is of order of 14%, 

the degree of fermion polarization p depends only on  coupling constant of fermion, and reaches to 67% (for -uu  and cc -quark 

pair production) or 90% (for -,- ssdd  and bb -pair production). At the energy GeVs 500  the energy distributions of Higgs 

boson are studied. 
 
Keywords: Higgs boson, Helicity, left and right coupling constants, left-right spin asymmetr Weinberg’s parameter, degree of  
                   longitudinal polarization. 
PACS:12.15.-y; 12.15.Mm; 14.70.Hp 

 

INTRODUCTION 

The Weinberg-Salam unified theory of Electromag-

netic and Weak interaction (Standard Model-SM) has 

achieved great success [1, 2]. It includes the prediction of 

neutral weak current, discovery of W - and 0Z -gauge 

bosons and some of its claims are investigated successful-

ly in experiments. One of the important acclaims of SM is 

the prediction for the existence of scalar Higgs boson. 

Some experiments are carried out for the discovery of 

Higgs boson in different Experimental Labs. 

 

Finally in Tevatron and CERN new information are 

received concerning the existence of Higgs boson with the 

mass of 125 GeV [3-6]. So the channels which give rise to 

Higgs bosons have got more attentions.  

 

1. The amplitude and cross section of process:  

In this work the annihilation of 
ee -pair with lon-

gitudinal polarization is studied for the sake of production 

of Higgs boson and fermion-antifermion pair with longi-

tudinal polarization: 

 

                                          ).,(),()(),(),( 22112211 hqfhqfkHpepe                                           (1) 

 

Here )(),(),( 112211 hqpp   and )( 22 hq  are 4-

momentum (helicity) for electron, positron, fermion and 

antifermion and k is the 4-momentum of Higgs boson. 

The Feynman diagram for the process (1) is shown 

in Fig. 1. According to this diagram, 
ee -pairs first an-

nihilate to 0Z -boson and 0Z  in turn transforms to fer-

mion-antifermion pair while emitting Higgs boson.  

We know that the Lagrangian for interaction of 

fermions with 0Z -boson and 0Z -bosons with Higgs bo-

son can be written as follow [1]: 

 

 

 
 

Fig. 1. Feynman diagram for the process fHfee 
. 
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Are constants for interaction of left and right handed fermions with 0Z -boson, 
W  – is the Weinberg angle, 

)3(

fI  

and fQ  are third projection of the weak isospin and electric charge of fermion respectively. 

Accoding to (2) and (3) we can write the transition amplitude for this process as 
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is the propagator of 0Z -boson, ZMkpqqqppp ,, 2121   and Z  are the mass and total width of 0Z

-boson. 

At high energies we can neglect the mass of electron and fermions which will cause in conservation of weak cur-

rents: 
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Following this, the transition amplitude (5) takes a simpler form: 
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and s is the total energy of electron and positron in the 

center of mass system, MH  and   are the mass and 

energy of Higgs boson respectively. 

Let’s discuss some of the properties of transition 

amplitude M for the annihilation of electron and positron 

with longitudinal polarization. The interaction between 

electron and 0Z -boson has a vector and axial-vector 

components. This circumstance leads to conservation of 

the helicity of the electrons at high energies. The conser-
vation of helicity requires the electron and positron to 

have opposite helicities: 


LRee  or 


RLee . Here 


Le  is the 

electron with left polarization )1( 1   and 


Re  

represents the positron with right polarization )1( 2  . 

Final fermion-antifermion pairs should have same charac-

teristics: RL ff  or LR ff . So for the reaction (1) only four 

independent helicity amplitudes will arise: 

RLLRLL FFF ,,  and RRF  (here first and second indices 

show the helicity of electron and fermion). Those helicity 

amplitudes describe the following reactions: 

 

.,

,,

LRLRRLLR

LRRLRLRL

ffHeeffHee

ffHeeffHee









 

In the framework of SM the amplitude, (7) can be 

written as 

 





WW

ZMee
M

 cossin24

2

 



HIGGS BOSON PRODUCTION IN ELECTRON-POSITRON ANNIHILATION 

31 





 )],()1(),()][,()1(),([ 2251111522 hqhqupupFLL    

 )],()1(),([)],()1(),([ 2251111522 hqhqupupFLR    

 )],()1(),([)],()1(),([ 2251111522 hqhqupupFRL    

                            





 )],()1(),([)],()1(),([ 2251111522 hqhqupupFRR   .                          (8) 

Here 

                           
)()()()(

)()()()(

)()(,)()(

,)()(,)()(

f

R

e

RzzRR

f

L

e

RzzRL

f

L

e

LzzLR

f

L

e

LzzLL

ggxsDsDFggxsDsDF

ggxsDsDFggxsDsDF




                                   (9) 

 

are the helicity amplitudes for corresponding processes. Lets calculate first the square of the amplitude for the process

RLRL ffHee   : 

 






WW

Z
RLRL

Mee
ffHeeM

 cossin24
)(

2

 

].)1,()1()1,()][1,()1()1,([ 2251111522  hqhqupupFLL    

 

Its hermitical conjugate is: 






WW

Z
RLRL

Mee
ffHeeM

 cossin24
)(

2

 

.)]1,()1()1,([)]1,()1()1,([ 1152222511   hquhqppuF vvLL   

 

Thus, the squared transition amplitude of this process is given by: 

 

)2()1(2

24
2

cossin22
( vvLL

WW

Z
RLRL TTF

Mee
ffHeeM 
























.            (10) 

 

Here 
)1(

vT  and 
)2(

vT  are the tensors of initial 
ee -pairs and final ff -pairs: 

 

 )1()1,()1,([ 52222

)1(   pptrT v  

 )]1()1,()1,( 51111  vpupu  









 )1(ˆ)1(

2

1
)1(ˆ)1(

2

1
515525   vpptr  

;])([8 21211221   ppigpppppp vvvv                     (11) 

 

 )1()1,()1,([ 51111

)2(   hquhqutrT v  

 )]1()1,()1,( 52222  vhqhq  









 )1(ˆ)1(

2

1
)1(ˆ)1(

2

1
525515   vqqtr  

.])([8 21211221   ppigqqqqqq vvvv                         (12) 

 

For left-handed electrons and right-handed positrons the following relations are fulfilled [1]: 
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252222

151111

ˆ)1(
2

1
)1,()1,(

,ˆ)1(
2

1
)1,()1,(

ppp

ppupu









 

 
The product of tensors of initial and final particles is equal to a simple relation: 

 

                                                 .))((2 1221

8)2()1( qpqpTT vv                                                                   (13) 

 

2. Invariant integration method: 

 

Writing the scalar product of 4-momentum in the following form 

 

vv qqppqpqp 21121221 ))((    

 

we integrate over momentum of fermion-antifermion pair by invariant methods 

: 

                                              

.)( 21

2

2

1

1
21 qqq

E

qd

E

qd
qqI vv   


                                                  (14) 

The result of integration is just a tensor which depends on q  vectors 

                                                    vvv qBqgAqI   2
,                                                                      (15) 

A  And B  are scalar functions. To calculate them we multiply both side of eq. (15) with vg  and vqq  tensors: 

                                       
.,4 4422 BqAqIqqBqAqIg vvvv                                                (16) 

 

On the other hand we can integrate the relation (14) 

 

                                                      

.
4

1
,

2

1 42 IqIqqIqIg vvvv                                                       (17) 

Here the integral 

)( 21

2

2

1

1 qqq
E

qd

E

qd
I   


, 

could be easily calculated in the center of mass frame of fermion-antifermion pair 
 

2I . 
 

To calculate the function A  and B  we get the following system of equation: 
 

222 42
2

1
BqAqq   ,         

444 2
4

1
BqAqq   . 

Here we get 
6


A  and 

3


B . So the tensor vI  will be equal to: 

                                                         

)2(
6

2

vvv qqgqI 


 .                                                                     (18) 

In the center of mass frame we get the following expression for vpp 12  and vI  tensors product: 

),(
12

)2(
6

22

12 


 fsqqgqpp vvv  . 

where 

                                         




 222
2

sin)(
12

12),( H
H M

ss

M

s
f 








 ,                                    (19) 

and   is the angle between momentum of Higgs boson and electron. In the center of mass frame, the cross section for 
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the process RLRL ffHee  
 is equal to 

 

                      

.),(
)1(24

)(ˆ 222
23




 ddMfFsN
xx

M
fHfeed HLLC

ww

Z
RLRL 




 .              (20) 

 

Here 
CN  is the color constant ( 1CN  when the 

 - and 
 -pairs are produced and 3CN  for the case of 

production of the quark-antiquark pairs) and 
wwx 2sin  is the Weinberg parameter. 

Analogically we can calculate the cross section for other helicity processes: 
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                  (21) 

 

Only by considering the helicity of fermion the differential cross section will be equal to: 

 




 ddMfsN
xx

M
hd HC

ww

Z 

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 22
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)1(48
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.)])(1()(1[(
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1
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1 RLLLRRLR FFhFFh                           (22) 

 

We clearly see from this that the fermion will be longitudinally polarized by way of weak current. The degree of 

longitudinal polarization for fermion can be calculated by the following expression: 
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By writing the helicity amplitudes we get: 

                                                                      
2)(2)(

2)(2)(

)()(

)()(
f

L

f

R

f

L

f

R

gg

gg
P




 .                                                               (24) 

 

That is, the degree of longitudinal polarization depends only on fermion coupling constants with 0Z -boson. By 

considering the value of Weinberg’s parameter 232.0sin 2  wwx  , the degree of longitudinal polarization for 

lepton pair (
  or 

 ) is – 14% while for quark pairs uu  or cc  is – 67% and finally for dd , ss  or bb  

pairs it will be – 90%. 

When electron-positron pairs are polarized longitudinally (the summation is carried over fermion-antifermion spi-

ralities) the differential cross section will be written by the following form: 

 




 ddMfsN
xx

M
d HC

ww

Z 



 22
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21 ),(
)1(24

),(  

  ]}.[1)1(])[1)(1{(
22

21

22

21 RLRRRLLL FFFF                 (25) 

 

It should be noted that for arbitrary polarized electron-positron pairs the process ffHee  
 is 

worked by N.Guliyev, I.Jafarov and others [7]. The result that we get for annihilation of longitudinal electron-positron 

pairs coincides with the result of this work. 

As we see from the equation (25) the cross section we get for ffHee RL  
 is different than what we 

get for ffHee LR  
 i. e. The left-right spin asymmetry should be observed: 
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2222

2222

)()(

)()(

RLRRLRLL

RLRRLRLL

LRRL

LRRL
LR

FFFF

FFFF

fHfeedfHfeed

fHfeedfHfeed
A


















.               (26) 

 

The left-right spin asymmetry depends only on coupling constants of electron with 0Z -boson: 
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And this asymmetry take the value LRA  =14% when 232.0wx . 

The distributions of Higgs boson over angles and energy are calculated and given as follow for the unpolarized 

particles: 
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The distribution of Higgs boson over angles is depicted in Fig.2 for the processes ,uuHee  
 

ddHee  
 at the energy GeVs 500 , Weinberg parameter 232.0wx , GeVM H 125  and

GeV8,257 . 

As we can see from the Fig. 2, as the angle of outgoing Higgs boson increase, the cross section also increase and 

reaches to its maximum at the value of
090 . By further increase of angle the cross section starts to decrease. 

 

 
 

Fig. 2. The cross section 
dxd

d  for the reactions ,uuHee  
 ddHee  

 As a function of cos
 

           
(1 and 2 lines) 

 

 

In Fig. 3 we plot the cross section for the processes ,uuHee  
 ddHee  

 as function 
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of HM  at GeVsMxs z 500,2  , 232.0wx . As we can see, as the mass of Higgs boson increase the cross sec-

tion decrease. 

 

 
 

Fig. 3. The cross section 
dxd

d  for the processes ,uuHee    ddHee    As a function of 
HM  

            
(the lines 1 and 2) 

 

CONCLUSION 

The cross section we get for ffHee RL    

is different than what we get for ffHee LR    

i.e. the left-right spin asymmetry should be observed. 
As the angle of outgoing Higgs boson increase, the 

cross section also increases and reaches to its maximum at 

the value of 090 . By further increase of angle the 

cross section starts to decrease. 

By increasing the Higgs boson the cross section 

will be decreased. 

_______________________________ 
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USİNG C–V AND  G/w–V MEASUREMENTS 
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The temperature dependence of capacitance–voltage (C–V) and the conductance–voltage (G/w–V) characteristics of    

Au/TiO2/n-Si Metal–Insulator–Semiconductor Schottky diode were investigated by considering the effect of series resistance (Rs) 

and interface states Nss in a wide temperature range (160–380 K). Using 1/C²-V graphic data; diffusion voltage VD, barrier height ΦB, 

ND donor concentration, width of depletion layer have been calculated. At room temperature barrier height value has been calculated 

as 0.86  eV from C-V measurements. 

 

Keywords: Schottky barrier diode; Ideality factor; Interface states; insulator layer; Series resistance.  

PACS: 81.05.Cy, 81.05.Hd, ACS: 81.05.Cv; 52.77.Dq  

 

1. INTRODUCTİON 

The Metal–Semiconductor (MS) structures have 

important applications in bipolar integrated circuits such 

as microwave detectors, varactors and field-effect 

transistors. Electrical characteristics of Metal–Insulator–

Semiconductor (MIS) structures are influenced by various 

non-idealities such as formation of and insulator layer and 

the energy distribution profile of interface states at 

themetal/semiconductor interface, series resistance and 

inhomogeneous Schottky barrier heights [1-7]. 

Thetitanium dioxide (TiO2) thin films are extensively 

studied due to their interesting chemical, optical and 

electrical properties. Various methods have been 

employed to prepare TiO2 thin films, among which are e-

beam evaporation [6], sol–gel process C and chemical 

vapor deposition [8-10] Experimental results, especially 

only at room temperature, does not give detailed 

information about the conduction mechanisms or the 

nature of the barrier formation at the MS or MIS Schottky 

diodes. Therefore,the C–V and G/w–V characteristics of 

these devices have been studied in the wide temperature 

range (160–380 K). In this study, the C–V–T and        

G/w–V–T characteristics of metal-semiconductor       

(Al/p-Si) Schottky diodes with the thermal growth 

interfacial layer were investigated by considering series 

resistance effect in the wide temperature range           

(160-380K). In addition, we investigated the effects of 

donor concentration ND and series resistance (Rs) on the 

C–V and G/w–V characteristics.  

 

2. EXPERİMENTAL PROCEDURE 
The Au/TiO2/n-Si MIS structure was fabricated on a 

quarter of 2 in diameter float zone (100) n-type (S doped) 

single crystal silicon (Si) wafer having thickness of      

380 μm. The sample was ultrasoncally cleaned  in 

trichlorethylene and ethanol, etched by 

H2SO4/H2O2/H2O=5:1:1 (weight ratio) solution for 30 s., 

rinsed by propylene glycol and blown with dry nitrogen 

gas. The high purity gold with a thickness of 1750Å was 

thermally evaporated from tungsten filament onto the 

whole back side on the n-Si wafer at a pressure of 1x10
-6

 

Torr in liquid nitrogen trapped oil-free ultra high vacuum 

pump system. Preceding each cleaning step, the wafer 

was rinsed thoroughly in de-ionized water of resistivity of 

18 MΩ cm. The ohmic contact was formed by sintering 

the evaporated Au back contact at 350
0
C for 5 min in a 

flowing dry oxygen ambient at rate of 1 lt/min. After 

oxidation, circular dots of 1mm diameter and 1800Å thick 

gold contacts were deposited onto the oxidized surface of 

the wafer through a metal shadow mask in a liquid 

nitrogen trapped vacuum system in a vacuum of 1x10
-6

 

Torr. 

The capacitance–voltage (C–V) and conductance–

voltage (G/w–V) characteristics of Au/TiO2/n-Si Schottky 

(SDs) were measured in the temperature range of        

160–380K. The C–V and G/w–V measurements were 

carried out at 1 MHz by using an HP4192 A LF 

impedance analyzer. 

 

3. RESULTS AND DİSCUSSİON 

The capacitance–voltage (C–V) and conductance–

voltage (G/w–V) characteristics of the Au/TiO2/n-Si 

(MIS) structure were measured in the temperature range 

(160-380) K and are given in Fig.1. In Schottky diodes, 

the depletion layer capacitance can be expressed as [1,2]. 

As seen in Fig.1 the measured C and G/w are strongly 

dependent on bias voltage and temperature. As shown in 

Fig. 1, the values of C increase systematically with 

increasing temperature.  
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Fig. 1. The temperature dependent plots of (a) the capacitance–voltage and (b) conductance–voltage characteristics of   

  Au/TiO2/n–Si (MIS) structure in the range (160-380) K. 

 

 
 

 
Fig. 2.  C-2 – V characteristics for the Au/TiO2/n-Si  structure in the range (160-380) K. 
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The peak positions shift towards higher positive 

voltages with increasing temperature, and the peak value 

of the capacitance has a maximum at 380K. Such 

behavior of C and G/w is attributed to the particular 

distribution of interface states at Si/TiO2 interfaces and Rs 

of the structure [1-5]. At low frequencies, the can esily 

follow the ac signal and yield an excess capacitance, 

which depends on the frequency and time constant of 

interface states. However, in a sufficiently high frequency 

limit (f=1000 kHz), the Nss can hardly follow the ac signal 

and contribution of the interface states capacitance to the 

total capacitance may be neglected. Rs is an important 

parameter which causes deviations in the C–V and G/w–V 

characteristics of MIS structure and it can be subtracted 

from the measured capacitance (Cma) and conductance 

(Gma) in the strong accumulation region at a sufficiently 

high frequency [11-14].  

The depletion layer capacitance in MIS structure can 

be expressed as, 

                      Ds NAqV

C
2

2 2






 

                               (1) 

or         
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


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


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V

C
Nq

n
C

Ds

CV
22

21



                      (2) 

 

Eq. (1), A is the area of the diode,  the dielectric constant 

of the Si (=12 ε0), q is the electronic charge and ND is the 

donor concentration. V is the applied reverse bias and V0 

is the intercept of C
-2

 vs V plot with the voltage axis and 

is  given by 

 

                      
q

kT
VVd  0                                         (3) 

 

where Vd is the diffusion potential, T is the absolute 

temperature and k is the Boltzmann constant. The 

diffusion potential or built-in potential is usually 

measured by extrapolating 1/C
2
–V plot to the V-axis. The 

barrier height, Φb0, from C–V measurement is defined by 

 

                         Φbo(C-V)=Vd+EF                              (4) 

  

where EF is the Fermi energy  According to Eq. (4), the 

measured barrier height  Φb0(C-V) is 0,86 eV and the 

donor concentration is determined to be Nd= 1.53x10
16 

cm
-3

 density of states in the conduction band,  which is 

Nc=2.8x10
19 

cm
-3

 for Si at room temperature. From the 

reverse bias C–V measurements, the barrier heights (Фb) 

were calculated at different temperature using the 

intercept voltage Vo of the C
-2

–V plots from the Eq. (3) 

and were given in Table 1. The values of Vo, Vd, ND, EF 

and Фb were calculated from C
-2

–V plot for different 

temperature, and presented in Table 1. 

 

 

                                                                                                                                                                                   Table 1.  

The values of various parameters for the Au/TiO2/n–Si (100) Schottky MIS diodes determined from the C–V and G/w–

V characteristics in the temperature range of 160–380 K. 

 

 

 

 

 

Series resistance is the real part of the impedance 

and can be expressed as 

 

                  kmakma

kma

s
CG

G
R

222 
                         (5) 

 

where Cma and Gma represent the measured capacitance 

and conductance in the strong accumulation region. The 

series resistance is an important parameter..  

Therefore, voltage dependent values of the series 

resistance Rs are calculated from Eq. (5). As shown in   

Fig. 3, the values of Rs increase  with increasing 

temperature.

 

 

T (K) V0 (V) Vd (V) Nd(cm
-3

) Ef(eV) ΦB(c-v) 

160 0.863 0.485 1.31E+16 0.079 0.565 

200 0.789 0.502 1.46E+16 0.103 0.605 

240 0.659 0.527 1.42E+16 0.129 0.656 

270 0.611 0.634 1.59E+16 0.144 0.778 

300 0.593 0.637 1.53E+16 0.162 0.863 

320 0.426 0.682 1.97E+16 0.175 0.897 

340 0.304 0.736 1.97E+16 0.189 0.925 

360 0.239 0.765 2.06E+16 0.201 0.966 

380 0.134 0.876 2.35E+16 0.211 1.087 
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Fig. 3. The variation of the series resistance as a function of bias voltage at different temperatures at 1 MHz. 

 

4. CONCLUSİON  

The forward and reverse bias capacitance-voltage-

temperature (C–V–T) and conductance-voltage-

temperature (G/w–V–T) characteristics of the metal–

insulator–semiconductor (Au/TiO2/n-Si) Schottky diodes 

(SDs) were measured in the temperature range of       

160–380K. The effects of the series resistance and (Rs) 

and donor concentration ND of the sample on the C–V 

characteristics are investigated. The Rs vs.V plot gives a 

peak for each temperature, decreasing with increasing 

temperature. These results show that the prepared MIS 

structures are controlled by the interfacial insulator layer 

and interface states, which are responsible for the non-

ideal behavior of C–V and G/w–V characteristics. SBD 

parameters such as Vo, Vd, ND, EF, Фb and the series 

resistance (Rs) are investigated as functions of 

temperature. The C–V and (G/w–V) characteristics 

confirm that the, Rs, Nss and thickness of the insulator 

layer (d) are important parameters that strongly influence 

the main electric parameters of the MIS Schottky diodes.
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