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Present article is devoted to discharge processes in solid gases and dielectrics under influence on discharge gap the high voltage 

nanosecond pulses. Are considered the local and non-local criterions of run off electrons in gases and formation on the discharge gap the 
powerful electron beams. Are considered a conversion of diffusive volumetrical discharge to constricted discharge on different interelectrode 
distance and electrodes geometry, the physical processes in solid dielectrics under influence the high voltage nanosecond pulses. It is 
presented a quantitative correlations between the electrical pulse parameters, dielectrics properties and space-charge characteristics of pulsed 
discharges.  
 

1. Intoduction 
 

Last time is given enormous attention to development of 
high voltage pulsed technique for realization of the different 
researches and applied purposes. At the most fields of 
industry and technique is observed transition from 
microsecond high voltage pulses to nanosecond ones. Nano 
and subnanosecond electrical pulses by on-peak power from 
MVt up to TVt are used in  a number of the most areas of 
modern technique such as relativistic microwave electronics, 
super wide-band radio-location, electromagnetic  reaction, 
research of electromagnetic compatibility of the complex 
systems, underground radio-location, lasers and accelerators 
power systems and so on [1]. Powerful short pulses are also 
used in a number of modern developmental physics areas 
such as controlled nuclear fusion and other large-scale 
physical experiments. 

Particular interest presents study of high voltage 
nanosecond discharges and their influence on electro physical 
properties of solid dielectrics [2] and showing up the new 
phenomena earlier no metering in that materials under 
influence of high electrical fields. 

Development of nanosecond pulsed discharge process is 
accompanied by infraction of electrons distribution function 
by energy and appearance of run off electrons capable to 
realize a collision ionization. 
The run off electrons phenomenon in plasma is known a long 
time ago [3] were carried out the numerical computations   
[4,5] and analytic treatment for low fields [6]. This 
phenomenon has an essential importance for diagnostics and 
admixture’s energy-balance in plasma of tokamacs [7]. 
 

2. Theory and experimental results in solid   gases 
 
Appearance of run off electrons in gases takes on special 

significance in view of getting the powerful subnanosecond 
electron beams with record big current amplitude [8]. 

Space structure of discharge gap’s glow during the pulsed 
discharge process is defined by some factors such as the 
electrodes geometry, pressure and gas type, inductive and 
capacitive   parameters  of  generator,   disruption  voltage  of   

 

discharger – peaker [9].  
In spite of rapid growth of experimental researches and 

technical applications [10] of nanosecond gas discharges, 
transition to the new time scale doesn’t entail the 
corresponding revision of fundamental positions of 
breakdown classical models developed for conditions near 
the static ones [10]. But in article [11] are determined the new 
understanding of nanosecond pulsed discharges.  

An electrical breakdown models in solid gases differed in 
many respects from each other, sometime radically, 
nevertheless have general fundamental feature: they are local. 
It means that on given space time (r, t) the average statistical 
value such as an electrons energy - εe , ordered motion speed -ν-, 
Townsend ionization factor - α  are determined by local field 
at the same point E (r,t) =Eo+ Ep(r,t), where Eo and  Ep= Ep+ + Ep-  
- external field and space charge intensities.  

To local models are related to Townsend avalanche 
generation with γ-processes on cathode and different 
modifications of single-avalanche streamer model that 
describes the breakdown processes in solid gases 
corresponding to right part of Pashen’s curve (pd >> (pd)min), 
where  the space charge Zcr and time tcr  avalanche progress 
scales satisfy to correlations:  
  

                        dNlnZ кр
ecr ≤⋅= −1α                     (1) 

 

                              
−

≤
υ
dtcr                                     (2) 

 
where  cr

EN - electrons quantity on the critical avalanche,  d- 
interelectrode distance. 

In classical streamer model can emphasize three main 
parts: an electrical field strengthening on electron avalanches 
front and streamers as result of their polarization (Ef=Eo+Ep); 
gas ionization by photons ahead of front; prevalent ionization 
processes in gas volume in comparison with cathode 
emission. 
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As result of field strengthening the electrons energy is 
become more than ε (Eo ), balanced intensity of external field 
Eo owing to which the ionization processes are intensified. 
A volumetrical photoionization explains the streamers big 
propagation speed (>>ν- (Eo)) that is necessary for 
propagation of cathode streamer. Is opened to question the 
nature of radiation initiating the second ionization centers out 
of initial avalanche [12, 13]. On this article is considered all 
these questions. 

In case of big interelectrode distance even for strong 
fields, where field intensity exceeds a critical value, 
Townsend’s ionization mechanism is also true and is taking 
place the γ - processes on cathode and streamers formation by 
which are described the ionization processes in gases 
corresponding to right part on Pashen’s curve (pd>> (pd)min).   

At that for determination of an average energy Е *, it is 
necessary to take into account a number of electrons by 
Е>Ecr , as is shown below: 
 

              
( ) ( ) ee

e NEFeEN
dx

ENd ∗
∗

−=                   (3) 
 

ei
e N

dx
dN

⋅= α                                  (4) 
               

∗∗
∗

−−= EEFeE
dx

dE
iα)(                        (5) 

 
where αi - a collision ionization factor, Е* - electrons average 
energy.  

In formula (5) we can see that even by full neglect of 
electrons braking in gas F(E*)=0, an average energy of 
electrons is restricted. 

 

                           
α
eEEE =< ∗∗

max                            (6) 
 

By sufficiently big over voltages (∆>>1) development of gas 
discharge process is differed from classical discharge forms 
in gases.  

In strongly overstrained discharge gaps an avalanche-
streamer transition is realized on the length of zcr ∼ 100 mcm. 
As a result of that is formed a plasma cloud by big 
conductivity. In strong electrical fields this cloud is 
polarized.. Then ionization is developed by electrons, 
escaped from cloud and accelerating in space charge zone. 
Part of these electrons have very big energy comparable with 
full kinetic energy eU=eEd and uninterruptedly accelerated 
up to anode. These electrons efficiently radiate the brake 
quantum ionizing gas in whole discharge gap and beat out the 
electrons from electrodes. As a result of that  number of the 
elementary “accelerators” is grown. 

At that on fig.1 is shown the Pashen’s curve division on 
three zone: space upper left part curve corresponds to the run 
off electrons, space between the left and right parts on curve 
corresponds to electrons multiplication and space below the 
right part corresponds to electrons drift those couldn’t   
multiply 

Were carried out the experiments in uniform and no 
uniform electrical fields [14] on big pressures and different 

gases (nitrogen, air, helium, neon, argon, krypton) without 
ionization source. 

In all gases in no uniform electrical field at the 
atmospheric conditions under influence of high voltage 
nanosecond pulses were received the high specific energy up 
to до 1J/cm3 and electron beams by record current amplitude.  

The run off electrons ensure the propagation speed of 
ionized field to anode and attendant X-radiation ionizes gas 
and causes a photoelectric effect on cathode stipulated for 
motion the cathode streamer. 

 
 

Fig. 1. Dependence of the critical breakdown voltage (Uкр)  
           from multiplication an interelectrode distance between  
           the electrodes – d on pressure – p (pd), Pashen’s curve. 

 
Our researches were carried out by means of high voltage 

nanosecond generator on 100 kV with short pulse front 2 ns. 
Block scheme of an experimental assembly is shown on fig.2. 

Voltage pulse was supplied from generator 1 to high 
voltage electrode – cathode 3 inside of vacuum chamber 2 at 
atmospheric pressure – P=760 Torr and higher were used two 
cathodes by different radius of curvature – rc ∼ 1-6 mm. For 
getting a volumetrical pulsed discharge glow at atmospheric 
pressure and higher on cathode by diameter ∅ 1 mm is 
installed fluoroplastic cap 6. As an anode is used a 
copperplate 4 and a metal screen 5. Interelectrode distance ∼d 
is changed over the range ∼ 3-10 mm. For photographing of 
the high speed pulsed discharge glow is used an electron-
optical camera 7. The total current of pulsed discharge by 
current shunt 8 is registered on high-frequency oscillograph 
TDS-5104. Electron beam’s current by Faraday cup and 
current shunt 9 is also registered on high-frequency 
oscillograph TDS-5104. 

 
 
Fig.2. Block scheme of an experimental assembly 1- high voltage  
           nanosecond generator, 2- vacuum chamber, 3- cathode,  
          4 - anode, 5- metal screen, 6- fluoroplastic cap, 7- electron-   
          optical camera, 8 – shunt for measuring of discharge total   
          current, 9 – shunt for measuring of electron beam’s current. 
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The cathode and cathode plasma are the sources of run off 
electrons in air at atmosphere pressure. Dispersion on gas 
molecules strongly influents on the space distribution of run 
off electrons. In case of pointed cathode, the interelectrode 
distance – d greatly influents on the width of run off electrons 
beams. By increase the - d up to 10 mm beam’s diameter 
reaches ∅ ∼3cm. If there are some channels in pulsed 
discharge taking place on developed work surface, the 
channels quantity are equal to beams quantity in electron 
stream behind the anode. The streams structure respond to 
emitting centers distribution. Plasma bunch on cathode is 
transformed into constricted channel growing deep into 
discharge gap by stream of run off electrons. By statistics of 
that interaction and also initiation of electron avalanches is 
explained a variety of discharges space forms. When 
overvoltages factor ∆ >>1, the gas breakdown is initiated by 
auto electronic emission and the first avalanche reaches a 
critical size near the initialization point ( Zcr∼100 mcm<< d ). 
As a result is happened the field strengthening of positive 
space charge Ep+ and auto electronic emission. Therefore, 
when  ∆>>1, the emissive processes play a fundamental role 
in ionization propagation towards cathode. The high 
penetrability of run off electrons and X-ray emission reduces 
to solid gas ionization far off the first ionization center and 
discharge loses its compact form and has diffusive or multi-
channel character. By big overvoltages in solid gases in 
atmosphere pressure the complex space structure of the 
nanosecond volumetrical discharges as the constricted 
channels is explained by electrons acceleration in space 
charge field getting the possibility to accelerate up to anode.  

These electrons radiate the quantum ionizing the gas in 
whole discharge gap and battered the electrons from electrodes. 
The space structure of discharge gap’s glow as mentioned is 
determined by some parameters such as an electrodes 
geometry, interelectrode distance – d, gas pressure - p, 
parameters of generator. The photography of discharge gap’s 
glow for different distance value – d and electrodes geometry 
are presented on figures 3-7. On figures a flat copperplate and 
the metal screen is as an anode and as a cathode is a metal rod 
by different radiuses of curvature – rк ∼1-6mm. On fig. 3 is 
shown that in atmosphere pressure, Ugen=100kV and d=10 
mm is realized the diffusive volumetrical discharge 
 

 
 

Fig.3. rk=6mm, anode - copperplate, Ugen=100kV, P=760 Torr,  
          interelectrode distance d=10 mm 

 

 
 
Fig.4. rk=6 mm, anode - metal screen, Ugen= 100 kV, P=760  
          Torr, interelectrode distance d=5 mm 

 
On the cathode are formed the plasma bunches by visible 

dimension  lр ∼ 2 mm<< d, but remaining space up to anode is 
filled up by diffusive glow. The cathode plasma formations 
significantly are not uniform. 

On fig. 4 is shown that at atmosphere pressure and 
interelectrode distance – d=5 mm there are some plasma 
bunches on the cathode and is realized transition from 
diffusive volumetrical discharge to constricted  discharge and 
constricted  channels quantity is equal to plasma bunches 
quantity on cathode 

 We have to note, when we decrease an air pressure, the 
plasma bunches dimension on cathode is grown and 
luminosity is decreased.  

When P< 0.5 Torr the discharge phenomena on the case 
of planar electrodes with developed work surface aren’t 
observed, but if cathode is a metal rode by different radiuses 
of curvature, the plasma bunches are appeared on its surface 
and their size is significantly smaller in comparison with 
atmosphere conditions - P=760 Torr. 

On Fig. 5 when the cathode radius of curvature is smaller 
rк ∼1mm, an interelectrode distance d=10 mm, Ugen= 100 kV 
and P=760 Torr, an intergrowth of the bright constricted 
channel and overlap of whole discharge gap is observed.  
 

 
 

Fig.5. rk= 1 mm, anode- metal screen, Ugen=100 kV,  
          P=760 Torr, interelectrode distance d=10 mm 

 



E.D. GURBANOV, I.P.KUZHEKIN, A.M. HASHIMOV, A.S. BONDYAKOV 

 6

 
 

Fig.6. rk= 1 mm, anode- metal screen, Ugen=100 kV, P=760  
          Torr, interelectrode distance d=3 mm 

 
On Fig. 6 by decrease of an interelectrode distance up to 

d=3 mm the enlargement of discharge channel is observed. 
Diffusive cover in that case is not appeared. 

In case of sharply no uniform field is fixed only one 
bright channel and plasma bunch. By increase of the field 
uniformity the channels and plasma bunches quantity are 
grown. 

 On fig. 7 is shown a glowing ball, formed by pressures 
more than atmospheric (P=3.5 atm) and interelectrode 
distance – d=3 mm. By means of fluoroplastic cap, put on 
etal rod by diameter ∅ 1mm and high pressure in vacuum 
chamber the pulsed discharge channel looks like glow ball.  

By multiple overvoltages in volumetrical discharges in air 
ionization emission reaches the light speed and the current 
pulse with a high rate of pulse rise ∼ 10 TА/s is realized. In 
that case a pulse front is τI < 0,5ns and upper bound of 
current is  Im ∼1,5 kA. By decrease of the interelectrode 
distance – d the volumetrical discharges pass into constricted 
channel and the current amplitude Im and channels 
conductivity are grown. 

Also we have to note the importance of the breakdown 
delay time parameter – td relatively to moment of voltage 
pulse supply from generator that characterizes a speed of 
ionization processes development. 

When d < 10 mm and Ugen > 180 kV independently from 
cathode geometry in solid gases a big conduction current is 
already appeared on the front of voltage pulse and td <τI <τgen<0,6ns, 
where τI  is an acceleration time of voltage pulse at the 
discharge gap. 

 

 
 

Fig. 7. rk= 1 mm, anode - metal screen, Ugen=100 kV, P=3,8  
            atm, interelectrode distance d=10 mm 

 

So speed of ionization propagation VI >d/td>d/τgen>2.5·109cm/s 
is more than speed of streamers propagation [15, 16].  When 
Ugen< 180 kV in relatively uniform field we can register the 
breakdown delay interval parameter – td ∼2 ns for cathodes 
radius of curvature rc ∼20 mm. By decrease of pressure this 
parameter td is grown. 

Thus the mechanism of discharge development in solid 
gases by big overvoltages can be presented in the following 
way. As a result of auto electronic emission the initial 
electrons from cathode form an avalanche that on pulse front 
during  some picoseconds on the length Zcr∼100mcm 
transforms into anode streamer. Before the   voltage pulse 
reaches the maximal value, an electrical field intensity on the 
streamer front reaches the critical value Ecr.. On that time on 
streamer front are formed the run off (high power) electrons 
and is realized the mechanism of polarized self-acceleration 
reducing to generation the powerful subnanosecond pulses of 
electrons by anomalous energy (100-200keV). These 
electrons ionize a gas and form the volumetrical discharges 
on discharge gap in relatively weak non-uniformity field. In 
strongly no uniform fields the volumetrical discharge is only 
formed as a result of gas ionization by run off electrons 
stream. Because an interelectrode distance – d>>Zcr the 
cathode discharge is caused only by photoelectric effect. 
Local field strengthening on cathode by positive space charge 
reduces to formation of plasma bunch during td < 1ns on the 
first avalanche place. From this moment are begun formation 
and development of cathode spot and exploding processes on 
cathode by transition to exploding electronic emission. On 
sufficiently small interelectrode distance the plasma bunch is 
constricted and advanced over ionized gas by run off 
electrons. As result the high local intensity of electrical field 
on the channel head where is concentrated a negative space 
charge, this channel is accelerated as a single whole. In spite 
of the fact that reached power density, input in discharge gap 
is ∼100MVt/cm3 plasma is remained low-temperature, weakly 
ionizated in all discharges development stages because there 
is the weak coupling of run off electrons with gas.  

Thus on big overvoltages the run off electrons effect plays 
a fundamental role in breakdown mechanism of pulsed 
discharges in solid gases. Participation of run off electrons in 
breakdown process in solid gases is determined by 
displacement of minimum on Pashen’s curve U(pd) to right 
by overvoltage growth (shortening the pulse front τgen) for big pd. 

 
3. Pulsed discharge researches in solid dielectrics 

 
By influence of high voltage nanosecond pulses on solid 

dielectrics is also observed a formation process of high power 
electrons. During an influence of powerful short pulses it is 
necessary to note the propagation speed of pulsed discharge, 
parameters of plasma condition in discharge channel, its 
geometrical sizes and others. Already it is insufficient to 
know only parameters of discharge gap and high voltage 
pulse. 

The direct measurement of propagation speed of 
discharge channel by electron-optical chronogram was 
determined that the sonic speed is a limit for propagation 
speed of discharge channel from cathode and anode i.e.  vc< co<va 
where vc– discharge speed from cathode, va- discharge 
speed from anode, co - sonic speed in solid dielectrics [17]. 
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Change of that boundary “from above” and “from below” 
by change the pulse parameters (U, dU/dt) were unsuccessful. 

Transition mechanism from subsonic  initial channel to 
supersonic anode channel demands an especial study. 

Discharge speed from anode - va is mainly determined by 
origin discharge voltage U0 and corresponding momentary 
value dU/dt, but discharge speed from cathode - vc depends 
only on U0. In that case an influence of interelectrode 
distance – d and momentary value dU/dt is absent. This can 
be related with instability of dielectrics phase boundary with 
its melt. Supersonic speed of change of boundary curvature 
under influence of very high electrical fields reduces to 
formation the shock wave that is result of turbulent energy-
release by electron injection from valence band to  
conducting  band and formation the complex “shock wave + 
energy-release zone” named as electron detonation. 

Run off electrons took part in collision ionization of 
valence band in solid dielectrics have anomalous energy and 
just only they explain the physical mechanism of turbulent 
electron injection to  conducting  band under influence of 
high voltage nanosecond pulses on these materials. As result 
of this is formed dense non-ideal plasma by big pressure on 
self-destruction which is liberated energy accumulated in an 
ionic subsystem. 

Ionization degree of electron injection will be determined 
by correlation [18], 

 

                         
a

e ν
ωχ ∆

=                             (7) 

 

where 
N
n

=ω  - ionization probability с-1, n – quantity of 

electron-hole pairs formed in time unit and volume unit,  N –
valence electrons quantity. Ionization probability ω  depends 
from forbidden gap and defined as  
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⎟⎟
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⎞
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⎝
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          (8) 

 

where α- ratio of valence band to  conducting  band,  ∗
DE  

and d* - accordingly an effective value of forbidden gap and 
lattice constant by shock compressing. 

By compressing of solid dielectrics dependence between 
forbidden gap and plasma pressure is presented by following 
formula: 

                      раEE рDD ⋅−=∗
0

                         (9) 
 

where ар = κγ ⋅  - pressure factor J*Pa-1, к – compressibility 
factor, γ - proportionality factor. 

These expressions allow to quantitatively estimating the 
dependence of plasma pressure Р, ionization factor ω and 

∗
DE  from speed of an electron detonation wave in solid 

dielectrics.  
Ascertained regularities allow us to use conceptions and 

methods of high- density energy physics for description the 
dynamics and matter state parameters in discharge channel on 
transition front from subsonic to supersonic speed. 

It is evident that speed of this process at the different 
dielectric mediums and its initial parameters (U0 , dU/dt) 
present a big interest. 

It is necessary to carry out a number of experiments and 
theoretical study for proper quantitative consideration an 
influence of compressibility on electron injection process in 
solid dielectrics. First of all it is concerned to study an 
influence of plasma pressure on electron structure of large 
band dielectrics. It will allow to more rigorous determination 
of pressure factors value ар. Can say that here this 
dependence will be nonlinear in a large pressure interval.  

So were determined the quantitative correlations between 
the electrical parameters of process, physical properties of 
dielectrics, matter parameters in energy-release zone and 
space-charge characteristics of pulsed discharges under 
influence of high voltage nanosecond pulses on solid 
dielectrics. 

 
4. Conclusion 
 

In presented article are considered the physical processes 
in pulsed nanosecond discharges in solid gases and 
dielectrics. The local and non-local criterions of run off 
electrons (high power) in solid gases are shown. 

To produce the pulsed discharge figures by different 
electrodes geometry and interelectrode distance. Is shown 
transition of volumetrical diffusive discharge to constricted 
discharge formed due to run off electrons created on cathode 
plasma bunches. 

The electrical breakdown process in solid dielectrics 
under influence of high voltage nanosecond pulses, electron 
injection process from valence band to conducting band by 
run off electrons by anomalous energy were considered. 

Was determined the quantitative correlations between the 
pulse electrical parameters and physical properties of solid 
dielectrics and their interference on each other. Consideration 
of that interference can produces to correction of existent and 
detection the new before no registering phenomena in solid 
dielectrics. 
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ÉÖÊÑßÊ ÝßÐÝÈÍËÈÊËÈ ÃÈÑÀ ÈÌÏÓËÑËÀÐÛÍ ÁßÐÊ ÚÈÑÈÌ ÙÀËÛÍÄÀ ÎËÀÍ ÄÈÅËÅÊÒÐÈÊËßÐß Âß 

ÉÖÊÑßÊ ÑÛÕËÛÃËÛ ÃÀÇËÀÐÀ ÒßÑÈÐÈ ÇÀÌÀÍÛ ÅËÅÊÒÐÎÍËÀÐÛÍ ÙßÐßÊßÒÈÍÈÍ ËÎÊÀË Âß  
ÃÅÉÐÈ-ËÎÊÀË ÊÐÈÒÅÐÈÉÀËÀÐÛ 

 
Ìÿãàëÿ éöêñÿê ñûõëûãëû ãàç ìöùèòè âÿ áÿðê úèñèì ùàëûíäà îëàí äèåëåêòðèêëÿðäÿ, ãàçáîøàëìàñû àðàëûüûíà éöêñÿê ýÿðýèíëèêëè íàíîñàíèéÿ 

èìïóëñ ýÿðýèíëèêëÿðè âàñèòÿñèëÿ òÿñèð åòäèêäÿ, ãàçáîøàëìàñû ïðîñåñëÿðèíèí òÿäãèãèíÿ ùÿñð îëóíìóøäóð. Åëåêòðîíëàðûí ãàç ìöùèòèíäÿ ùÿðÿêÿòèíèí 
ëîêàë âÿ ãåéðè-ëîêàë êðèòåðèéàëàðûíà âÿ ãàçáîøàëìàñû àðàëûüûíäà ýöúëö ñóáíàíîñàíèéÿ åëåêòðîí äÿñòèíèí ÿìÿëÿ ýÿëìÿñèíÿ áàõûëìûøäûð. Áÿðê 
úèñèì ùàëûíäà îëàí äèåëåêòðèêëÿðäÿ êàòîä âÿ àíîä éàõûíëûüûíäà ïëàçìà êàíàëûíäà âÿ îõóí äèíàìèêàñûíûí ÿìÿëÿ ýÿëìÿñè øÿðòëÿðè 
ìöÿééÿíëÿøäèðèëìèøäèð. Èìïóëñ ãàçáîøàëìàñûíûí åëåêòðèê ïàðàìåòðëÿðè, äèåëåêòðèêèí õöñóñèééÿòëÿðè âÿ òåðìîäèíàìèê õàðàêòåðèñòèêàëàðû àðàñûíäà 
ÿëàãÿëÿð òÿãäèì îëóíìóøäóð. 

 
Э.Д. Курбанов, И.П. Кужекин, А.М. Гашимов, А.С. Бондяков 

 
ЛОКАЛЬНЫЙ И НЕЛОКАЛЬНЫЙ КРИТЕРИИ УБЕГАНИЯ ЭЛЕКТРОНОВ В ПЛОТНЫХ ГАЗАХ И 

ТВЕРДЫХ ДИЭЛЕКТРИКАХ ПРИ ВОЗДЕЙСТВИИ КОРОТКИХ ИМПУЛЬСОВ ВЫСОКОГО 
НАПРЯЖЕНИЯ 

 
Настоящая статья посвящена разрядным процессам в плотных газах и твердых диэлектриках при воздействии на разрядный 

промежуток высоковольтных наносекундных импульсов высокого напряжения. Рассмотрены локальный и нелокальный критерии 
убегания электронов в газах и формирование в газовом промежутке мощных субнаносекундных электронных пучков. Анализи-
руются случаи перехода диффузного объемного разряда в контрагированный разряд при различных конфигурациях электродов и 
расстояниях между ними Сформулированы условия образования плазменного канала и его динамики у катода и анода в твердых 
диэлектриках. Представлена количественная связь между электрическими параметрами импульсного разряда, свойствами диэлек-
трика и термодинамическими характеристиками. 
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Spectral characteristics of reflection of optical waves by system an absorbing coat-metal at the selective thickness of coating 

corresponding requirements of a total absorption of incident radiation in it are considered. 
 
1. Introduction  
Last years the optics of antireflecting coatings represents 

the significant practical interest. The problem of the full 
suppression of reflection of optical waves from absorbing 
coatings is especially actual one. However, known 
computational methods of antireflecting coatings are valid 
only when optical media are completely transparent. As is 
known, in this case refractive indices of all media can have 
only real values [1-3].  

One of the interesting problems in thin-film coatings 
optics is that of analysis of the spectral characteristics of a 
multilayer whose optical constants and thickness are known. 
For microwave region of spectrum the effect of reflectionless 
absorption in layered system an absorbing dielectric-metal 
both theoretically and experimentally was investigated in 
[4,5]. This method of investigation was extended to include 
optical wavelengths in [6].  

In the present paper we have developed the research 
technique of antireflective absorbing optical coatings 
presented in [6] for to investigate their spectral characteristics. 

 

2. Reflection characteristics of a two-layer dielectric-   
        metal structure 
In order to find a formula for the reflectance of a two-

layer dielectric-metal structure illuminated by a parallel beam 

of light at wavelength λ, we must consider the multiple 
reflections of light at each surface of the structure and 
perform a multiple beam summation. Incident light is 
considered normally and plane polarized. The reflected 
complex amplitude R* is given by 
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where l is the thickness of the absorbing coating; r1,r2, ϕ1, ϕ2 
are modules and phases of reflection coefficients for first and 
second surfaces of the layer, respectively; k is complex wave 
number and for materials with complex refractive index 
equals 
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where n is the refractive index of the layer material, χ is the 
extinction coefficient of the material. Modules and phases of 
reflection coefficients are given
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    The expression for energy reflectance may be obtained from equation (1) 
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We shall introduce the suggestion that the specified zero 

minimum of function  R(l) is realized at thickness of a layer 
of the absorbing substance a little differing from quantities of 
multiple λ/4n 
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where N is ordinal number of the minimum of R(l) 
dependence corresponding to the antireflective absorption, ∆ 
is the quantity to be determined by optical parameters of 
absorbing coating material. 

One can see from equation (1) that the condition R=0 will 
be realized if we get 

 

              [ ]2
2 1

1
ln (2 1)r N

r n
χ π ϕ ϕ= − + −              (6) 

       

              2 11 2 1( )
4 4

l N
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λ π

− −
= +                           (7) 
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π
−
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From equations (6)-(8) one can see that to obtain non-
reflective absorption on the coating layer for the selective 
wavelength, layer thickness and its optical parameters are 
required. 

The dispersion theory gives us the connection between 
optical parameters n,  χ and complex dielectric constant ε. 
The real  ε’ and imaginary ε’’ parts of ε  may be expressed by 
relations  

                   2 2' nε χ= −  , '' 2nε χ=                       (9) 
 
In the first approximation we can obtain the next relation 

between  ε’ and ε’’  
 

                 ( )22 2 2' ( '' )n b bε ε∞− + − =                 (10) 

where 
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n∝ is refractive index far from the resonance frequency ; 

q, m are charge and mass of electron , N0 is concentration, γ is 
damping coefficient,  ω0 and  ω1 are frequencies. 

In this approximation the frequency ω which the effect of 
non-reflective absorption takes place may be determined 
from the next equation 

 

                         
1

2
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2( )' n
ε γ

ω ωε ∞
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Let us illustrate the results of this approach for dye 

solution of rhodamine. The absorption spectrum of 
rhodamine presented in fig.1. 

Using optical parameters of dye solution γ, N0 , ω1, n∞ 
we can calculate layer thickness l0, refractive index n and  
extinction coefficient χ for a given incident optical 
wavelength. The Table of these selective parameters was 
presented in [6]. 

 
 
Fig.1. The absorption spectrum of rhodamine. 
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Fig.2. Absolute value of reflection coefficient R vs. of  
           wavelength in the two-layer dielectric-metal  
           structure: layer thickness land wavelength λ is  
           given in mcm, r2=1, χ=0.08,n=1.7, l=0.68..           
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Fig.3. Absolute values of reflection coefficient R vs.  

                         of wavelength in the two-layer dielectric-metal     
                         structure: layer thickness l and wavelength λ is given  
                        in mcm, r2=1, a)χ=0.08; n=.1.73; l=0.724; N=5 ; 
                        b) χ=0.07; n=.1.72; l=0.884; N=6 
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In fig.2 we represent dependence of reflection coefficient 
amplitude R on incident wavelength λ for non-selective 
values of optical parameters of the rhodamine. One can see 
that reflection coefficient R is an oscillating function of 
incident wavelength which asymptotically approaches its 
limit value R=1.There are two regions in the R(λ)  
dependence which differ by character of changing of extrema 
in increasing of wavelength of incident light. In the left 
domain decreasing of wavelength lead to a decreasing 
maxima and increasing minima of function R up to the 
complete coincidence of these parameters with limit R at 
large value of layer thickness. Unlike this case, in the right 
domain of function R(l) we observe increasing both maxima 
and minima of function R which approaches to 1. It is clear 
that a proper choice of dielectric properties of the optical 
coating, the boundary of the left and right regions may 
coincide with one of the minima of function R(l) taking zero 
value. It follows from this that existence conditions for this 
so-called zero minimum of function R will determine 
conditions for the total (non-reflective) absorption of the 
optical radiation by the coating-metal structure under study.  

  

The method of computation of selective values of l, n and 
χ for to arise non-reflective absorption in the optical coating 
was presented in [6]. Using these optical parameters 
calculated for dye solution of rhodamine we have obtained 
spectral characteristics of this optical coating (fig.3a,b). They 
are gained at thickness of a layer l= 0.724(a) and l = 
0.884mkm (b) corresponding to the fifth and sixth zero 
minimums of function R(l). To these specified selective 
values of layer thickness of a coating correspond selective 
values of optical coefficients of a coating n=1.73, χ=0.08 (a) 
and n=1.72, χ=0.07 (b).  

        
3. Conclusion 

 
As follows from the analysis of the gained spectral 

characteristics of the rhodamine a total or non-reflective 
absorption of optical radiation may be observed for a 
frequency band where the wave dispersion of this substance 
takes place. Thus, the total absorption may be realized at the 
infinite number of discrete values of a layer thickness of a 
coating.
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КОМПЛЕКС СЫНДЫРМА ЯМСАЛЛЫ ЯКС ЕТДИРМЯЙЯН ОПТИК ЮРТЦКЛЯРИН СПЕКТРАЛ  

ХАРАКТЕРИСТИКАЛАРЫ 
 
Удан юртцк-метал системиндя дцшян шцаланманын юртцкдя там удулмасы  шяртляриня уйьун  сечилмиш галынлыглары цчцн оптик 

дальаларын якс олунмасынын спектрал характеристикалары юйрянилмишдир. 
 

Р.А.Карамалиев,  Р.М.Касимов 
 

СПЕКТРАЛЬНЫЕ ХАРАКТЕРИСТИКИ АНТИОТРАЖАЮЩИХ ОПТИЧЕСКИХ ПОКРЫТИЙ С 
КОМПЛЕКСНЫМ ПОКАЗАТЕЛЕМ ПРЕЛОМЛЕНИЯ 

                           
Рассмотрены спектральные характеристики отражения оптических волн системой поглощающее покрытие-металл при изби-

рательных толщинах покрытия, соответствующих условиям полного поглощения в нем падающего излучения. 
 
Received: 09.09.07 
 
 



ФИЗИКА                                                          2007                                                      ЖИЛД XIЫЫ  №5 

 12

 
RAMAN SPECTRA IN HETEROSTRUCTURES Ge/Ge1-XSiX 

 

Sh.M. ABBASOV 
Institute of Radiation Problems, NAS Azerbaijan, Az141 Baku, F.Agayev st. 9 

 
 A.S. BAYTSAR 

Lvov National University named after I.Franko. Ukraine, Lvov, Bender st. 12/13 
 

 Z.A. IBRAHIMOV, K.T. AGAVERDIYEVA, L.A. TAIBOV, U.F. FARAJOVA 

National Academy of Aviation 

 
The structure studied in this work has been obtained by the method MLE on Ge substrates. The parameters of the samples were 

determined by method of x-ray structure analysis. The method of combined light scattering spectroscopy was used for the regulation of the 
content. 
   

At modern stage of scientific and technological 
revolution special emphasis is placed on the advancement of 
those fields of science the achievements of which define the 
wide prospect of technological development. These fields of 
science include semiconductor physics, one of the main tasks 
is search, study and modification of crystal properties with 
high values of applied-physics characteristics in order to 
develop new materials promising different technological 
applications.  

Solid solutions of Ge and Si are of great interest from 
scientific and technological aspect. This interest is 
conditioned by multiple unique properties: complete 
solubility, continuity of electrical properties’ change, 
resistance against thermal actions, large energy gap width, 
high fusion temperature, mechanical strength, resistance 
against the effect of high-energy particle bombardment and 
others. 

At present it was experimentally showed that Ge and Si 
really form solutions not only in liquid state but also in solid 
state and the quantity of lattice parameter of Ge1-XSiX solid 
solutions change almost linearly with the change of solution 
and alloy composition. 

The interest to the study of defectless films of Ge1-xSix 
solid solutions at substrates of Ge is connected with practical 
significance of such structures for developing of transistors 
with high charge carrier mobility in channel. In such devices 
the channel has thin (10 nm) stressed layer of Si and Ge 
grown in buffer layer from solid solution. At the result of 
significant mechanical stress stretching for Ge (constriction 
for Si) leading to splitting of valley, charge carrier mobility 
can increase for several times the value of unstressed material 
[1]. As vibration spectrum of lattice depends substantially on 
atomic composition of films and amount of mechanical 
deformation in them and are considered relevant for Raman 
spectroscopy (RS) to evaluate these parameters. 

Raman spectroscopy is a rapid, informative and 
nondestructive technique. The first analysis of the 
composition and mechanical stress in Ge1-xSix solid solutions 
were carried out in the 60s of the last century, the technique 
improved and developed [1-3] but there still remain 
methodical difficulties bringing to ambiguity in interpreting 
of obtained results. 

So the purpose of the work is formulation of refined 
parameter description of the dependence of intensity and 
position of Raman scattering peaks on the composition and 
permanent and mechanical deformation in the films of      

Ge1-xSix solid solutions on the substrates of Ge with 
orientation (100). 

Experimental samples were developed with application 
of molecular beam epitaxy (MBE) on the substrates of Ge 
with orientation (100). After standard procedure of chemical 
cleaning the substrate of Ge charged into growing vessel 
MBE. Disposal of protective and chemically applied 
germanium was conducted at the temperature 650-700°C in 
low flow of Ge (0.02nm/s). The next stage was growing of 
buffer layer of Ge the thickness of which was 50 nm with the 
purpose of obtaining of maximum pure surface of Ge (100) 
and this had superstructure transformation such as 2x1. After 
observing such surface transformation film growth of       
Ge1-XSiX solid solutions was realized with the help of  DBE,  
for the obtaining of which the method of low-temperature 
MBE had been used [4,5]. Growth rate of Ge1-XSiX solid 
solutions was about 0.1nm/s. The thickness of the films 
varied between 250 and 500 nm. The composition and 
residual mechanical stress in obtained structures were 
checked by the method of X-ray diffraction. Analysis of 
rocking curves of X-ray diffraction taken in several allowed 
reflections for Ge (for example, (113) and (004)) was used 
for this purpose.  

Peculiarity series were detected during thermal treatment 
of deposited Ge0.85Si0.15.  Films of solid solutions Ge0.85Si0.15 
are extremely resistant against thermal annealing. 
Condensates obtained at the temperature Tп=490K carried 
quasi- amorphous character. At the temperature range 350-
450K they carry semiconductor character of conductivity 
with thermal activation energy which equals to 0.052eV. This 
value was determined according to inclination of graphics lg 
σ=f(1/T) constructed for experimental values, at the 
temperature regions 450-550K, 550-680K semiconductor 
character of conductivity remains unchanged but activation 
energy slightly increases  and reaches to 0.096eV. At these 
temperature regions three sections are observed with more 
abrupt change of electrical conduction (350-420K, 510-540K, 
590-620K) which are responsible for crystallizing process 
realized in condensates.  

Crystallization kinetics and thermal stability were 
studied by heating amorphous films directly in electron 
microscope column UEMV-100K using adapters PRON-2 
(fig.1). At the same time thermal stability of amorphous state 
was determined with the appearance of diffuse maximums of 
amorphous phase on the background which are more 
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intensive than diffraction reflections of crystalline phase. 
Films formed at the substrates in the process of deposition at 
the room temperature and at the temperature 490K.  

For example, in Fig. 1 sequential stages of structural 
transformations in amorphous films were given. Amorphous 
films Ge0.85Si0.15 don’t be in equilibrium in initial state but 
they relax to metastable state. At that with the increase of 
temperature annealing of defects, change of free volume and 
short-range topological order occur too, but composite order 
remains unchanged. 

 
Fig. 1.  Crystallization kinetics of films of solid solutions  
            Ge1-xSix (x-0.15). 
 

In order to study thin films Ge1-xSix by the method of 
Raman scattering it would be better to use wave-lengths of 
laser radiation of blue-green range in consequence of light 
absorption’s shallow depth (less than 10nm). But Raman 
spectra have data only on upper layer.  

Raman spectra were registered at room temperature with 
the help of automatic plant on the basis of spectrometer DFS-
52 using lines of Ag-laser 514.5 nm. 

    
Fig. 2. Raman spectra of relaxed germanium films (dashed  
           line) and solid solutions Ge1-xSix (dots) are shown  
           above. For comparison spectrum of bulk germanium  
           (full line) are shown too. Raman spectra of the films  
           of solid solutions Ge1-XSiX are given below. 
 

In fig.2 Raman spectra of pure germanium films and 
germanium- silicon solid solutions were shown at frequency 

ranges of optical oscillations Ge-Ge (about 300 cm-1), Ge-Si 
(about 400 cm-1) and Si-Si (about 500 cm-1). 

It is seen that peaks of Raman scattering on oscillations 
Ge-Ge –coupling films of silicon grown on germanium 
substrate shift to the side of low frequency (approximately for 
2cm-1) and broadened. For silicon and germanium tensile 
stress shifts phonons’ frequency to the side of low frequency. 
Tensile stress in the films of silicon and germanium may 
occur at cooling of heterostructures due to different 
coefficients of thermal expansion of germanium and silicon. 
If structural stress was relaxed in growth process at epitaxial 
temperature, then tensile stress may occur in the film at 
cooling of the sample. Observed high-frequency arm may be 
conditioned by the presence of local mechanical compression 
stress near dislocations. On spectrum of Ge1-xSix films you 
can see peaks from scattering to coupling vibration Ge-Si 
(~395cm-1).  

In some works authors tried to determine the 
composition of films according to the state of Raman 
scattering peaks [4-6]. The basic difficulty of this technical 
approach is that state of peaks depends on mechanical stress 
(shift may reach 17cm-1 for the peak of Ge-Ge and 35cm-1 for 
the peak of Si-Si). Another difficulty is that if the 
composition of silicon is small in heterostructures, Raman 
scattering peaks can’t be seen in coupled vibrations of Si-Si 
and its state can’t be determined.  

Numerous simulations of Raman spectra were conducted 
to determine the dependence of peaks’ state. Due to cyclic 
and boundary conditions natural frequency and eigenvectors 
of oscillation were calculated in Ge-Si solid solutions basing 
on Bohr model, then according to the obtained data Raman 
spectra were calculated basing on Wolkenstein’s additive 
bond polarizability model [6]. Coupling constants of hardness 
for germanium in Bohr model were determined by 
approximation of computational phonon dispersion in bulk 
material to experimental data obtained according to the one 
on neutron scattering [7]. As phonon dispersion both for 
germanium and silicon are very identical, mass substitution 
method was used to construct Ge-Si heterostructure. Solid 
solution was simulated on the basis of random filling of unit 
cell by germanium and silicon atoms with necessary 
relationship x. In order to avoid the influence of periodical 
boundary conditions quite big unit cell containing 432 atoms 
was chosen for calculations.  

Relation of derived coupling polarizability for germanium 
and silicon was defined on normalized relationships of Raman 
scattering intensity to scattering volume for germanium and 
silicon. More detailed calculations were given in the works [8-10]. 

According to literary data state of Raman scattering 
peaks on optical phonon for bulk germanium are 300-302cm-1. 
As for the germanium GES-40 studied by us, the state of the 
given peak was 300.3 cm-1. Dispersion of optical phonons has 
such character that localization effects make their frequencies 
decrease. Phonons having frequencies peculiar to optical 
coupling oscillations Ge-Ge scatter and damp by more light 
atoms and become local ones.  

It was established that electrical conduction of the films 
of Ge0.85Si0.15 solid solutions at high temperature (300-500K) 
carries band-to-band conductivity character.  

At the result by determination of parameters and by the 
method itself it was shown that the composition and 
mechanical stress in heterostructures Gt/Ge1-xSix can be 
defined on the basis of Raman scattering data.  
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Ge/Ge1-xSix ЭЕТЕРОСТРУКТУРЛАРЫНДА КОМБИНАСИОН СЯПИЛМЯ СПЕКТРЛЯРИ 
 

Ge1-xSix ясасында Ge алтлыг цзяриндя молекулйар дястядян сяпилмя йолу иля алынмыш щеторокечидин параметрляри рентэенструктур 
анализ вя рекомбинасийа олунмуш ишыьын сяпилмя методу иля тяйин олунмушдур. 

Гцсурсуз  Ge/Ge1-xSix назик тябягянин алынмасы йцксяк йцрцклцйя малик транзисторун щазырланмасында бюйцк ящямиййят кясб 
едир. 
 

Ш.М. Аббасов, А.С. Байцар, З.А. Ибрагимов, Г.Т. Агавердиева, Л.А. Таибов, У.Ф. Фараджова 
 

СПЕКТРЫ КОМБИНАЦИОННОГО РАССЕЯНИЯ В ГЕТЕРОСТРУКТУРАХ Ge/Ge1-XSiX 
 

Структуры, исследованные в настоящей работе, получены методом МЛЭ на Ge подложках. Параметры образцов определены 
методом рентгеноструктурного анализа. Метод спектроскопии комбинационного рассеяния света использовался для 
контроля состава. 

 
Received: 24.07.07         
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BEHAVIOR OF PHASE TRANSITION IN NEAR  

INVERSION ZONE OF Pb1-XSnXTe 
 

A.A. AQASIYEV, E.S. GARAYEV, S.N. SARMASOV 
Baku State University 

Baku, Az-1145, Z. Khalilov str.23 
 
The correlation of temperature of phase transition of the heterojunction Pb1-хSnхTe in a vicinity of inversion tone were observed. The 

temperature dependence of resistivity on the composition with low carrier concentration (ρ <1019cm-3) has been investigated. The interzone 
interaction on the basis of model of seqnetoelectrics, observed from coulomb model of interzone interaction is considered. 

 
The surface structure of crystals is interesting in most re-

spects.  For example, it is interesting to know the crystals 
compound between the structural surface of pure and nature, 
and the forming energy surface complexes adsorbent–
adsorbate.  The special interest, surface property represents in 
compound with high concentration of carriers in chalcoge-
nides of lead (Pb). 

We have observed the correlation of temperature depen-
dence of ferroelectrical phase transition Tn and the width of 
band gap Eg in composition of Pb1-xSnxTe in near inversion 
zone (x=0,4÷0,6). The temperature dependence of resistivity ρ in 
composition with low concentration of carriers (p<1019 sm-3) 
and range of x=0,2÷0,75 was  investigated. The investiga-
tions were carried out by horizontal method with alternating 
current at temperature of 120 K in a vicinity of Tn anomaly 
increase of ρ takes place, which is more clearly observed in 
the samples with low concentration of carriers. Correspon-
dence of anomaly ρ of ferroelectrical phase transition in these 
compositions was convince showed by Kobayashy and others 
[1,2],   where simultaneously with the measuring was fixed 
the softening of ferroelectrical mode by the method of non-
elastic scattering of neutrons. According to anomaly in the 
temperature dependence ρ was determined Tn.  

The non – monotonic dependence of  Tn on the composi-
tion (minimum in the region of inversion zone) was revealed. 
Results obtained from the inversion zone correspond to well-
known published data. 

Interpretation of results was made on the basis of inter-
zone models of ferroelectricity. Due to work [3], it is neces-
sary to take into account the coulomb pair of electrons from 
different zones which becomes essentially at Eg≤El  in the 
near inversion side by side with the electron-phonon interac-
tion. This leads to effective overregulation of  Eg   and as the 
result of that, to non-monotonic dependence T against x. 

 
As a rule the coulomb interzone interaction in the model 

of ferroelectricity isn’t considered.  As the fixed slit Eg>El,  
where  El - is the  energy of  coulomb  exciton,  and  electron-
hole  pair is  impossible  [3], and  the consideration of  cou-
lomb  interaction  doesn’t  lead  to  new effects,  but  simply   
result in the overregulation of interzone electron-phonon 

bond constants [4]. If Eg≤El , then electron-hole pair leads to 
reorganization of spectrum in a vicinity of minl and  

2l
max .  

All zones of exciton slits appreciably become inessential for 
structural transition.  Exclusion may be the incident of small 
values of Eg, or may be in Pb1-xSnxTe where exciton slit is  
∆s≥Eg [5].  This coulomb interaction may lead to qualitative 
changes.  Over Eg≤El ,  the  interzone  coulomb  interaction  
leads  to  exciton  pair  and  reorganization  of  spectrum 
(T=0) [4]; 

 

          2/12
s

2 )]p()p([)p(E ∆ε +±=                     (1) 
 

where 21)p( εεε −== , but ∆s- exciton slit. Considering,  

that  m2/p)p( 2
2/g += εε   and ∆s (p)  is  the  function  

of Eg,  and in a vicinity p=0  can  be  defined  for  Eg≠0, 
Eg<El. 
 

        2/1
lgls )]E/E1(2[E)0(2 −=∆                  (2) 

 
where  )em/me(8,6 4

00
4

l =ε эВ;  e0  and  m0 – are  the 
mass  and  charge  of free electrons.  In  solid solutions of  
chalcogenides  m<<m0, usually  m≈10-2m0,  and  canl  appre-

ciably  increase 0l  [6],  that is  El  can reach  some  tens  of  

electron-volt. In a vicinity Eg=0 )m/lm(5,5)0( 00s ε∆ =  eV;   

and  over  Eg< 0  (semi-metal) ∆s(0) exponentially  diminish  
with  the  growth of  gE .  Qualitative dependence of   ∆s(0) 

on  Eg is represented in the figure 1. Without account cou-
lomb interaction of temperature of transition can be 
represented in the form [7]. 

 
                         n

gcgc ETET α−= )0()( ,                         (3) 
   
where Tc(0), α and  n  uniquely are defined with the  structure  
of spectrum. 

As seen,   in E→0 Tl increases reaching maximum values 
of Eg=0. Thus, over Eg >El , Eg →El and Tc increase, reaching 
maximum values over Eg =El. The further diminishing  of  Eg 
connects  with  the  coulomb  interaction  and  Tc must   de-
crease,  accepting  minimum  values  over  Eg = 0.  Over  Eg < 0 
takes  place  inversion  of  zone  and Eg is always  over  zero,  
∆s  quickly   decreases, Tc  increases.   Consequently,  in  a  
vicinity  of  non-slit  conditions  Tc  adepts  minimum not  
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maximum  values.  In  chalcogenides  Pb1-xSnxTe  is the 
width  of  forbidden  zones-function of  x,  consequently,  in  
solid  solutions  Tc (x) must behave  itself  appreciably  non-
monotonous. 

Of course, detail investigations (concentration and tem-
perature dependence, forms to right and left from Eg≈0) 
represent a great interest for arrangement and development of 
interzone models of ferroelectricity. 
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А.А. Аьасıйев, Е.С. Гарайев,  С.Н. Сярмясов 

 
ИНВЕРСИЙА ЗОНАСЫНДА Pb1-хSnхTe  ЩЕТЕРОГУРУЛУШЛАРЫН ФАЗА КЕЧИДИ 

 
Инверсийа зонасында Pb1-хSnхTe щетерогурулушларын фаза кечидинин температур коррелйасийасына бахылмышдыр. Бирляшмянин (Pb1-

хSnхTe) хцсуси мцгавимятинин  консентрасийадан асылылыьы тядгиг олунмушдур. 
 

А.А. Агасиев, Э.С. Гараев, С.Н. Сармасов 
 

ПОВЕДЕНИЕ ФАЗОВОГО ПЕРЕХОДА В Pb1-xSnxTe ВБЛИЗИ ИНВЕРСИИ ЗОН 
 

Найдена корреляция температуры фазового перехода  в составах  Pb1-хSnхTe  в окрестности инверсии зон. Исследована темпе-

ратурная зависимость удельного сопротивления составов с малой концентрацией носителей ( 319 см10 −<ρ ). Рассмотрено меж-
зонное взаимодействие в модели сегнетоэлектричества, исходя из модели кулоновского межзонного взаимодействия. 
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EFFECT OF HUMIDITY ON OPTICAL AND ELECTRICAL PROPERTIES OF FREE 
STANDING POROUS SILICON FILMS 

 
T.D. DZHAFAROVa,b

, S. AYDINb, C. ORUC LUSb 

                  a Institute of Physics, Azerbaijan National Academy of Sciences, AZ-1143 Baku, Azerbaijan 
   b Department of Physics, Yildiz Technical University, 127 Davutpasa, 34210 Istanbul, Turkey 

 
The PS films were prepared on n-type Si substrates by anodic etching under the white light illumination. Free standing PS films of 

thickness 5-10 µm and porosity (30-90) % were obtained by electropolishing. The main results of this investigation are the following, (a) The  
rising of film porosity (from 30% to 90%) results in both the increase of band gap of PS (from 1.4 to 1.9 eV) and resistivity (from 2⋅104 to 
4⋅104 Ω cm), (b) The resistivity of films along pores approximately 2-4 times as large as than  that in across direction, (c) The band gap of 
films in humid ambient in the range of 40-95 %RH increases from 1.6 to 1.9 eV. The observed porosity-stimulated and humidity-stimulated 
changes optical and electrical characteristics were discussed on the base of model including the quantum confinement of charge carries in the 
PS microcrystallites and chemical activity of PS surfaces. 

Keywords:  Porous silicon; Optical band gap; Resistivity; Humidity. 
 
1. Introduction 
 
The discovery of visible photoluminescence from porous 

silicon (PS) has attracted considerable interest due to its 
potential application in the development of silicon-based 
optoelectronic devices. However, the origin of photoluminescence 
in PS is still controversial. A few models are suggested for 
explanation mechanism of photoluminescence. According 
model proposed by Canham [1,2] radiative recombination of 
electron-hole pairs occurs within nanometer silicon wires and 
their energy gaps become larger than that of  bulk Si 
(quantum confinement effect). This model modified by Koch 
et al. [3] suggests that electron-hole pairs are photo-excided 
in nanometer silicon particles and radiatively recombined via 
Si intrinsic surface states. Another model [4, 5, 6] suggests 
that luminescence from PS was caused by some special 
luminescence materials, such as SiHx complexes, polysilanes, 
or SiO2 rather than an intrinsic property of nanometer Si. A 
third model believes that excitation of charge carriers occurs 
in nanometer silicon particles and the photoexcitated carriers 
transfer into the luminescence centers (defects and impurities) in 
the surrounding SiOx layers [7]. 

In general, main models proposed for explaining the 
origin and mechanism of visible photoluminescence in PS 
can be divided on three groups. The first group comprises 
intrinsic effects in nanometer Si, whereas the second group of 
model is related with processes proceeding an external 
surfaces of nanocrystals, i.e. on surfaces of PS. These 
processes are determined with composition and structure of 
materials on PS surfaces. The third group combines models 
of the first and second group. The structure of PS is 
characterised by an extremely large surface area to volume 
ratio (up to 103m2cm-3). It is known that surface bonds, in 
particular Si-H and Si-O bonds play an important role in 
regulating optical, electrical and gas sensing properties of PS. 
These properties of PS are very sensitive to humidity of 
ambient. Investigations of optical properties of the free 
standing PS films can promote understanding mechanism of 
photoluminescence. The optical and electrical characteristics 
of free standing films depending on porosity are rarely 
considered [8]. Xu et al. [9] have measured evolution of the 
optical absorption of free standing PS films during thermal 
oxidation in air and decreasing of the gap have explained due 
to the Si-O bonds formation. Sagnes et al. [10] have 

measured the absorption spectra of the free standing PS films 
with porosity in a range of 45-79 % and observed a blue-shift 
of curves with an increase of the porosity. As far as our 
knowledge goes, data on effect of humidity on optical 
absorption spectra of free standing PS films are absent in 
literature.  

In this work optical transmission spectra of the free 
standing PS films with porosity in a range of 30-85 % were 
measured and the increase of energy band gap of PS films 
with rising in the porosity have observed. Further, humidity-
stimulated changes of optical absorption spectra and band 
gap of PS films have discovered. 

 
2. Experimental Procedure 
 
PS films were formed by anodization of (111)-oriented n-

type silicon wafers (0.01 Ω.cm) in HF-ethanol solution at 
constant current density under the white light illumination 
[11]. The PS films were then detached from the Si substrates 
by electropolishing at a current density of about 0.8A/cm2. 
The free standing PS films were characterized by porosity, 
thickness, resistivity and optical measurements. Average 
porosity of  films was determined by gravimetry. Free 
standing PS films of thickness 5-10µm and porosity of  
P=30-90 % were analysed in this work. 

The transmission spectra of free standing PS films were 
measured from 300 to 1000nm at room temperature by using 
‘UV/VIS Lambda 2S’ (Perkin Elmer) spectrometer. Resistivity 
measurements were performed along and across of pores. 
Optical and electrical measurements of PS films were 
examined at the normal room conditions (T=300K, 40%RH) 
and in the measuring cell at different ambient humiditiy 
(water vapour) in the range of 40-95%RH. The relative 
humidity in cell was measured by using ‘Extech-444701’ 
Hygro-Thermometer.  

This investigation focuses on the analysis of the 
transmission spectra and resistivity in dependency on both 
porosity of PS films (for normal room conditions) and 
relative humidity of ambient (for PS films with given 
porosity). Time-dependence transmission spectra and time-
dependence resistivity measurements under humidity 
exposition in cell were carried out after 5-or 10-min intervals 
of humidity exposition. 
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The absorption coefficient (α) was determined from the 
measurements of transmission spectra of two porous silicon 
films of same porosity with different thickness by using the 
relation [12] 

                  α = (d1 − d2)−1 ln(Τ1/ Τ2)                       (1) 
 
Here Τ1  and T2 are the transmission of films with 

thickness d1 and d2 respectively. 
 
3. Results and Discussion  
 
Measuring of transmission spectra at room conditions 

(T=300 K, 40%RH) were carried out for free standing PS 
films with porosity of 46%. fig.1 shows the absorption 
coefficient spectrum for PS film. Analysis of measured 
curves of absorption coefficient (α) versus photon energy 
(hν) for PS films with porosity in range of 30-90% showed 
that spectra discovered behaviour expected for direct 
semiconductors 

 
                      α2(hν)2=A(hν-Eg)                                      (2)                  
 
Here Eg is energy gap and A is constant. Absorption 

coefficient curves for PS films discovered a continuous blue-
shift with porosity increase in range of 30-90 %.  

 

 
Fig. 1. Optical absorption spectrum of PS film of P= 46 %  
           porosity (40 %RH). 

 
Fig. 2. Energy gap of PS films in dependency  on porosity  
            (40%RH). 

Fig. 2 shows energy gap in dependency on porosity of the 
free standing PS films, calculated from extrapolation of the 
high energy part of (α2 - hν) spectra. Near linear increase of 
band gap from 1.4 to 1.9eV with rising of porosity of PS 
films in the range of 30-90 % is observed. 

 
Fig. 3. Resistivity of PS films (1) along and (2) across of pores  
            (40 %RH). 

 
Fig. 3 presents resistivity along and across of pores for 

free standing PS films with porosity in a range of 45-78%. 
Increase of resistivity with increase of porosity is observed 
for both directions. These data on resistivity - porosity 
dependence (fig.3) correlate with increase of energy band gap 
of PS films with rising in porosity (fig.2). Lower values of 
resistivity across of pores can be related with presence of 
lower-porosity layer along PS film-Si substrate interface. 

 
Fig. 4. Optical absorption spectra of PS film at (1) 40 %RH and  
           (2) 90 %RH (P=68 %). 

 
Data on absorption spectrum of PS films with different 

porosity at normal room ambient above have been presented. 
Data on the absorption spectra of PS films in dependency on 
humidity will be below considered. The absorption spectra of 
PS film with a porosity P= 68 % for normal room conditions 
(T=300 K, 40%RH) and under exposition in humid ambient 
(90 %RH) are shown in fig.4. The blue-shift of the absorption 
curves with increasing the relative humidity is observed. 
Energy gap of PS films in humid atmosphere (Eg=1.9eV for 
90%RH), calculated from the absorption spectra is 
considerable larger than that for normal room conditions 
(Eg=1.6 eV for 40 %RH). 
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It will be noted that optical absorption spectra of PS films 
at once after placing in humid ambient are changes and then 
after exposition in humid during approximately 20-25 min 
these changes are ended. Fig. 5 shows evolution of the energy 
band gap of PS film with porosity of 68% at once after 
placing the sample in humid atmosphere of 90 %RH (t=0-20 
min) and after removal from humid ambient to normal room 
conditions with 40%RH (t=20-45min). It will be noted that 
evolution of resistivity of PS films (with porosity 64%) on 
placing in humid ambient with 90%RH and the further 
removal from humid ambient showed behaviour which is 
similar to (Eg– t) curve presented in Fig. 5. Increase of energy 
gap of PS film from 1.6 to 1.9eV under humid exposition at 
first 20min can be tentatively explained by diffusion 
hydrogen or oxygen from humid atmosphere (water vapour) 
and formation Si-H and Si-O bonds on PS surfaces. Further 
decrease of energy gap as result of removal PS film from 
humid ambient in normal room conditions, can be caused by 
rediffusion of hydrogen or oxygen atoms or molecules from 
PS surfaces out of sample. We believed that increase of 
energy gap in humid atmosphere is mainly caused by 
hydrogen diffusion into PS films, rather than oxygen 
diffusion [13]. The indirect confirmation of this suggestion 
can be data of Xu et al. [9] on decrease of energy gap of PS 
films with an increase in oxygen termination atoms. Further, 
hydrogen diffusion coefficient in PS is larger than oxygen 
diffusion coefficient [13] and therefore formation of Si-H 
bonds under humid exposition is more preferably. On 
accepting hydrogen-stimulated model of increasing of energy 
gap of PS films, rate of increase in energy gap is determined 
by diffusion coefficient of hydrogen in PS films. Then 
estimation of diffusion coefficient of hydrogen in PS films at 
room temperature for 90 %RH results in D~2.10-10cm2/s [14].  

 

 
Fig.5. Change of energy gap of PS film (P= 68 %) during  
          exposition in humid (90%RH, t=0-20 min) and   
          subsequent removal of PS film from humid atmosphere  
         (t= 20-40 min). 
 

Fig. 6 presents the energy band gap of PS films (with 
porosity of 68%) in dependency on the relative humidity. 
These data were received from optical transmission 
measuring carried out after exposition of PS film in humid 
ambient for 30 min. As it is seen from fig. 6, Eg – RH 
dependence as a energy gap versus porosity (Eg-P) curve 
(fig.2), shows nearly linear increasing of energy gap. 

Data on fig. 2 and Fig. 6 concerning a increase of the 
energy gap in dependency on porosity of PS films and 
ambient humidity respectively, can be explained by a model 
including the quantum confinement of carriers in the PS 
microcrystallites and the formation of the Si-H bonds on pore 
surfaces in humid atmosphere. 

 

 
 

Fig. 6. Energy gap of PS film in dependency on relative  
           humidity (P=68 %). 

 
Visible light emission photoluminescence in PS, as it is 

known is closely related with the band gap of PS. Therefore 
data on the band gap-porosity and the band gap-humidity 
dependencies (fig.2 and fig.6) can be further for 
understanding of mechanism of photoluminescence in PS 
films. As   it is mentioned above, two main groups of models 
were suggested for explanation of photoluminescence in PS. 
The first group of models [1,2,3] suggest that the 
luminescence in PS is related with quantum confinement of 
charges in nanostructures, causing the widening of the Si 
band gap. The second group of models believes [4,5,6,7] that 
the visible luminescence was caused by some special 
luminescence materials (such as SiHx complexes, polysilanes 
etc) forming on PS surfaces. Data of present investigation on 
increase of the band gap with the rising of porosity of PS 
films (fig. 2) can be support of the quantum confinement 
model of luminescence, since the rising of porosity is 
accompanied by decrease of nanocrystals sizes. At the same 
time, data on increase of band gap of PS films with increase 
of humidity can  be evidence of realization of luminescence 
in SiHx-type complexes on PS surfaces, since the  surface 
concentration of these complexes must increase in humid 
ambient. This, in turn, can cause the chance of composition 
of complexes on PS surfaces. 

In conclusion, data on increase of the band gap of PS in 
dependency on porosity and humidity, received in this work, 
can be support for both quantum confinement based and the 
surface complexes based models of luminescence in PS 
respectively. 
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NƏMİŞLİYİN NAZİK TƏBƏQƏLİ MƏSAMƏLİ SİLİSİUMUN OPTİK VƏ ELEKTRİK  

XASSƏLƏRİNƏ TƏSİRİ 
 

 Məsaməli Si nasik təbəqələrin (5-10)  µm optik və elektrik xassələrinin nəmişlik və nümunələrin məsaməlilikdən asılılıği araşdırılmışdır. 
Göstərilmişdir ki, məsaməli Si təbəqələrin məsaməliliyi 30%-dən 90%-ə qədər artdıqda, onların qadağan olunmuş zolağı 1.4 eV-dan 1.9 eV 
qədər yüksəlir və xüsusu müqaviməti 2x104-dən  4x104 Ohm sm qədər artır. 40-95% nəmişlik ortamında məsaməli Si təbəqələrin qadağan 
olunmuş zolağı 1.6eV-dan 1.9 eV qədər artır. Müşahidə edilən nəticələr yükdaşıyıcılarının kvant sınılanma modeli ilə və məsaməli səthin 
kimyəvi aktivliyi ilə izah edilmişdir. 

 
Т.Д. Джафаров, С. Айдын, Дж. Орудж Лус 

 
ВЛИЯНИЕ ВЛАЖНОСТИ НА ОПТИЧЕСКИЕ И ЭЛЕКТРИЧЕСКИЕ СВОЙСТВА ТОНКИХ ПЛЕНОК 

ПОРИСТОГО КРЕМНИЯ 
 

На пленках пористого кремния (5-10 мкм) с различной пористостью выполнены измерения оптического пропускания и 
электропроводности. Показано, что увеличение пористости пленок от 30% до 90% приводит к возрастанию ширины запрещенной 
зоны от 1.4 эВ до 1.9 эВ, а также сопровождается увеличением удельного сопротивления от 2х104 до 4х104 Оhm cm. Под действием 
влажности в интервале 40 - 95% RH ширина запрещенной зоны возрастает от 1.6 эВ до 1.9 эВ. Наблюдаемые изменения оптических 
и электрических свойств пористого кремния, стимулированные пористостью или влажностью, объяснены на основе модели 
квантово-размерного эффекта ограничения носителей заряда и модели химической активности поверхности пор.  

 
Received: 20.09.07 
 



ФИЗИКА                                                          2007                                                      ЖИЛД XIЫЫ  №5 

 21

 
THE EFFECT OF UV LIGHT ON PIGMENTED IN BIOLOGICAL 

SYSTEMS AND THE ROLE OF PIGMENT 
 

R.B. ASLANOV, R.L. MAMEDOVA 
Institute of Physics of the National Academy of Sciences of Azerbaijan  

H. Javid ave., 33. Baku, Azerbaijan 
 

The accumulation kinetics of free – Radicals (FRs) in white and pigmented keratin arc determined by UV light and arc found to obey the 
same law. The ESR signal in pigmented keratin has two components. These are the signals appearing in white wool due to pigment and UV 
light. For both g=m 2.0054 and Hm = 0.6- 0.8mT for the central line. 

We conclude that the events in melanin can be explained by the theory of Brillouin zones and pigments save the biological systems from 
the effect of IV light by behaving like a trap for FRs 

 
1. Introduction 
 

In previous publications the role of pigment epithelia was 
clearly studied (l)-(3) and it was found that the natural 
pigment in biological systems is more active hen being only a 
passive screen. However, these researches are not complete 
for the blowing reasons: 1) the suggested mechanism was not 
tested for other biological systems having pigment; 2) the 
role of pigment in FR processes was not it tidied, that is TR 
processes were not analyzed in systems having different 
degrees of pigmentation. The Lest system to lie used for 
these two purposes is the wool keratin which has a different 
pigment (t. e. different color). The FR processes funned by 
the effect, of UV radiation has been explained for whi te  
keratin [4]. However, we should make some more points 
clear and solve some other problems For example, in FR 
processes, the function of the sulphur atoms has not yet been 
understood (as is known, the amount of the amount of 
sulphur in keratin is 12% cystein + cystin). For this purpose 
although the method of recombination-kinetics, for some 
proteins, has been suggested (5)-(9) in this paper we prefer 
to me the accumulation and annihilation reactions of FR 
formed in wool keratin having various degrees of 
pigmentation due to the UV rad iat ion  effects.  

 
2. Materials and methods 
 

Keratin was taken up from the wool of white (albino) 
rabbits and sheep with van oust colors. The wool was 
cleaned by stirring it slowly in a chloroform-methilalcohol 
mixture (in a ratio 2 to 1) for 6 hours. Later the wool was 
dried at room temperature. Two different kinds of samples 
were used: wet and dry ones.  We  placed the wet samples in 
a parts ampoule and poured distilled water. The dry 
samples having a mass of 4-5gr were placed in a quartz 
ampoule having an inker diameter of 2mm. The air was 
taken out    under a pressure of 1.3N/m during 30 minutes 
and the basin was closed. 

The samples were irradiated through a glass ray filter 
UFS 2. a ray filter of thickness o cm and a high pressure Hg 
tube of power 500 Watt. Firs t ,  at 77 K. the ESR spectrum 
of wool keratin subjected to UV was recorded and later the 
sample being left at different temperatures during 5 minutes 
intervals was radiated again and measured. The process was 
repealed 8 times. 

 
3. Discussion 
 

As in (4). a triplet signal for wh i t e  wool keratin was 
observed in the dry samples and the extreme components 

belonged to FR. As the temperature increased, the integral 
intensity of the signal increased. This might be due to either 
the recombination of FR or the migration of free electrons. 
From the kinetics we saw that the total concentration of FR 
was proportional to temperature (fig. 1) and two kinds (fast 
and slow) of reactions occurred. The same phenomenon 
happened in silk fibroin and college (9)-(10).  An Increase in 
temperature lowered the relative concentration of FR. 
(Fig.1): while in the fast and slow reactions it increased the 
concentration of FR respectively. In the interval between 
333 and 393 K the concentration of paramagnetic centers 
increased and the concentration of FR in slow reactions 
remained constant (30 %).  

 
 
Fig.1. The  recombination   kinetic corves of FR, formed by the  
           effect of UV radiation, in while wool keratin. 1 and 1 are  
           the integral intensities of  ESR spectrum in the standard  
           and experimental samples, respectively. 
 
In the wet samples, the change of the thermal reactions of 

FR, were the same as in the dry samples but 20% more FRs 
were added in the reactions. However, the recombination rate 
of FRs became lower and the reactions stopped at lower 
temperatures. Wetting might increase the portion of regular 
regions in proteins. 

 Using the kinetic proportionality in fig 1 all the basic 
beat treatment curves are plotted in fig.2. The treatment was 
initiated at temperatures below 273K and completed at 423K. 
In the dry samples, the slow reaction was initiated at 273K 
and completed at 333K (fig.3 (b)). In these samples the 
amount of the slow reactions increased up to 333K with a 
percentage of 30±3 then it stayed constant as the temperature 
increased. The fast reaction increased starting from 273K and 
was completed at 393K. Thus in the wool keratin the thermal 
treatment of FRs formed by the effect of UV, occurred at 
temperatures in a wide range (fig.2). Comparison of our 
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experimental results with those for globular and other fibroin 
proteins, yields: 1) The FRs in keratin, subjected to the effect 
of UV, have two recombination reactions. 2) This can be 
explained by the existence of regular and irregular regions, as 
well, including the a-spiral. The FR reactions in irregular 
regions completed at 393K in the dry samples whereas in the 
wet samples it completed at 243K. The total reactions of FR 
forming in the regular regions occur at 393K in the dry 
samples and at 273K in the wet samples. In the slow 
recombination, the amount of FR is 30%. The amount of the 
peptide chains in the wool keratin not belonging to the a-
structure is 30%. The remaining 70% expresses the amount 
of the peptide chains belonging to the Q - structure. A highly 
intense singlet signal, with g=2.0054 and Hm = 0.6-0.8mT, is 
observed for wool keratin having various degrees of 
pigmentation in the absence of UV effect. The amount of 
spins (unpaired electrons) increases as the degree of pigmen-
tation increases. The ratio of the high spin concentration 
showed a 10 fold increase, from white to black wool.  

 
Fig,.2. At 77 K, in white wool keratin, the initial amount of FR  
           formed by UV radiation is proportional to temperature::  
           1 - stable FR, 2 - FR in slow reaction, 3 - fast reaction. 
 
This ratio might be different for different wool. In our previous 

investigations, we stated two mechanisms for the formation 
of the signal in the biological systems: 1) "Developed Zone 
Theory", restricted for amorphous semiconductors, might be 
applied to melanines. For the unpaired electrons near the 
valance and conduction band boundaries, the theory of zone 
to zone transition is valid. 2) It is assumed that as a result of 
the absorption of light quanta, FRs form in monomer unit of 
keratins. Thus, melanin (pigment) having both too many FRs 
and electron traps protects the biological systems against 
photochemical destruction. In addition, melanin plays the role 
of deactivator for the chemical protector. Although the FR 
concentration belonging to melanin increases with the 
amount of pigment in wool keratin, the amount of FR 
emerging due to the UV - radiation and its speed of formation 
decrease efficiently. In fig. 3, the accumulation kinetics of 

FRs by the effect of UV in both white (1)  and black (2) wool 
keratin and the increasing curve belonging to the pigment, are 
shown. From this we end up with the following two 
conclusions: a) The signal of the pigment and the kinetics of 
FR accumulation with UV in keratin form through a two-
stage process in all proteins, that is, each of the paramagnetic 
centers is spread throughout the  crystal - like and amorphous 
regimes of the biopolymer. In this case, it is possible, using 
recombination- kinetic method, to determine the amounts of 
the polymer chains both belonging and not belonging to 
spiral, h) As seen from fig. 3. the accumulation speed of FR 
in the pigment keratin is as low as it can be. According to the 
calculations, passing from the low pigment keratin to the high 
pigment one decreases this speed to its half. This event 
proves the protective role of pigment for electrons in 
biological systems. 

 
Fig.3. The accumulation kinetics of FR in pigmented wool  
          keratin: 1 - while wool. 2-black wool formed by UV,  
          3 - paramagnetic renters of pigment. 
 
The intensity of the ESR signal can determine the amount 

of the pigment in biological systems. But, in the wool 
samples containing man-made dyes, an ESR signal which is 
not proportional to the degree of pigmentation is observed. In 
this case, by the effect of UV we find out that the 
accumulation-recombination kinetics of FR is similar to that 
in white wool. Thus, we conclude that man-made dyes only 
play the role of screening the pigment but never play the 
biological protective role. 
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Ð.Á. Àñëàíîâ, Ð.Ë. Ìÿììÿäîâà 
 

ÁÈÎËÎÆÈ ÑÈÑÒÅÌËßÐÄß ÓÁ ØÖÀËÀÐÛÍ  ÏÈÃÌÅÍÒß ÒßÑÈÐÈ Âß ÏÈÃÌÅÍÒÈÍ ÐÎËÓ 
 
УБ шцанын тясири иля аь вя рянэли йун кератининдя сярбяст радикалларын топланма кинетикасы ейни гануна ясасланыр.  
Рянэли кератиндя  УБ шцанын  тясири иля алынан ЕПР сигналы ики компонентли э=2.0054 вя ∆Щм=0.6-0.8мТ олан мяркязи сигналдан 

ибарятдир. Беля нятиcя чыхарылыр ки, меланиндя баш верилянляр Бриллион зоналар нязяриййяси иля изащ олуна биляр вя биолоjи системлярдя 
пигмент УБ шцаланманын тясирини азалдыр вя кющнялмядян горуйур.   

 
Р.Б. Асланов, Р.Л. Мамедова 

 
ВОЗДЕЙСТВИЕ УФ СВЕТА НА ПИГМЕНТ В БИОЛОГИЧЕСКИХ СИСТЕМАХ И РОЛЬ ПИГМЕНТА 

 
Накапливание кинетики свободных радикалов (CР) в белом и  пигментном кератине шерсти определяется УФ светом и 

основывается на подчинении тому же закону. В пигментном кератине ЕПР сигнал имеет два компонента: ý=2.0054 и ∆Ù=0.6-0.8ìÒ 
для центральной линии. Мы сделали вывод, что происходящее в меланине может быть объяснено теорией зоны Брюллиэна и 
пигментов, спасающих биологические системы от воздействия УФ света, ведущие себя подобно ловушке для СР. 
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MESONS DISTRIBUTION FUNCTIONS IN THE “NAIVE-NON-ABELIANIZATION” 

APPROXIMATION AND POWER-SUPPRESSED CORRECTIONS TO FK(Q2)  
 

Y.V. MAMEDOVA 
Baku State Univercity, Institute for Applied Mathematics 

AZ 1148, Z. Khalilov st., 23 
 

Power suppressed corrections to the kaon electromagnetic form factor FM(Q2) is estimated by means of the running coupling constant 
method. In calculating the mesons distribution amplitudes (DAs) found, the “naive non-abelianization” approximation is used. Comparisons 
are made with FM(Q2) obtained using the “ordinary” DAs and running coupling constant method, as well as with frozen coupling 
approximation’s results. 
 

1. Investigation of mesons electromagnetic (e.m.) form 
factors (ffs) )( 2QFM  is one of the interesting and long-
standing problems in perturbative QCD (pQCD) [1-3]. The 
form factors are a source of information on the structure of 
mesons, on their DAs ),( 2

FM x µΦ , which are universal, 
nonperturbative quantities characterizing meson M. These 
DAs can be used to explain and compute other exclusive 
processes involving M. Therefore, comparing the calculated 
form factors with experimental data, one can deduce the 
information concerning the shape of DA. But before inferring 
such information and making conclusions about a meson DA, 
one has to be sure that all corrections, are least those 
calculable in the context of pQCD, are taken into account. 
There are some sources of such corrections to the meson e.m. 
form factor )( 2QFM , considered in the literature [4-8]. First 
of all, these are the next-to-leading order correction to the 
hard-scattering amplitude ),,;,( 222

RFH QyxT µµ  of the 
subprocess qqqq ′→∗+′ γ  found in [4], the two-loop 
correction to the Brodsky-Lepage evolution kernel 
[ ])(;, 2QyxV Sα  and to the distribution amplitude itself 

obtained in [5]. The form factor )( 2QFM  with effects of 
transverse momenta of the meson constituents on the one-
gluon exchange hard scattering amplitude HT  and on the 
distribution amplitude, including the Sudakov form factor 
and unconventional helicity components )1( 21 ±=+ hh  of 
the meson wave-function, has been computed in [6-8].  

Another source of contributions to the form factor 
)( 2QFM   is the power-suppressed corrections, which in the 

present experimentally-accessible regime of momentum 
transfer )~( 22 GeVfewaQ , may play an important role 
in explaining the experimental data. In order to estimate these 
corrections in [9] and [10], the running coupling constant 
method and infrared matching scheme have been used.  

In this letter we calculate the hard-scattering e.m. form 
factor of the kaon using the running coupling constant 
method and the mesons DAs, recently obtained in [11] in the 
“naive non-abelianization” (NNA) approximation. 

2. It is well known that at large momentum transfer the 
meson M electromagnetic form factor )( 2QFM  is given by 
the expression [1]  

 

                                                 ( ) ( ) ( )∫ ∫ ΦΦ= ∗
1

0

1

0

222222 ,,,;,,)( FMRFHFMM xQyxTydxdyQF µµµµ ,                                         (1) 

 
where 22 qQ −=  is the momentum transfer in the process 

( 2q  is the square of the four-momentum of the virtual photon 

∗γ ), 22 , FR µµ  are the renormalization and factorization 
scales, respectively. 

At the leading order of pQCD the hard-scattering 
amplitude ( )222 ,,;, FRH QyxT µµ  does not depend on the 

factorization scale 2
Fµ  and depends on 2

Rµ  only through 

the running coupling constant ( )2
RS µα . At the next-to-

leading order, HT  depends on 22 , FR µµ  explicitly due to terms 

proportional to ( )22ln FQ µ  and ( )( )[ ]22 /11ln RQyx µ−−  (see 
[4]). The proper choice of these scales, i.e. the choice which 
minimizes the higher-order corrections to  )( 2QFM  and at 
the same time allows one to estimate the power-suppressed 
corrections to )( 2QFM , is an important problem in pQCD 

[4,9,10,12]. For the factorization scale 2
Fµ  a natural choice is 

22 QF =µ  which eliminates the logarithms of 22 / FQ µ . In 

Ref.9 the renormalization scale 2
Rµ  has been chosen as 

 
           ( )( ) ,,11 2222 xyQQyx RR =−−= µµ             (2) 

 
and in [10] as 

 

              ( ) 2/,2/1 2222 xQQx RR =−= µµ .            (3) 
 

Equation (2) describes the case with two running 
variables ( )yx, , whereas in (3) we freeze one of the 
variables by taking its mean value. In (3), we take 

2/1=y , x  is the running variable. Alternatively, one can 

take 2/1=x , and y  as the running variable or the mean 
value of the sum of the form factors, calculated using both of 
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these possibilities; due to symmetry of  TH and (1) with 
respect to yx, , one will obtain the same result. In all cases 

the choice of  22 , RR µµ  depends on the Feynman diagram for  
TH under consideration. Of course, the second choice, (3), 
leaves in the NLO correction some logarithmic terms, but it 

allows us to compare our predictions with results obtained by 
means of the infrared matching scheme [13], and also leads to 
better agreement with experimental data [10]. Therefore, we 
shall use (3) in our computations. 

At the leading order of pQCD, TH has the following form:

 

                                                 ( )( ) ,
)(

3
1

11
)(

3
216))(,;,(

22

2
22

⎥
⎦

⎤
⎢
⎣

⎡
+

−−
=Τ

xyyxQ
CQyx RSRSF

RSH
µαµαπ

µα                                          (4) 

 
where 3/4=FC  is the color factor. 

3. An important moment in our study is the choice of the 
mesons DAs ( )2,QxMφ  in Eq.(1). The meson DAs are 
phenomenological model functions, the information about 
shapes of which should be taken either from experimental 
data, or from nonperturbative calculations. The evolution of  

( )2,QxMφ  as a function of the factorization scale 2Q  can be 
found by means of pQCD methods [1]. In the literature for 
the pion, kaon and Lρ -meson various model DAs have been 
proposed [2,14,15]. They have been obtained using QCD 
sum rules method. But from the very beginning these DAs, 
enhanced in the endpoint region (for example, the Chernyak-
Zhitnitsky DA of the pion) have been met with criticism [16], 
intensified recently in the light of new experimental data on 
the transition form factor ( )2QFπγ  reported by CLEO 
collaboration [17]. In [18] and [19] the authors have 

concluded that these data can be explained by the pion 
asymptotic or asymptotic-like DA and that model DA from 
[2] (Chernyak-Zhitnitsky DA) disagrees with the data. At the 
same time an asymptotic-like pion DA employed for 
computation of the electromagnetic form factor ( )2QFπ  in 
the hard-scattering approach (1) gives result lying below the 
experimental data on ( )2QFπ . As it was proven in [9] and 
[10], the power-suppressed corrections, estimated using the 
running coupling constant method, enhance the “ordinary” 
pQCD result approximately by a factor 2 and can help in 
solution of problems with ( )2QFπ . 

Recently, in [11] the authors have calculated the 
contribution of “bubble chain” diagrams to the Brodsky-
Lepage evolution kernel ( )[ ]2;, QyxV Sα   in the “naive non-
abelianization” (NNA) approximation and, as a result, have 
got new, infrared (ir) renormalon improved DA for the meson

 

                                               ( ) ( )[ ] ( ) ( ) ( )∑
∞

=

++ −−=
0

2/3212 121,
n

nSnnMM xCAQbxxfQx αα αφ ,                                    (5) 

 
where ( ){ }122/3 −+ xCn

α  are the Gegenbauer polynomials, 

( )SnA α  are normalization constants, ( )2Qbn  define the 

evolution of  ( )2,QxMφ  with 2Q  and ( ) πβαα 4/0
2QS≡ . 

Here, the n takes odd values in the case of the kaon, because 
the kaon DA contains an antisymmetric under replacement 

xx 2112 −↔−  [2]. In (5)  Mf   is the meson M  decay 
constant, for the kaon it equals to GeVf K 112.0= . In 
accordance with this normalization of DA and decay constant 

Mf , which differs from that of [11], ( )SnA α  are given by 
the expression 
 

 ( ) ( )
( ) ( ) ( ) n

nnA
n

Sn 222
223

22
!

213
23

++
++

++Γ+Γ

+Γ
=

α
α

ααα
αα ,  (6) 

 
where ( )zΓ  is the Euler gamma function, ( )nα  is the 
Pochhammer symbol, ( ) ( ) ( )ααα Γ+Γ= /nn . 

In this work we neglect the dependence of  ( )2,QxMφ  on 

the factorization scale 2Q , therefore we do not write down 

the expression for ( )2Qbn . It is worth noting that (5)  

and (6) are valid for both even and odd values of n . 
4. As it has been emphasized above, here we choose the 

renormalization scale 2
Rµ  as in (3). But the electromagnetic 

form factor (see (1) and (4)) with ( )[ ]21 QxS −α  (and 

( )2/2xQSα ) suffers from ir singularities associated with the 
behavior of Sα  in the soft regions 0;1→x .  Thus, the 

form factor ( )2QFM  can be found after regularization of  

( )2
RS µα   in this endpoint regions. To solve this problem it is 

convenient to express the running coupling constant 
( )2/2QS λα  in terms of ( )2/2QSα , which can be done by 

means of the renormalization group equation [20] 
 

     ( ) [ ]
[ ]20

1
2

2
S /ln1

/ln1ln
4/ln1

2/ 
t

t
t

Q SS

λ
λ

πβ
βα

λ
α

λα
+

+
−

+
= .     (7) 

 
Here, ( ) ( )2/,2//4 22

0 QQt SSS αααβπ ≡=    is the 
one-loop QCD coupling constant and 10 , ββ   are the QCD 
beta-function one- and two-loop coefficients, respectively,

 

( ) ( ) ,
3

38102,
3
211,

/ln
4

1022
0

2
ffS nn −=−=

Λ
= ββ

µβ
πµα          (8) 
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where fn  is the number of quark flavors, Λ  is the QCD 

parameter GeV2.0=Λ . 
For our purposes it is convenient to rewrite the meson DA 

in the following form: 
 

          ( ) ( )[ ] ( )∑
∞

=

+−=
0

12 .1,
n

n
SnMM xKxxfQx αφ α           (9) 

 
The explicit expressions of new coefficients ( )SnK α  can 

be found in the Appendix. 
Substituting (4), (7) and (9) into (1), performing 

integration over x  using the inverse Laplace transformations 
[21] 
 

   
( ) ( ) ( )[ ]∫

∞
− >+−

Γ
=

+ 0

1 0Re,exp11 ν
ν

ν
ν duuztu

zt
   (10) 

and                                    

 
( )

( )
( )[ ]( )∫

∞

−−+−=
+
+

0
2 ,ln1expln uduuCztu

zt
zt

       (11)  

 
where ( ),1ln xz −=   and after integration over y  we find 
the following expressions for the e.m. form factor for  the 
kaon: 
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with  ( )tuR ,  defined as 
 

( ) ( ).lnln11, 2
0

1 utCutuR −−−−=
β
β

 

 
In (12), ( ) ( ) ( ) ( )yxyxyxB +ΓΓΓ= /,  is the Beta 

function, 577216.0~−C  is the Euler-Mascheroni constant. 
As it was demonstrated in [9] the integration in (1) in the 

framework of the running coupling constant method using the 
inverse Laplace transforms allows us to obtain the Borel 
transforms [ ]( )uFQB M

2  and the resumed expressions for 

( ).22 QFQ M  
The inverse Borel transformation (12) have the infinite 

number of infrared renormalon poles at the points 
α+= Nu  in the Borel plane. Indeed, this is evident from 

the following formula for ( )βα ,B  

                 ( ) ( )
( )( ),,

1
∏
∞

= ++
+++

=
k kk

kkB
βα
βα

αβ
βαβα            (13) 

 
and 1,1;1 +++= lkkN .  

After regularization of these ir renormalon poles in 
accordance with the principal value prescription (see Refs. 20 
and 22) Eq. (12) became the resumed form factor 

( ) .][ 22 res
M QFQ  

It is instructive to compare our recent result with its 
obtained in the context of the same method, but using the 
“ordinary” DA ( ,0≡α  in (5)) [9,10], 

1) we have the infinite number of ir renormalon poles, 
instead of finite one, 

2) each infrared renormalon pole in (12) is shifted to a 
value α .           

It is known [9, 10] that an ir renormalon pole at 0uu =  
corresponds to a power-suppressed contribution ~ 

( ) 022 /
u

QΛ  to the form factor. Even if the pole is located at 

α+= 0uu , its contribution is of order ( ) eQ Ou
// 22Λ . 

Therefore, our formula (12) take into account the power-

suppressed corrections ( )( )p
p QQC 222 /Λ , ,...3,2,1=p  to 

the meson e.m. form factor ( )22 QFQ M , the coefficients 

( )2QC p  of which depend on the meson DA under 
consideration. It is worth noting that the principal value 
prescription itself produces the higher twist ir renormalon 

ambiguities  ( )( )p
p QQC 222 /Λδ  which has to be canceled 

exactly by uv-renormalon ambiguities of higher twist 
corrections to ( )22 QFQ M . In our work we neglect these 

effects and do not estimate ( )2QC pδ . 
5. In this section we compare our result for the kaon 

electromagnetic ff  ( )2QFK  obtained in the context of the 
running coupling constant method using the ir renormalon 
improved (9) and the ordinary DAs with each other, as well 
as with ( )2QFK  found by means of the frozen coupling 
approximation. It is worth noting that in this approximation 

( )2QFM  with new DAs (9) can be easily calculated. 
Equation (12) together with (13) is our final expression, 

which can be used for computation of power-suppressed 
corrections to ( )2QFM . In numerical calculations we have 
used 120=N  ir renormalon poles in (13); this is enough for 
correct estimation of integrals in (12). Our results for the 
kaon electromagnetic form factor ( )2QFK  are depicted in 

Figs. 1 and 2. It is interesting to compare ffs found by means 
of the ordinary and ir renormalon improved DA. The same 
DAs in the framework of the frozen coupling approximation 
lead to predictions shown also in Fig.1. In this approximation 
the ir renormalon effects reduce the perturbative QCD 
contribution to ( )2QFK . The kaon electromagnetic ff  

( )2QFK  found by means of different model DAs are plotted 
in Fig.2. 
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Fig. 1. The kaon electromagnetic form factor ( )2

K QF  as a  

            function of 2Q . All curves are found using the  
            asymptotic DA. Curves 1, 2 correspond to ff obtained  
            using the running coupling constant method; curve (1) –  
            by means of infrared renormalon improved DA, curve  
            (2) – using the ordinary DA. Curves 3 and 4 describe ff  
            calculated in the framework of the frozen coupling  
            approximation, with (curve 3) and without (curve 4) ir  
            renormalon corrections. 

 

 
Fig.2. The kaon em formfactor ( )2

K QF , computed in the  
           context of the running coupling constant method and ir  
           renormalon improved DAs vs Q2. Curve 1  is found using  
           the asymptotic DA, curve 2- by means of the Chernyak- 
           Zhitnitsky DA, curve 3 corresponds to DA with  
           parameters 1b0 = , 1.0b2 = , curve 4 – to DA with  

           parameters 1b0 = , 2.0b2 −= . 

 
 Appendix 

 
The coefficients ( )SnK α  of DA in (9) are given as 
 

( ) ( ) ( )( ) ( )( )( )−++++−= ααααααα 23223 221100 SSSS AbAbAK  

( )( )( )( )++++− αααα 25232
3
1

33 SAb  

( )( )( ) ( )( )⎥⎦
⎤

⎢⎣
⎡ ++++++ ααααα 2723

3
112523

8
1

44 SAb , 

 

( ) ( )( ) ( )( )( )+++−+= αααααα 25232232 22111 SSS AbAbK  
( )( )( )( )−++++ αααα 252332 33 SAb  

( )( )( )( )( )ααααα 2725233
3
2

44 ++++− SAb , 

 
( ) ( )( )( )−++= αααα 25232 222 SS AbK ( )( )( )( )++++ αααα 2725232 33 SAb  

( )( )( )( )( )ααααα 27252342 44 +++++ SAb , 
 

( ) =SK α3 ( )( )( )( )αααα 272523
3
4

33 +++SAb - 

( )( )( )( )( )ααααα 29272523
3
4

44 ++++− SAb , 

 

( ) =SK α4 ( )( )( )( )( )ααααα 29272523
3
2

44 ++++SAb . 
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Y.V. Məmmədova 

 
“ZƏİF QEYRİ-ABELİZASİYA” YAXINLAŞMASINDA MEZONLARIN PAYLANMA FUNKSİYALARI VƏ 

( )2QFK  -Ə ÜSTLÜ DÜZƏLİŞLƏR 
 

İşdə kaonun FK(Q2) elektromagnit formfaktoruna dəyişən qarşılıqlı təsir sabiti üsulu çərçivəsində üstlü düzəlişlər qiymətləndirilmiş, 
hesablamalar zamanı “zəif qeyri-abelizasiya” yaxınlaşmasında tapılmış paylanma funksiyasından istifadə olunmuşdur. Alınmış nəticələr 
“adi” paylanma funksiyası və dəyişən qarşılıqlı təsir sabiti, eləcə də fiksə olunmuş qarşılıqlı təsir sabiti üsulunun və digər model paylanma 
funksiyalarının köməyi ilə tapılmış nəticələrlə müqayisə olunmuşdur. 

 
Е.В. Мамедова 

 
ФУНКЦИИ РАСПРЕДЕЛЕНИЯ МЕЗОНОВ В ПРИБЛИЖЕНИИ «НАИВНОЙ НЕАБЕЛИЗАЦИИ» И 

СТЕПЕННО-ПОДАВЛЕННЫЕ ПОПРАВКИ К ( )2QFK  
 

В работе оценены степенно-подавленные поправки к электромагнитному форм фактору FK(Q2) каона, полученного с помощью 
метода бегущей постоянной взаимодействия. В вычислениях использована функция распределения мезонов в приближении 
«наивной неабелизации». Полученные результаты сравниваются как с результатами, полученными с помощью обычных ФР и 
метода бегущей постоянной взаимодействия, так и с использованием приближения фиксированной постоянной и различных 
модельных функций распределения. 
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ФАЗА КВАЗИСИНХРОНИЗМ РЕЪИМИНДЯ ИШЛЯЙЯН ЙЦКСЯКЕФФЕКТЛИ ЛАЗЕР 

 ТЕЗЛИК ЧЕВИРИЖИЛЯРИ 
 

З.Щ.ТАĞIЙЕВ, Н.В. КЯРИМОВА  
Азярбайжан Тибб Университети 

 
Р.Ж. ГАСЫМОВА, Г.Я. СЯФЯРОВА, М.Я. МЯММЯДОВ 
Бакы Дювлят Университети, Bakı, Az-1145, Z. Xəlilov, 23 

 
Ишдя фаза квазисинхрон реъиминдя лазер тезлик чевiрижиляринин иши сабит интенсивлик йахынлашмасында арашдырылмышдыр. Эюстярилмишдир ки, 

низамлы домен структурунда доменлярин узунлуьунун оптимал (кощерент) узунлуьа бярабярлийиндя чеврилмянин еффективлийи 
максимума чатыр. Сабит амплитуд методундан фяргли олараг, сабит интенсивлик йахынлашмасында кощерент узунлуг ясас дальанын 
интенсивлийиндян асылыдыр. Доменлярин сайы артдыгжа онларын кощерент узунлуьу да артмыш олур. 

 
Гейри-хятти оптик просеслярдя тезлик чевiрижиляринин еффек-

тивлийини артырмаг цчцн дальаларын гаршылыглы тясири заманы 
онларын фаза сцрятляринин бярабярлик шяртини тямин етмяк тя-
ляб олунур. Бу шярт дахилиндя дальалар мцщитдя йайылдыьы 
заман онларын арасында фаза сцрцшмяси мейдана чыхмыр. 
Дальаларын гаршылыглы тясири заманы мейдана чыхан фаза 
сцрцшмясини компенсасийа етмяк цчцн мцхтялиф схемляр 
мювжуддур. Тяжрцби нюгтейи нязярдян ян сямяряли цсuл – 
биринжи кристалдан кечян оптик дальаларыn, яввялки кристал-
дан йалныз спонтан полйаризасийасынын истигамятиля фяргля-
нян икинжи кристалдан да кечирилмясидир.  

Практикада бу щал икинжи кристалын оптик охуну биринжи 
кристалынкына нязярян π гядяр фырлатмагла ялдя едилир. “Фыр-
ладылмыш” беля кристалларда цч ранглы гаврайыжылыг тензорун 
ишаряси яксиня чеврилир. Бу фикир, илк дяфя бир-бириндян асылы 
олмайараг ики груп алимляр – Бломберgен вя ямякдашлары 
[1] вя Франкенля, Уорд [2] тяряфиндян иряли сцрцлмцшдцр. 
Ардыжыл гойулмуш периодик полйаризялянмиш кристаллар ни-
замлы домен (тябягя) гурулушлу (НДГ) кристаллар адланыр. 
Биржинсли гейри-хятти мцщитлярдян фяргли олараг, беля низамлы 
гурулушлу кристалларда гаршылыглы тясирдя олан дальаларын фа-
за уйьунлуьу, доменлярин узунлуьунун кощерент гаршылыг-
лы тясир мясафясиня бярабярлийиндян йараныр ки, бу да фаза 
квазисинхронизминя уйьундур. Башга сюзля, квазисинхро-
низм – гейри-хятти оптик гаршылыглы тясир заманы фаза уйьун-
луьу йаратмаг методудур ки, гаршылыглы тясирдя олан дальа-
лар арасында фазалар мцнасибяти периодик гурулуша малик 
гейри-хяттти мцщитлярин щесабына коррексийа олунур [3, 4].  

Квазисинхронизм гейри-хятти гаршылыглы тясир щесабына 
гейри-хятти оптикада истифадя олунан кристаллар синфини эениш-
ляндирир. Бура щям ади синхронизмя малик олмайан изотроп 
кристаллар, вя щям дя синхрон гаршылыглы тясирдя истифадя олу-
на билмяйян еффектив гейри-хятти тензор компонентли крис-
таллар аиддир [5].  

Биржинсли кристаллардан фяргли олараг НДГ – кристалла-
рынын цстцнлцйц щям дя ондадыр ки, бир кристалда ейни за-
манда бир нечя щармонийанын gенерасийасыны алмаг мцм-
кцндцр. Дальаларын ардыжыл гаршылыглы тясири заманы икинжи вя 
цчцнжц щармонийаларын gенерасийасы ейни заманда [6] –жы 
ишдя алынмышдыр. Бу заман накачка ролунда дальа 
узунлуьу λ=1.230мкм, даваметмя мцддяти 9нс олан 
импулс лазериндян истифадя олунмушдур. Бу йолла импулсун 
даваметмя мцддяти 100 нс, тякрарланма тезлиyи 1 кЩс вя 
орта эцжц 1 Вт тяртибиндя Nd: YAG шцаланмасынын цчцнжц 
щармонийайа эенерасийасы да алынмышдыр [7].  

Периодик гейри-хятти структурларда квазисинхрон гаршы-
лыглы тясирин нязяриййясиня, хцсусян икинжи щармонийанын 
gенерасийасына, бир чох ишляр щяср олунмушдур [5-9]. Бу 

ишлярдя мясяляляр ясасян йа сабит амплитуд йахынлашмасын-
да, йа да ки, дягиг щесаблама йолу иля щялл едилмишдир. Сон 
заманлар дальаларын гейри-хятти гаршылыглы тясирини харак-
теризя едян тянликляря мцяййян садяляшдирмяляр апармагла, 
сабит интенсивлик йахынлашмасы да тятбиг едилмишдир [5]. 

Бу ишдя сабит интенсивлик йахынлашмасында [10] мц-
щитдяки итэини вя гаршылыглы тясирдя олан бцтцн дальаларын 
фаза дяйишмялярини нязяря алмагла, икинжи щармонийанын 
эенерасийасы заманы квазисинхрон гаршылыглы тясир просеси 
арашдырылмышдыр. Сабит амплитуд йахынлашмасындан фяргли 
олараг, бахылан йахынлашмада икинжи щармонийа дальасынын 
ясас дальайа якс тясири нязяря алыныр.  

Сабит интенсивлик йахынлашмасында аналитик тящлил зама-
ны [5]-жи ишдян фяргли олараг ясас дальанын интенсивлийинин 
айры-айры доменлярдя дяйишдийи вя домен щцдудунда ися 
сабит галдыьы нязярдя тутулур. [5] ишдя ися, бцтцн доменляр 
структуру бойунжа ясас дальанын интенсивлийинин сабит 
галдыьы эютцрцлцр. 

Мялумдур ки, домен структурунда икинжи щармонийа 
просесини характеризя едян тянликляр ашаьыдакы кимидир 

                                              

           

*1
1 1 1 2 1

22
2 2 2 1

exp( ),

exp( ),

dA
A i A A i z

dz
dA

A i A i z
dz

δ γ

δ γ

+ = − − ∆

+ = − ∆
           (1) 

бурада A1,2- ω1 вя ω2 (ω2=2ω1) тезликляриня уйьун ясас вя 
икинжи щармонийа дальаларынын комплекс амплитудлары, δj, γj 
- уйьун олараг ω1 вя ω2 тезликли дальаларын удма ямсаллары 
вя гейри-хятти ялагя ямсаллары, ∆=k2-2k1 - дальаларын фаза 
сцрцшмясидир.  

Башланьыж щалда гябул едилир ки, биринжи доменин 
эиришиндя анжаг ω1 тезлийиня уйьун дальанын комплекс 
амплитуду сыфырдан фярглидир, йяни  

 

        1 10 10 2( 0) exp( ), ( 0) 0A z A i A zϕ= = = = ,     (2) 
 

щарада z=0 биринжи доменин эиришиня уйьундур, ϕ10-ясас 
дальанын башланьыж фазасыдыр. 

Домендян доменя кечяркян сярщяд шяртляри ашаьыдакы 
кими эютцрцлцр 
 

( ) ( ) ( )1,2 1,2 1 1,2 10 exp ( ) , 2, 3,..n
n nA z A l i l nϕ− −= = =

                                                                                              (3) 
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бурада 1,2 ( 0)nA z =  n-жи доменин эиришиндя, 1,2 1( )nA l − -

ися (n-1)-жи доменин чыхышында ω1 вя ω2 тезликли дальаларын 

комплекс амплитудларыдыр, 1,2 1( )nlϕ − - (n-1) - тяртибли 

домендян n - тяртибли доменя кечид заманы ω1 вя ω2  тез-
ликли дальаларын фаза дяйишилмясидир. 

(2) вя (3) сярщяд шяртляри дахилиндя (1) системин ардыжыл 
йерляшдирилмиш дюрд домен цчцн щялли (δ2=2δ1): 

  

        

4

2 2 2
4 4 4 4 4

2 4 2 3 4 4 2 2 2 42
4

sin sin
( ) ( ) cos exp( 2 ),

2a b
l l

l l l c c l
λ λ

η η λ γ γ δ
λ λ

⎡ ⎤⎛ ⎞ ∆⎛ ⎞⎢ ⎥′ ′= + + + −⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦
                          (4) 

 
Бурада ики гоншу доменлярдя гейри-хятти гаврайыжылыьын 
ишаряляри бир биринин яксинядир 1,2 1,2/ 1γ γ ′ = − ) вя  

 

2 2 2
4 4

2
4 1 2 1 3

2 / 4,

( ),I l

λ

γ γ

= Γ + ∆

′ ′Γ =
 

 

ca, cb - ямсаллары биринжи цч доменин узунлуьундан, ∆ - 
дальаларын фаза сцрцшмясиндян, 1,2 1,2( )γ γ ′  - гейри-хятти ялагя 

вя δ1,2 - удма ямсалларындан вя гаршылыглы тясирдя олан 
дальаларын интенсивликляриндян асылыдырлар. ca, cb цчцн ифадя-
ляр нящянэ олдуьуна эюря бурада верилмир. 

(4) дцстурына дахил олан l1(l3) вуруьу цчцнжц доменин 
чыхышында ясас дальанын интенсивлийидир. 

 
Шякил. Сабит интенсивлик йахынлашмасында щесабланмыш икинжи  
           щармонийанын η2 чеврилмя еффективлийинин доменлярин  
           эятирилмиш узунлугларындан Γ1lj, j=1÷4 асылылыглары η2(l1,  
           l2, l3, l4): δ1.2=0, ∆% =2.4 (бцтюв хяттляр) вя ∆% =3 (нюгтя- 
           ви хяттляр) (

1/ 2∆ = ∆ Γ% ). Бурада 
1 1,optlΓ =0.5639,   

           
1 2,optlΓ =0.5742, 1 3,optlΓ =0.6015 (бцтюв хяттляр цчцн)  

          вя 
1 1,optlΓ =0.4736, 

1 2,optlΓ =0.4777, 
1 3,optlΓ =0.4890  

          (нюгтяви хяттляр цчцн). 
Шякилдя икинжи щармонийайа чеврилмянин еффективлик 

яйриляри эюстярилмишдир. Бурада, η2(l1) еффективлийин биринжи 
доменин l1 узунлуьундан, η2(l2) ардыжыл эютцрцлмцш ики 
домен олдуьу щалда, еффективлийин икинжи доменин l2 узун-
луьундан, η2(l3) ардыжыл эютцрцлмцш цч домен олдуьу щал-
да, еффективлийин цчцнжц доменин l3 узунлуьундан, вя 
нящайят, η2(l4) ардыжыл эютцрцлмцш дюрд домен олдуьу 
щалда, еффективлийин дюрдцнжц доменин l4 узунлуьундан 
асылылыглары верилмишдир.  

Яйриляр фаза сцрцшмясинин эятирилмиш 1( / 2 )∆ ∆ = ∆ Γ% %  

ики гиймятляриндя, йяни ∆% =2.4 (бцтюв хяттляр) вя ∆% =3 
(нюгтяви хяттляр) гурулмушдур. Яйрилярдян эюрцнцр ки, еф-
фективлийин доменлярин узунлугларындан асылылыьы η2(lj) 
максимумлара маликдир. Доменин узунлуьу кощерент 
узунлуьа бярабяр олдугда, еффективлик η2(l1) максимума 
чатыр вя щармонийа дальасы о бири доменя дахил олур. Икинжи 
домендя дя щармонийанын еффективлийи икинжи доменин 
кощерент узунлуьуна гядяр артмыш олур, вя с. Беляликля, 
низамлы домен структурунда щармонийа дальасынын ин-
тенсивлийи доменлярдя эет-эедя артараг, чыхышда максиму-
ма чатыр. Арашдырмалар эюстярир ки, доменлярин сайынын аз 
олдуьу щалда беля икинжи щармонийайа чеврилмянин еффек-
тивлийини нязяря чарпажаг дяряжядя артырмаг олур. 

Гейд едяк ки, сабит амплитуд методунун нятижясиндян 
фяргли олараг (4) дцстурунда λ4 - цн ифадясиня ясас дальа-
нын интенсивляйиндян асылы щядд Γ4 дахил олур. Интенсивлик-
дян асылы олан бу щяддин дахил олмасы икинжи щармонийанын 
фаза дюйцнмяляринин минимумларынын йерини дяйишир вя 
мясялянин оптимал параметрляринин гиймятляриня тясир едир. 
Она эюря дя ясас дальанын интенсивлийиндян асылы олан фаза 
мцнасибятляринин мцнтязям домен структурларында нязяря 
алынмасы важиб мясялялярдяндир. 
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HIGH EFFICIENCY LASER RADIATION FREQUENCY CONVERTERS IN 

 QUASI-PHASE –MATCHED REGIME 
 

There is made an analysis of quasi-phase-matched interaction of light waves of the process of doubling frequency in regular domain 
structure in the constant-intensity approximation. The analytical expression of the frequency conversion efficiency for the case of fourth 
domains has been obtained. It has been shown that in the constant-intensity approximation, in contrast to the constant-amplitude 
approximation, the account of the dependence of the phase relationships from the pump intensity influences on the characteristics of 
conversion process of nonlinear waves in regular domain structure.  

 
З.А. Тагиев, Р.Дж. Касумова, Г.А. Сафарова, М.А. Мамедов, Н.В. Керимова  

 
ВЫСОКОЭФФЕКТИВНЫЕ ПРЕОБРАЗОВАТЕЛИ ЧАСТОТЫ ЛАЗЕРНОГО ИЗЛУЧЕНИЯ В 

РЕЖИМЕ ФАЗОВОГО КВАЗИСИНХРОНИЗМА 
 

В приближении заданной интенсивности рассмотрен режим квазисинхронного взаимодействия световых волн в регулярных 
доменных структурах на примере процесса удвоения частоты. Дано выражение для эффективности преобразования в случае 
четырех доменов. Показано, что в отличие от результатов приближения заданного поля в приближении заданной интенсивности 
учет зависимости фазовых соотношений от интенсивности основного излучения влияет на характеристики процесса 
преобразования нелинейных волн в регулярной доменной структуре. 
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АГАР ЭЕЛИНИН ЮЗЛЦ-ЕЛАСТИК ХАССЯЛЯРИНИН РЕБИНДЕР ЦСУЛУ ИЛЯ 

ЮЙРЯНИЛМЯСИ 
 

Е.Я. МЯСИМОВ, А.Р. ИМАМЯЛИЙЕВ, К.М. БУДАГОВ  
Бакы Дювлят Университети, Физика Проблемляри Институту 

Bakı, Az-1145, Z. Xəlilov.23 
 

Бу ишдя сцрцшмя деформасийасы щяндясясиндя агар эелинин ани еластиклик вя  йцксяк еластиклик сабитляринин, щямчинин статик юзлцлцк 
ямсалынын механики эярэинликдян асылылыьы юйрянилмишдир. Мющкямлик щяддиндян ашаьы эярэинликлярдя ани еластиклик сабити, демяк олар ки, 
дяйишмир, йцксякеластиклик сабити зяиф артыр. Мющкямлик щяддиндян йухары  эярэинликлярдя ися щяр ики сабит азалыр. Алынан нятижярин 
кейфиййятжя изащы верилмишдир. 

 
Бярк жисимляр цчцн Щук ганунуна табе олан еластиклик, 

майеляр цчцн ися Нйутон ганунуна табе олан юзлц ахын 
хассяси характерикдир. Юзлц-еластик материалларда бу 
хассялярин комбинаийасы мцшащидя олунур [1]. Юзлц-еластик 
материаллар Дебор ядяди (Де) адланан ядядля характеризя 
олунур. Бу ядяд материал цчцн характерик олан релаксасийа 
(вя йа эежикмя) мцдятинин просес цчцн характерик олан 
деформасийа мцддятиня (деформасийа сцрятинин тярс 
гиймяти) олан нисбятиня бярабярдир 

 

                            
proses

material

t
tDe =                                     (1) 

 
Майеляр цчцн De<<1 (сырф юзлц маdдяляр цчцн 

De→0), бярк жисимляр цчцн ися De>>1 (мцкяmмял еластик 
бярк жисимляр цчцн  De→∞) шярти юдянир. De≈1 шяртини 
юдяйян материаллар юзлцеластик материаллар аdланыр. Беля 
материаллар бир чох реолоъи хцсусиййятляря малик олур ки, 
бунларын арасында нормал эярэинлик еффекти (Куит ахыны 
заманы Ваисенбенрг еффекти, Пуазейл ахыны заманы Барус 
еффекти), эярэинлик релаксаsiyaсы, gежикян реакsaсийа, 
сцрцнэянлик вя с. эюстярмяк олар [2]. 

 

 
 
Шякил 1. 
 
Бир чох полимерляр, о жцмлядян, биолоъи тябиятли 

полимерляр, су мцщитиндя дисперсийа вя йа щялл олундугда 
юзлц-еластик систем ямяля эятиря билирляр. Сырф юзлц системдян 
еластик эелин йаранмасы (зол-эел кечиди) щям кимйяви, щям 
дя термик йолла щяйата кечя биляр. Термик йолла эел ямяля 
эятирян тябии полимерляря, агароза, агар вя карраэинан 
кими агароидляри эюстярмяк олар. 

Эелляр даща чох бярк щала йахын хассяляр эюстярирляр. 
Эеля тятбиг олунан эярэинлик щям бярпа олунан, щям дя 
бярпа олунмайан деформасийа (ахын) йарада биляр. Бу жцр 
юзлц-еластик хассяляри моделляшдирмяк цчцн мцяййян 
гайда иля бирляшдирилмиш йай вя юзлц майедя щярякят едян 
поршендян ибарят системя бахылыр [3]. Мясялян, сцрцшмя 
деформасийасы щалында эеля сабит эярэинлик тятбиг 

олундугда йаранан деформасийанын замандан асылыьыны 
тапмаг цчцн 

 

                          γηγσ &+=G                                     (2) 
 

тянлийи иля характеризя олунан садя Келвин-Фойгт модели 
(йай вя поршен паралел бирляшдирилир) доьрудур [3]. Бурада 

S

F
=σ - механики эярэинлик, γ=tgϕ - сцрцшмя де-

формасийасы, - сцрцшмя сцряти, G- еластиклик модулу, η ися 
юзлцлцкдцр (шякил 1).   
τ=const олдугда (2) тянлийинин щялли 

 

                      ( )τγγ /t
m e1 −−=                                   (3) 

 
эярэинлийи эютцрдцкдя ися деформасийанын релаксасийасы 

 

                       τγγ /t
me−=                                            (4) 

 

дцстуру иля ифадя олунур. Бурада γm - максимал деформа-
сийа 

                            
G
ητ =                                                (5) 

 
ися эечикмя мцддятидир. 

 
 
Шякил 2. 
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Юлчмяляр эюстярир ки, алынан нятижяляр (2)-(5) дцстур-
ларынын тясвир етдийиндян фяргли олур (шякил 2). Биринжи фярг 
ондан ибарятдир ки, еластик деформасийа ани вя йцксяк-
еластик адланан ики щиссядян ибарятдир. Икинжи ися ондан иба-
рятдир ки, юзлц ахын мцяййян σK эярэинлийиндян сонра 
башлайыр. 

Ани еластиклик (Щук еластиклийи) эелдяки полимер 
молекулларынын валент рабитяляринин вя бужагларынын мящ-
дуд дяряжядя деформасиyасы иля, йцксякеластиклик (эежикмиш 
еластиклик) ися айры-айры сегментлярин сярбяст шякилдя йердя-
йишмяси иля ялагядардыр. Эелдя макромолекуллар арасында 
фяза торунун мювжуд олмасы нисбятян кичик эярэинликлярдя 
онларын бцтювлцкдя бир-бириня нязярян йердяйишмясиня мa-
не олур. Бу щалда верилян эярэинлийи эютцрдцкдя эел-нцмц-
ня яввялки вязиййятиня гайыдыр вя яввялжя ани олараг мак-
ромолекулларда яввялки валент рабитяляри вя бужаглар, сон-
ра ися мцяййян эежикмя иля молекулун яввялки конформa-
сийасы бярпа олунур (шякил 2б). Нцмуняйя верилян эярэинлийи 
артырмагда давам етсяк, мцяййян эярэинликдян башлайа-
раг (бу эярэинлик пластик деформасийанын вя йа юзлц ахынын 
башладыьы эярэинлик олуб эелин мющкямлик щядди σK адла-
ныр) фяза тору гырылмаьа вя молекуллар юзляри бир-бириня ня-
зярян йерини дяйишмяйя башлайыр. Бу эелин дюнмяйян дефор-
масийасыдыр вя эярэинлик эютцрцлдцкдя гисмян бярпа олу-
нур (шякил 2ж). 

Бу ишдя агар эелинин юзлц-еластик хассяляри Ребиндер 
цсулу иля  (танэенсиал сцрцшмя деформасийасы щяндясясиндя) 
юйрянилмишдир. Агар тябии биополимер олуб тябабятдя йе-
йинти сянайесиндя, яжзачылыгда  эениш тятбиг олунур [4]. Би-
зим истифадя етдийимиз агар (Precoldia, Saxalin) кифайят гя-
дяр эцжлц эелямяляэятирмя габилиййятиня маликдир. Эелин 
щазырланмасы ашаьыдакы технолоэийа цзря щяйата кечирилмиш-
дир. Йарпаг шяклиндя олан агар тярязидя чякиляряк тямиз 
(дистилля) суйуна ялавя олунур, суйун гайнама температу-
руна йахын температура гядяр гыздырылыр вя бир нечя саат бу 
вязиййятдя сахланылыр. Бу заман йарпагдакы агар тамами-
ля суйа кечир. Мящлул кичик мясамяли сцзэяждян кечирил-
дикдян сонра сойудулур вя 35-40°Ж интервалында эел щалына 
кечир. Юлчмя, эел бир эцн сахланылдыгдан сонра т=20°Ж-дя 
апарылыр. Эел нцмуня тяхминян 20мм×15мм×10мм юлчц-
сцндя эютцрцлмцшдцр. Нцмуняйя верилян эярэинлик дискрет 
йцкляр тяряфиндян йарадылыр. Сцрцшмя деформасийасы фото-
елементин кюмяйи иля електрик сигналына чеврилир вя гра-
фикчякянин Y эиришиня верилир.  

Графикчякян йухарыда гейд олунан яйриляри (шякил 2б вя 
2ж) верир. Бу яйриляря ясасян щям еластиклик модулларыны 
щям дя юзлцлцйц тапылмышдыр: 
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Шякил 3-дя 1%-ли агар эелинин ани (долу даиряляр) вя 

эежикмиш еластиклик модулларын (ичибош даиряляр), щямчинин 
статик юзлцлцйцнцн (цчбужаглар) тятбиг олунан механики 
эярэинликдян асылылыг графикляри эюстярилмишдир. Нятижяляри

ашаьыдакы кими шярщ етмяк олар: 
1. σk критик эярэинлийиндян ашаьы эярэинликлярдя ани 

еластиклик модулу G0 демяк олар ки, дяйишмир, бу 
эярэинликдян йухарыда ися эярэинлик артдыгжа азалыр; 

2. G1 йцксякеластиклик модулу σk критик эярэинлийиндян 
ашаьыда эярэинлик артыгжа артыр, σk -дян йухарыда ися азалыр; 

3. η юзлцлцк ямсалы эярэинлик артдыгжа артыр . 

 
Шякил 3. 
 
Кичик эярэинликлярдя ани еластиклик модулунун демяк 

олар ки, сабит галмасы валент рабитяляринин вя бужагларынын 
эярэинликля мцтянасиб олмасынын нятижясидир. Йцксяк елас-
тиклик модулунун зяиф артмасы ися эюстярир ки, эярэинлик 
артдыгжа полимер зянжирляринин дартылмасы чятинляшир. Лакин 
мцяййян эярэинликдян (σk) башлайараг фяза тору ямяля 
эятирян рабитяляр гырылмаьа башлаыр вя бу андан башлайараг 
G0 вя G1 кяскин азалмаьа башлайыр. 1%-ли эел цчцн 
мющкямлик 20°Ж-дя, графикдян эюрцндцйц кими 240Па ят-
рафында олур. Эелин мющкямлийини диэяр садя цсулла да гий-
мятляндирмяк олар. Бунун цчцн эели назик узун шагули 
бордан поршенля сыхыб чыхармаг лазымдыр. Мцяййян 
узунлугда (lk) эел сцтуну юз аьырлыьы иля гырылыр [5]. Бу узун-
луьу юзчмякля эелин мющкямлийи kk glρσ =  дцстурунун 

кюмяйи иля щесабламаг олар. Гейд едяк ки, агарын 
консентрасийасынын артмасы эелин мющкямлийинин кяскин 
артмасына сябяб олур. Мясялян, мющкямлийин сонунжу 
цсцлла гиймятляндирмяси 1%-ли агар эели цчцн 

Pa270k ≈σ , 2%-ли агар эели цчцн ися kPa6,1k ≈σ  верир.  

Яксяр гейри-Нйутон майеляриндя механики эярэинлик 
артдыгжа юзлцлцйцн азалмасы мцшащидя олунур. Чцнки эяр-
эинлийин артмасы ахына (молекулларын бир-бириня нязярян 
йердяйишмясиня) мане олан факторларын арадан галхмасына 
сябяб олур. Лакин бязи мцряккяб мaйелярдя (дисперсиийа-
ларда, эенишляндирижилярдя) яксиня хасся – механики эярэин-
лик артдыгжа юзлцлцйцн азалмасы мцмкцндцр [2]. Эелдя дя 
охшар хасся мцшащидя олунур (шякил 3). Бунун сябябини 
эелин мцряккяб гурулушу иля изащ етмяк олар. Эелдя фяза 
тору мцхтялиф сявиййяли ассосатлардан - икигат спираллардан, 
супралифлярдян вя ссосиатлашмада иштирак етмяйян 
макромолекуллардан ибарятдир. Юзлцеластик хассялярдя 
бунларын щяр биринин юз пайы вардыр [6]. Беля мцряккяб 
системлярдя эярэинлик (вя йа ахын сцряти) артдыгжа ахынын 
чятинлишмяси мцмкцндцр. Мясялян, эеля верилян эярэинлийин 
бир щисsяси агрегатларын даьылмасына, диэяр щиссяси ися 
онларын гаршылыглы йердяйишмясиня сярф олуна биляр. Бу 
версийанын йохланмасы ялавя тяжрцбяляр гойулмасыны тяляб 
едир. 
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THE INVESTIGATION OF ELASTOVISCOUS PROPERTIES OF AGAR GELS BY REBINDER’S METHOD 

 
In this work the dependence of instantaneous and high-elastic modules, as well as static viscosity of agar gels on applied stress in a 

tangential shear geometry has been studied.   At the stresses lower than yield stress the instantaneous modulus almost doesn’t change, but the 
high-elastic modulus increases slowly. If the applied stress exceeds the yield stress both quantities decrease by increasing of the stress. The 
obtained results are explained qualitatively. 
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ИЗУЧЕНИЕ УПРУГОВЯЗКИХ СВОЙСТВ ГЕЛЕЙ АГАРА МЕТОДОМ РЕБИНДЕРА 

 
В работе изучена зависимость мгновенной и высокоэластичной модулей упругости, а также статического коэффициента 

вязкости агаровой гели от приложенного механического напряжения в геометрии сдвиговой деформации. Ниже предела прочности 
геля мгновенный модуль почти не меняется, а высокоэластичный модуль слабо увеличивается с ростом напряжения, а при 
напряжениях выше предела прочности обе величины уменьшаются с ростом напряжения. Приводится качественное объяснение 
полученных результатов. 
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ПАЙЛАНМА ЯМСАЛЫ ВАЩИДДЯН БЮЙЦК ОЛДУГДА ЙЕНИ ЦСУЛЛА ДЦЗЯЛДИЛМИШ 
ХЯЛИТЯНИН БАШЛАНЬЫЪЫНЫН ГИДАЛАНДЫРЫЪЫНЫН БАШЛАНЬЫЪЫ ЭЮТЦРМЯКЛЯ 

БЯРК МЯЩЛУЛ МОНОКРИСТАЛЛАРЫНЫН АЛЫНМАСЫ 
 

В.И. ТАЩИРОВ 
Бакы Дювлят Университети, Bakı, Az-1145, Z. Xəlilov. 23 

 

З.Я. АЬАМАЛЫЙЕВ, З.Й. ЩЯСЯНОВ 
АМЕА Физика Институту, AZ 1143, Bakы, H. Cavid pr., 33 

 

Я.Ф. ГУЛИЙЕВ, Н.Ф. ГЯЩРЯМАНОВ 
Сумгайыт Дювлят Унивеситети 

 
Ишдя эюстярилмишдир ки, йени цсулла алынмыш бинар бярк мящлул хялитясинин, икинъи компонентин биринъидя пайланма ямсалы ващиддян 

бюйцк (k>1) олдугда, башланьыъыны гидаландырыъынын башланьыъы кими истифадя етмякля бярк мящлулун сабит тяркибли монокристалларыны 
йетишдирмяк мцмкцндцр. Бу заман гидаландырыъынын вя кристалын йердяйишмя сцрятляри бир-бириня бярабяр сечилмялидир. Бelяliklя, Эе-Б 
бинар системи цчцн (k=17) кясилмязлик тянлийинин щяллиндян истифадя едиляrяk германиумун борла ашгарланмыш сабит тяркибли монокристал-
лары йетишдирилмишдир. 

 
Бинар бярк мящлулларын монокристалларыны йетишдирмяк 

цчцн, адятян, гидаландырыъы хялитядян истифадя олунур. Биз 
[1]-дя  бу мягсяд цчцн йарарлы олан йени цсулла алынмыш 

хялитя бойунъа тяркиб пайланмасынын ашаьыдакы кими ол-
дуьуну эюстярмишик: 
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Бурада C0 - хялитядя икинъи компонентин орта консен-

трасийасы, k- онун пайланма ямсалы, L- хялитянин узунлуьу, 
l- яримиш зонанын ени, ν- онун йердяйишмя сцряти, t- заман-
дыр. 

Гаты бинар бярк мящлулларын монокристалларыны алмаq 
цчцн k>1 олдугда бу ъцр хялитянин сонуну, k<1 олдугда – 
башланьыъыны гидаландырманын башланьыъы кими истифадя 
етмяк лазымдыр. Чцнки, бу щалда кристаллашма ъябщясиндя 
баш верян ифрат сойуманын гаршысыны алмаг мцмкцн олур. 
Бунунла беля, бир сыра щалларда бинар бярк мящлул моно-
кристалларынын алынмасында йени цсулла алынмыш хялитянин 
башланьыъыны k>1 щалында гидаландырыъынын башланьыъы кими 
сечмякля дя уьурлу нятиъяляр алмаг олар. Бу, кристаллашма 
ъябщясиндя ифрат сойуманын нязяря алынмайаъаг дяряъядя 
кичик олдуьу тяркиблярдя мцмкцндцр. Зяиф бярк мящлул-
ларда доьрудан да бу ъцр имкан йараныр. Яэяр йада сал-
саг ки, мясялян, йарымкечириъи монокристалларын ашгарлан-
масы мящз зяиф бярк мящлулларын монокристалларынын алын-

масы демякдир, онда бу вариантын щяйата кечирилмясинин 
ня гядяр актуал олдуьу айдын эюрцняр. Она эюря дя биз 
щазырки ишдя щямин варианы арашдыраъаьыг. (1) пайланмасы-
нын биринъи вя икинъи сятириня уйьун олараг просеси ики мяр-
щялядя щяйата кечиряъяйик. 

Гидаландырыъыйа, йетишдирилян кристала, вя кясик конус 
шякилли путадакы яринтийя аид олан параметрляри уйьун ола-
раг 1,2 вя 3 индексляри иля эюстяряъяйик. 

Биринъи мярщялядя кристаллашма режимини бу шяртляря 
уйьун сечяъяйик: 
 
                vvvSSS ==== 2121 ,                     (2) 

 
S1, S2 - хялитянин вя кристалын ен кясийинин сащяси, ν1 вя ν2 

- онларын йердяйишмя сцрятляридир. 
Биринъи мярщялядя уйьун щяъмляр вя онларын тюрямяляри 

беля олар: 
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Бурада ващид заманда гидаландырыъыдан яринтийя дахил 

олан маддянин мигдары щямин мцддятдя путадакы ярин-
тидян кристаллашмайа сярф олунан маддянин мигдарына 
бярабярдир. Она эюря яринтинин сятщинин сявиййяси дяйишмяз 

галыр (ν3=0). 
Кясилмязлик тянлийиндяки P вя Q параметрляринин ифадя-

лярини йазаг [2]: 
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Икинъи компонентин консентрасийасы цчцн кясилмязлик тянлийинин щяллини йазаг [2]: 
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A4 - интеграллама сабитидир. Онун гиймятини башланьыъ 

шяртдян истифадя етмякля тапаъаьыг. 
Бурада башланьыъ шяртин сечилмясинин мцхтялиф вариан-

тлары ола биляр. Анъаг щялялик биз башланьыъ шярти еля сечяъяй-
ик ки, просесин башланьыъында путадакы яринтидя икинъи ком-
понентин консентрасийасы сыфра бярабяр олсун: 
 
                                       0=t  -да ( ) 003 =C          (6) 

 
Бу шярт дахилиндя (5)-дян аларыг: 
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Бурадан: 
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A4-цн гиймятини (5)-дя йериня йазаг: 
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Кристал бойунъа икинъи компонентин консентрасийасынын пайланмасы ися беля олар: 
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Йени цсулла алынмыш гидаландырыъынын сон l узунлуьунда 

икинъи компонентин консентрасийасынын пайланма гануну 
башга ъцр олур. Она эюря бу щисся цчцн кясилмязлик тянлийи-
ни йенидян щялл етмяк лазымдыр. Доьрудур, гидаландырыъы-
нын сон l узунлуьунун тяйинаты башгадыр вя ондан практики 
олараг кристал йетишдирмяк цчцн истифадя олунмур. Бунунла 

беля l-ин кифайят гядяр бюйцк гиймятляриндя онун мцяййян 
щиссясиндян кристал йетишдирмя просесиндя истифадя етмяк 
олар. Она эюря биз бурада икинъи мярщяляйя дя бахаъаьыг. 

Йеня дя: 
 

                vvvSSS ==== 2121 ,                   (10) 
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эютцряъяйик.  
Щяъмлярин йени ифадялярини йазаг: 
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( ) ( )( ) ( )00 32133

1122

1111

VtVtVVtV
ttSvtVtV
ttSvtVtV

=−η+=
−+=
−+=

              (11) 

 

Щяъмлярин замана эюря биринъи тяртиб тюрямяляри ися бе-
ля олар: 
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P вя Q параметрлярини дя йазаг: 

 

                                           

( ) ( )

( ) ( ) ( ) ( )
1

1

11

3

0

3

11
0

0

tt
l

ttvl
l

kvtk
V

SvCtQ

V
kSvtP

k

≥⎟
⎠
⎞

⎜
⎝
⎛ −−

⎭
⎬
⎫

⎩
⎨
⎧

⎟
⎠
⎞

⎜
⎝
⎛−−−=

=

−

,exp

                            (13) 

 
Икинъи мярщяля цчцн кясилмязлик тянлийинин щяллини тапаг: 
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k-нын ихтийари там гиймяти цчцн сонунъу интегралы аналитик 
шякилдя ифадя етмяк мцмкцн дейил. Лакин биз тягриби ще-
сабламадан истифадя етмякля k>1 олан цмуми щал цчцн 

интегралы щесаблайаъаьыг. Бунун цчцн интегралалты ифадядя 
бязи дяйишикликляр апараг: 
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Бурада икинъи щядд 0-дан башлайараг ващидя гядяр 

дяйишир, бу дяйишмя интервалынын башланьыъында 
( )

11 <<
−
l

ttv
 олур. Биз (15)-и мящз бу башланьыъ интервалы  

цчцн йаздыг. Яслиндя, практики олараг, онун йалныз баш-
ланьыъ интервалындан истифадя етмяк олар. (15)-и (14)-дя исти-
фадя едяк. Юзц дя интегралы (J4) айрыъа щялл едиб сонра йери-
ня йазаг: 
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4J -ц (14)-дя йериня йазаг: 
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4A  интеграллама сабитини тапмаг цчцн икнъи мярщяля-

нин башланьыъыны биринъи мярщялянин сону иля цст-цстя сал-

маг лазымдыр. Бу о демякдир ки, t=t1 анында (17) вя (8) бир 
бириня бярабяр олмалыдыр. Бу шярти йазаг. 
t=t1-дя (17)-дян: 
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аларыг. Сон ики бярабярлийин саь тяряфлярини бярабярляшдиряк: 
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Бурадан 4A -ц тапарыг: 
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4A -цн бу гиймятини (17)-дя йериня йазмаг лазымдыр. 

Икинъи мярщялядя кристал бойунъа пайланма бяля олаъаг: 
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A4-цн (18) ифадясини бурада йериня йазмаг лазымдыр. Бцтцн 
кристал бойунъа икинъи компонентин консентрасийасынын 

дяйишмя ганунуну алмаг цчцн (9)-иля (19)-ы бирляшдирмяк 
лазымдыр: 
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4A -цн (18) ифадясини бурада йериня йазмаг лазымдыр. 

Гейд едяк ки,  бурада биз биринъи мярщяля цчцн C2(t)-
нин кристал бойунъа дяйишмя ганунуну аларкян k-нын гий-
мятиня щеч бир мящдудиййят гоймадыг. О, ващиддян щям 
бюйцк, щям дя кичик ола биляр. Икинъи мярщялядя ися k-нын 
гиймятинин ващиддян бюйцк олмасы шяртини гоймушдуг. Бу 
мящдудиййяти кясилмязлик тянлийиндя иштирак едян интеграл-
ларын аналитик шякилдя ифадя олуна билмяси цчцн гоймушдуг. 
Икинъи мярщяля цчцн диэяр мящдудиййят гидаландырыъыны уй-
ьун щиссясинин йалныз аз бир гисминин истифадя олуна билмяси 
имканындан иряли эялир. 

 

 

Шякил 1. Эе-Б системи цчцн (20)-дян щесабланмыш 
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щясиндя) икинъи компонентин консентрасийасы кичик 
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Икинъи компонентин консентрасийасынын кристал бойу-

нъа дяйишмя сцрятинин неъя олдуьуну мцяййян етмяк цчцн 
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аларыг:
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( )tC2

•

-ни сыфыра бярабяр етмякля яйринин максимумуна уйьун эялян t=tmax-у тапа билярик: 
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Бурадан аларыг: 
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Бурадан t=tmax -у беля аларыг: 

 

       
( )

( )( )
( )

( ) ( )01
0

0
0

3

3

3

3

Vk
VklS

VlSkv
lVtt

−
−

−
== lnmax          (23) 

 

Тяърцби параметрлярин гиймятляри беля сечилмишдир: l=18mm, 
V3(0)=900mm3

, r=4mm, S=πr2=50,24mm2, 
saat
mm2v = , 

k=17(борун Эе-да пайланма ямсалы).  
(23)-дян maxt -ун ядяди гиймятини тапаг: 
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( )tC2

•

-нин кристал бойунъа дяйишмяси шякил 2-дя эюстя-

рилмишдир. Эюрцндцйц кими, ( )
0

2

C
tC

•

 башланьыъда ян бюйцк 

гиймятя маликдир, сонра о, тядриъян азалараг tmax-да сыфыр-

дан кечир, ишарясини дяйишир, минимум гиймятдян кечяряк, 
йенидян сыфыра йахынлашыр. Сонунъу гиймят t=t1 анына гядяр 
давам едир. 

Икинъи мярщялядя (йяни t>t1 олдугда) ( )tC
•
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Икинъи мярщяля цчцн ( )tC2

•

 мянфи гиймят алыр вя криста-
лын сонуна йахынлашдыгъа сыфыра йахынлашыр (тяърцбядя 

алынмасы мцмкцн олмайан щисся гырыг хятля верилмишдир).
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OBTAINING OF BINARY SOLID SOLUTION SINGLE CRYSTALS USING THE BEGINNING OF THE  

FEEDING INGOT AS REPLENISHMENT BEGINNING AT K>1 BY NEW METHOD  
 

Binary solid solutions single crystals with permanent content distribution have been grown using ingots made by new method and trun-
cated cone crucible. When second component distribution coefficient is more than unit the end of the ingot is taken as the beginning of the 
feeding ingot. The velocities of replacement of the feeding ingot and the grown crystal are taken the same.  

The method applied to Ge-B binary system. 
 

В.И. Тагиров, З.А. Агамалыев, З.Й. Гасанов, А.Ф. Гулиев, Н.Ф. Гахраманов 
 

ПОЛУЧЕНИЕ БИНАРНЫХ ТВЁРДЫХ РАСТВОРОВ МОНОКРИСТАЛЛОВ ИСПОЛЬЗОВАНИЕМ  
НАЧАЛА НОВЫМ МЕТОДОМ ПОЛУЧЕННОГО ПОДПИТЫВАЮЩЕГО СЛИТКА КАК НАЧАЛА  

ПОДПИТКИ ПРИ k>1 
 

В работе решением уравнения непрерывности показано, что использованием начала слитка, полученного новым методом, когда 
коэффициент распределения  второго компонента больше единицы, можно получать монокристаллы бинарных твёрдых растворов 
с постоянным составом.  При этом скорости перемещения подпитки и монокристалла нужно выбирать одинаковыми. 

Таким образом, получены монокристаллы германия, легированные бором (k=17) с различными постоянными концентра-
циями. 
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THE CURRENTS, LIMITED BY THE SPACE CHARGES IN  

CHALCOGENIDE VITREOUS SEMICONDUCTORS OF Se95As5 SYSTEM, CONTAINING 
THE SAMARIUM IMPURITIES 

 
A.I. ISAYEV, S.I. MEKHTIYEVA, N.Z. JALILOV, R.I. ALEKPEROV, V.Z. ZEYNALOV 

Physics Institute of Azerbaijan National Academy of Sciences,  
Az-1143, Baku, Javid str. 33 

 
It is established, that transition of charge (holes) carriers transfer in Al-Se95As5-Te structure is carried out by the current mechanism of 

monopolar injection, limited by the space charges at the participation of two groups of shallow traps (shallow Et1), corresponding to charged 
intrinsic defects C1, caused by selenium broken bonds and deep (Et2), corresponding also to charged intrinsic defects P2

-, created by arsenic 
atoms with the broken coordination. It is shown that samarium impurities strongly influence on the mechanism of current-going and on the 
parameters of shallow traps (energy state and concentration); in which connection mainly influence on the deep traps. 

  
Such peculiarities of chalcogenide vitreous 

semiconductors (CVS), as structure change and electric 
properties under the light action, in particular, the change of 
index of light refraction, optical absorption edge, and also the 
appearance of unpaired spins, which are registered by the 
electron spin resonance, photoluminescence with Stokes 
shift, fatigue and etc. make the given materials perspective 
for the use in the different electric switches, storage devices, 
infrared technique, and also in the different acousto-optic 
devices [1-3]. CVS of Se95As5 system differs by the 
crystallization stability [4] and has the improved parameters 
of the electric charge transition at the introduction of halogen 
impurity (Cl, Br), and also high photosensitivity [5-6], that 
makes given CVS more attractive material. 

The states, caused by the 4f states of rare earth element 
ions, form at the use of rare earth elements (REE) in the 
capacity of the impurities in the forbidden band CVS and in 
this case the optic width of the forbidden band CVS will be 
covered on the energy at most possible transition number, 
allowed for REE ion (Sm), that leads to the essential change 
of its optic, photoelectric and electric properties [7-10]. For 
the understanding of electron process mechanisms, which are 
responsible for above mentioned peculiarities it is necessary 
to define the energy spectrums of localized states in the 
forbidden band, for which the current investigation, limited 
by space charges (CLSC) is the one from the certain methods, 
to which the given work is dedicated.   

 
The experiment and sampling techniques 
 

The CVS synthesis of Se95As5 with samarium impurity is 
carried out by the melting of the corresponding quantities of 
chemical elements of high purity in evacuated quartz 
ampoules up to 10-6 millimeter of mercury at temperatures, 
higher 900°C into rotating stove with the further cooling in 
the mode of out stove. The impurity introduces in the 
synthesis process, its concentration is in the limits 
0,001÷1at%. 

The volt-ampere characteristics (VAC) are measured in 
the stationary mode on the standard technique. The samples 
present themselves structure “sandwich” with aluminic and 
telluric electrodes. The samples for the measurements are 
produced by the method of thermal vacuum evaporation   
~10-6 millimeter of mercury. The film width is measured by 
interferometer method and varied in the range 0,2÷8mcm.  

 VAC of Al-Se95As5-Te structure with samarium impurity 
are investigated at the applying of electric field of both 

polarities. CLSC mode is observed at the application of 
positive potential to Te, and at the reversal polarity VAC of 
N-type is observed. 

 
The results and their discussion 
 
VAC of Al-Se95As5-Te structure with samarium impurity 

at the application of the positive (fig.1a) and negative (fig.1b) 
potentials to Te at room temperature is shown on the fig.1. 
VAC of VAC of Al-amorphous selenium-Te structure is also 
presented on the fig.1a. It is seen, that VAC of the given 
structures at the application of positive potential to Te 
consists in several regions. 

The dependence I~Vn where n≤1 is observed in the most 
samples at small voltages. Further, the dependence I~Vn, 
where n in the different regions of VAC has the different 
values, evidences, that transition of charge carriers (holes) in 
the given structure is carried out by the current mechanism of 
monopolar injection, limited by space charges at the 
participation of shallow traps of charge carriers, is observed. 
The investigation shows, that the voltage, at which the 
nonlinear dependence of current intensity on the voltage 
begins, quadratically depends on the sample width that 
proves the CLSC mechanism embodiment once again. As it 
is shown from the fig.1,a, VAC of amorphous selenium at 
small values of applied voltages with voltage increase is 
obeyed to ohmic law, which transfers to quadratic law, after 
which the current begins to strongly increase with the 
increase of applied voltage, the region, called by “total trap 
filling” is observed [11]. Further this region is replaced by 
another one, in which the current quadratic dependence on 
voltage, I~V2 is observed. Such VAC behavior corresponds to 
CLSC mechanism, controlled by small traps [11]. VAC of 
Al-Se95As5-Te structure differs from VAC of amorphous 
selenium by the fact, that region, corresponding to power 
law, i.e. I~Vn, where n exceeds 2 goes after the region, which 
is obeyed to ohmic law. Further, the region, where I~V2 is 
observed. Finally, the quadratic region is changed by the 
other one, in which VAC slope increases again. The VAC 
peculiarities of Al-Se95As5-Te structures, investigated by us 
prove about the fact, that transition of electric charge in the 
given material is controlled by the two groups of trap centers 
with the depths of occurrence Et1 and Et2, situated in the 
different sides of Fermi level. Simultaneously, voltage 
values, at which the region, corresponding to strong current 
increase, i.e. to the mode, corresponding to limit trap filling is 
observed, shifts to high voltages, that proves about the 
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increase of the concentration of local states, being the 
shallow traps of the main charge carriers. The samarium 
impurities quite complicated influence on VAC forms and on 
the values of voltage transient between different regions. The 
concentration growth of samarium atoms up to 0,005 at% 
leads to gradually reconstruction of VAC form, 

corresponding to CLSC in the amorphous selenium. Further 
the concentration growth of samarium atoms, lead to the fact, 
that VAC becomes the same, as in CVS of Se95As5 system. 
Analogically, the halogen impurities influence on the drift 
mobility of charge carriers that is successfully explained in 
the limits of the model of charged intrinsic defects [5-6]. 

 

 
 

Fig.1. Volt-ampere characteristics (VAC) of Al-Se95As5-Te structure with samarium impurity at applied positive (fig.1,a) and negative  
           (fig.1,b) potentials to Te at room temperature.   

 
The influence of chemical composition and samarium 

impurities on the VAC behaviors allows us to say the some 
thoughts about the nature of local states and their energy 
position in the forbidden band relatively to equilibrium 
position of Fermi level, controlling current going in the 
investigated materials. The shallow traps of the charge main 
carriers (holes) in amorphous selenium are small (Et1), i.e. are 
situated below, than value of equilibrium Fermi level. It is 
supposed, that local states, which control VAC in amorphous 
selenium are connected with charged intrinsic defects C1

- , 
caused by broken selenium bonds. It is supposed, that the 
charged intrinsic defects P-

2, created by arsenic atoms with 
violated coordination exist parallel with defects of C1

- type in 
CVS of Se95As5 system. The existence possibility of such 
defects in CVS, containing arsenic is also informed in the ref 
[12]. According to forms of VAC, the energy state of local 
states, corresponding to given defects should be higher Fermi 
level, i.e. are deep ones.  

At low voltages the holes, injected in Se95As5 system from 
tellurium contact are captured by deep traps (Et2), but the 
conductivity stays ohmic one because of the presence of 
equilibrium holes. The filling of Et2 centers takes place with 
voltage increase and simultaneously the concentration of free 
hole concentration increases and the moment when 
concentration of injected free holes exceeds the concentration 
of equilibrium holes, the current strongly increases with 
voltage increase, i.e. the so-called region of “limit trap 
filling” is observed. After it the current is controlled by the 
Et1 traps, moreover the trap square-law is observed still Fermi 
quazi-level stays higher, than Et1 level. The slope increase of 
VAC on the last region probably is connected with thermo-
field hole emission from trap levels. In the proof of the last 
said the fact evidences, that strong current increase takes 
place at the same values resistance of applied field at the 
inverse polarity of applied field, when CLSC mode isn’t 

observed, that also is connected with field trap emptying 
(fig.1,b). The influence of rare earth element impurities on 
VAC can be explained, if the submissions, developed in the 
model limits of charged intrinsic defects [12] could be 
involved.   

  According to this model, the transition of charge carriers 
in CVS is controlled by U- -centers, presenting themselves the 
charged defects D+ and D-, which form from initial neutral 
defects D0 on the reaction: 

 
                     2D0 → D+ + D- ,                               (1) 
 
Where D+ and D- -centers are traps for electrons and holes. 

It is supposed, that role of C-
1 and P-

2 centers, connected by 
broken centers of selenium and arsenic atoms with violated 
coordination play in our case the role of D- -centers, 
correspondingly. 

The electric neutrality law should be carried out at the 
introduction of positive charged impurity A+ into CVS (it is 
supposed, that samarium mainly reveals in the form of 
positive charged ion Sm+3): 

   
                   [А+] + [D+] = [D-]     .                        (2) 
 
According to the law of mass action, the quantitative 

relation between concentrations of charged centers is 
expressed by the expression: 

 
                 [D+] [D-] =  [D0]2  = const   .              (3) 
 
According (2) and (3), at the introduction of positive 

charged A+ impurity the concentration of D+
--centers should 

decrease, and concentrations of D--centers should increase, 
that should influence on the current-going mechanisms. If we 
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take into consideration that hole transition in CVS of Se95As5 
system is controlled by the local states, connected by D--
centers, then it is possible to explain the changes, taking 
place in VAC at the concentration change of samarium 
atoms. Indeed, the voltages, at which the region, 
corresponding to limit trap filling is observed, shifts to high 
value of applied voltage, that evidences about growth of trap 
concentration of hole shallow at relatively big concentrations 
(0,6 1at%). The influence of samarium impurities on VAC at 
small concentrations doesn’t take place in the limits of the 
model of intrinsic charged defects, i.e. the region, 
corresponding to the filling of deep centers disappears; in the 
result of participation of samarium impurity in VAC, i.e. the 
concentration of deep states decreases. The halogen 
impurities take an effect the same influence on D+ and D--
centers, i.e. halogen impurities in the small concentrations 
decrease the concentrations of intrinsic defects of both signs 
[5-6]. The analogous influence is observed in the present 
paper and probably, is caused by chemical activity of REE 
atoms, which are able to form the chemical compounds with 
selenium and arsenic, in the result of which the concentration 
of initial intrinsic defects decreases, too.  

The some parameters, characterizing the transition of 
electric charge in CVS of Se95As5 system, and also 
parameters of hole shallow traps are defined, using the 
known CLSC theory [11]. 

The film specific resistance is calculated from the ohmic 
region of VAC and using these values, the concentration of 
equilibrium free holes (table) from the formula ρ=(eρ0µ)-1, 
where e is elementary charge and µ is mobility of free 
carriers in the allowed band µ=10cm2/ (V.s.) is estimated. 
Using this formula 

 

           ⎟
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⎞

⎜
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EF

expN v0
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Fermi level in the forbidden band (F0-Ev) (table №1), where 
Nv is effective state density in the valency band, kT is thermal 
energy, is defined. At calculations Nv was equal to 1019cm-3 
[12]. 

The concentration (pt02) of traps, initially disengaged by 
the holes with Et2 energy is calculated from the equation: 
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and is presented in the table №1, where VFCT is voltage, at 
which the region of total filling of Et2 traps begins. As it is 
seen from the table pt02>>p0. As it was mentioned above, the 
deep levels in the investigated materials are connected with 
D-(P-

2). Taking into consideration the concentration of P-
2-

centers (Nt2) in 1016 cm-3 order [18], on the formula 
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The energy position of Et2 level (table №1) is calculated. 

GA is the coefficient of spin degeneration of Et2 level in the 
formula (6). It is considered, that gA=2. 

  Taking into consideration, that Fermi quazi-level for the 
holes (F) coincides with Et1 with accuracy up to kT on the 
region, where trap quadratic law (TQL) begins, the energy 
position of Et1 level, where PFCT is concentration of free 
holes, injected into the sample at the voltage, corresponding 
to beginning of TQL (VFCT) regions, is estimated. 

 

             Еt1 – F0 
FCT

V
V p

NkTEF ln=−≈               (7) 

The FCTρ  values are calculated from the formula: 
 

                       VFCT =  
ε

2LepFCT .                            (8) 

 
The estimation results of Et1 also are presented in the 

table №1.  
 
                                                                           Table №1 

 F0-EV,eV Pt02, Sm-3 Et2,eV Et1,eV 

Se 0,7        -     - 0,26 
Se95As5 0,79 4,256 ×1014 0,856 0,23 
Se95As5Sm0.001 0,8 5,9×1014 0,847 0,23 
Se95As5Sm0.005 0,75        - 0,875  
Se95As5Sm0.01 0,78        - 0,887  
Se95As5Sm0.1 0,79 1,22×1014 0,89  
Se95As5Sm0.6 0,8 3,33×1014 0,859 0,24 
Se95As5 Sm1 0,8 4,34×1014 0,86 0,21 

As it is seen from the table the energy state of 1tΕ level 
corresponds to the activation energy of the hole drift mobility 
in the amorphous selenium, that also evidences about the 
connection of the given states with the charged intrinsic 
defects C1

-, caused by the broken selenium bonds. This fact 
allows to accept the value 1019 cm-3 [12], which corresponds 
to the density of localized states, controlling the hole drift 
mobility for center concentrations with energy ( )1t1t NΕ . 

 
Conclusion 
 
In the result of the carried investigations it is established, 

that transition of charge carriers (holes) in Al-Se95As5-Te 
structure is carried out by the mechanism of currents of 
monopolar injection, limited by space charges at the 
participation of two group of shallow traps (small 1tΕ ), 

corresponding to charged eigen defects −
1C , caused by the 

broken selenium bonds and deep (Et2), corresponding to 
charged eigen defects P2

-, formed by arsenic atoms with 
violated coordination. It is shown that samarium impurities 
strongly influence on the mechanism of current going and on 
the parameters of shallow traps (energy state and 
concentration); moreover, mainly influence on deep traps, 
connected by charged intrinsic defects P2

-, formed by arsenic 
atoms with violated coordination. The small content of Sm 
impurity (till 0,01 at%) increases their energy deep, 
decreasing the concentration of deep traps, and big 
concentrations of the given impurities (more than 0,01 at%) 
decrease their energy deep, increasing the concentrations of 
these traps. The behavior of Sm impurity in small 
concentrations is explained by chemical activity of REE, 
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which are able to form the chemical compounds with 
selenium and arsenic, in the result of which the concentration 
of initial intrinsic defects decreases. The behavior of 
samarium impurity in big concentrations takes place 
according to the model of charged intrinsic defects [12], i.e. if 

it is taken into consideration, that samarium impurities 
mainly reveal in the form of positively charged ions, then in 
the result of their presence the concentration of U--centers 
should change: concentration of D+-centers decreases, and D-

-centers increases, that indeed is observed in experiments.
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TƏRKİBİNDƏ  SAMARİUM  AŞQARI  OLAN  Se95As5- ŞÜŞƏVARİ HALKOGENİD YARIMKEÇİRİCİ 

SİSTEMLƏRİNDƏ FƏZA YÜKLƏRİ İLƏ MƏHDUDLANMIŞ CƏRƏYANLAR 
                        

Müəyyən olunmuşdur ki, Al-Se95As5-Te strukturunda yükdaşınması iki qrup zəptetmə tələsinin iştirakı olduqda (qırılmış selen rabitələri 
ilə bağlı olan  С1

- məxsusi yüklü defektlərə uyğun gələn dayaz (Еt1) və arsen atomları tərəfindən yaradılan -Р2
- məxsusi yüklü defektlərə 

uyğun gələn dərin (Еt2)) fəza yükləri ilə məhdudlanmış monopolyar injeksiya cərəyanları ilə baş verir. Göstərilmişdir ki, samarium aşqarları 
cərəyanın keçmə mexanizminə və zəptetmə tələsinin parametrlərinə (energetik vəziyyəti və konsentrasiyası) nəzərə çarpan səviyyədə təsir 
göstərir. Lakin qeyd olunmuşdur ki, samarium aşqarları əsasən arsen atomları ilə yaradılan -Р2

- məxsusi yüklü defektlərlə bağlı olan dərin 
zəptetmə tələlərinə təsir edir. 

 
А.И. Исаев, С.И. Мехтиева, Н.З. Джалилов, Р.И. Алекперов, В.З. Зейналов 

 
ТОКИ, ОГРАНИЧЕННЫЕ  ПРОСТРАНСТВЕННЫМИ  ЗАРЯДАМИ 

В ХАЛЬКОГЕНИДНЫХ CТЕКЛООБРАЗНЫХ ПОЛУПРОВОДНИКАХ  СИСТЕМЫ Se95As5 ,  
СОДЕРЖАЩИЕ ПРИМЕСИ САМАРИЯ 

 
Установлено, что перенос носителей заряда (дырок) в структуре Al-Se95As5–Te осуществляется по механизму токов 

монополярной инжекции, ограниченных пространственными зарядами, при участии двух групп ловушек захвата (мелкие Еt1, 
соответствующие заряженным собственным дефектам С1

-, обусловленные оборванными связями селена и глубокие Еt2,  
соответствующие также заряженным собственным дефектам Р2

-, создаваемыми атомами мышьяка с нарушенной координацией). 
Показано, что примеси самария сильно влияют на механизм токопрохождения и на параметры ловушек захвата (энергетическое 
положение и концентрация);  в основном,  на глубокие ловушки. 
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THE DOPING INFLUENCE OF NEAR-SURFACE REGIONS OF PHOTOSEMICONDUCTOR 

MICROPARTICLES BY ANNEALING IN CHLORINE ATMOSPHERE ON THE 
ELECTROPHOTOGRAPHICAL (EF) PARAMETERS OF TRIGONAL Se LAYERS IN THE 

BONDING SOLUTION 
 

N.I. IBRAGIMOV, V.G. AGAYEV 
Institute of Physics of NAS of Azerbaijan 

Az 1143, Baku, H.Javid av., 33 
The introduction of chlorine impurity in the near-surface region of microparticles (≃15mcm) of trigonal Se by diffusion annealing 

increases the integral photosensitivity of EF layers.   
 
The electrophotography (EPh), for the development of 

which the perfection necessity of existing and the search of 
new materials, useful for the photoreceptor formation 
appears, is the one of operative methods of information 
recording and duplication. Moreover, the change possibility 
of their properties purposefulnessly is considered of no small 
importance one.  

Nowadays, the amorphous Se and its alloys, 
chalcogenides and organic semiconductors, multi-layer 
composition structures and etc are widely used. The use of 
amorphous Se is caused by correspondence of its 
photoelectric properties to demands of Eph process. Besides, 
Se is manufacturable, comparatively easily comes to 
purification, doping and it is relatively inexpensive one. 

EPh layers on the base of amorphous Se have the high 
photosensitivity (Sint≃0,8(Lk⋅s)-1) in the visible region of 
spectrum, well charge up to initial potential U0≃600 V, have 
the long duration of dark half-decay of surface potential τ1/2. 
However, they have the significant disadvantage: they 
crystallize under the influence of many factors and fail in the 
result of exploitation and storage. Moreover, the technology 
of their manufacture is complex, requires the vacuum 
equipment, high temperatures, big power imputs. EPh layers 
on the base of trigonal Se in the bonding solution are stable 
on the structure, have enough high photosensitivity 
(Sint≃0,4(Lk⋅s)-1), the complex and power-consuming 
equipment isn’t required for their manufacture. 

Se by SF-17 type, which is treated by thermal processing 
in the extracted quartz ampoules at 700 during 3 hours with 
the further quick cooling up to 250°C in the flowing water, is 
the initial material. At such thermal processing in Se the 
initial molecular and submolecular structure (thermal 
prehistory) destroys and the stabilized new one, which 
corresponds to the given conditions of thermal processing 
forms [1]. Moreover, at such thermal processing the chemical 
oxygen fixation and other impurities and their transition into 
electro-inactive state take place [2].  

Se, obtained by such way, crystallizes at 210°C during 40 
hours. The measurements show, that trigonal Se has the dark 
conductivity ≃10-7(Om⋅cm)-1. This trigonal Se is crushed in a 
ball mill up to average size of particles ≃15 mcm, is filled up 
into quartz ampoules, in which the gaseous chlorine is filled 
with the help of a la carte tap after degassing (ρ≃10-2Pa).  

The pure chlorine is obtained by the way of interaction of 
MnO2 with HCl [3]. The chlorine pressure in ampoules varies 
in the interval 5⋅103÷105 Pa. After chlorine filling the trigonal 

Se is treated to diffusion annealing at Ttr=90÷170°C during 
0,5÷5 hours. In the result of such thermal processing the 
chlorine molecules diffuse in the near-surface region of 
trigonal Se particles up to depth ≃1mcm, i.e. in fact that 
region of photosemiconductor dopes, where the light 
quantum can penetrate at exposure of EPh layer.  

The solvent (ЕТОН)and the bonding solution 
(polivinilbutiral of ПШ type) are added to obtained by such 
way powder of trigonal Se with chlorine impurity and after 
combined dispersion the emulsion is marked on the 
aluminum substrate (foil by width 150 mcm) by method of 
swimming roll. The substrate preliminary is degreased, 
dipped in 10% solution of КОН, thoroughly washed and 
conserved in acetone up to emulsion marking. 

The width of manufactured EPh layers is 20÷30 mcm in 
the dependence on the relation trigonal Se – bonding 
solution. Further, EPh layers are dried in the common 
conditions during the day. 

Their main EPh parameters are measured on the 
ectrometric installation with vibrating electrode near layer 
surface. The charging of EPh layers is carried out in the 
corona discharge. The light characteristics are measured by 
exposure through shutter with the use of lamp glowing and 
neutral color filters after dark adaptation of EPh layers during 
15 minutes. 

The newly-made EPh layers from the trigonal Se, 
annealed in chlorine atmosphere in bonding solution charge 
only up to initial potential U0≃ 100 V, have the duration of 
dark half-decay of surface potential τ1/2≃15c and integral 
photosensitivity Sint≃0,04(Lk⋅s)-1. The essential improvement 
of all parameters of the same layers after drying at 
Td=70÷150°C with further slow cooling is observed. Thus, 
Sint increases almost in 10 times at Td≃120÷150°C. The 
improvement of other parameters is observed. The obtained 
results are tabulated in the table, from which it is seen, that 
powder annealing of trigonal Se in chlorine atmosphere 
(PCl=5⋅103÷105Pa) essentially influences on the parameters of 
EPh layers.  

The further growth Td>150°C leads to the parameter 
degradation and thus, the drying at Td≃120÷150°C is 
necessary for the formation of optimal sizes. The parameter 
degradation of EPh layers at Td>150°C is probably caused 
both by penetration of chlorine impurity deep into particles of 
trigonal Se and beginning of thermo-destruction process of 
bonding solution.  
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The introduction of chlorine impurity into trigonal Se is 
caused by the fact, that chlorine increases the dark 
conductivity of photosemiconductor on several orders. 
Situating on the edges of Se chains, the chlorine molecules 
decrease the height of potential barriers and promote to 
mobility of current carriers. Simultaneously with it both 
acceptor impurity and the chlorine increase the carrier 
concentrations. The photosensitivity of trigonal Se increases 
because of the given reasons. However, the growth of dark 
conductivity of photosemiconductor strongly decreases the 
charge quantity of EPh layer. The chlorine impurity makes 
degradation the dark characteristics, improving the light ones. 
Thus, it is necessary to introduce the impurity so, that it can 
wrap up the surface layer of particles of trigonal Se up to the 
depth of light penetration at exposure (≃1 mcm at λ≲0,7 
mcm). The impurity shouldn’t penetrate into internal regions 

of powder particles in order the conductivity of main mass of 
trigonal Se stays low one. Only at that case the slow 
relaxation of surface charge in the darkness will be promoted. 
The diffusion annealing of powder of trigonal Se in chlorine 
atmosphere is carried out especially with realization aim of 
such situation.  

From the table it is seen, that the parameter improvement 
of EPh layers is observed with the increase of annealing time 
ttr up to 1 hour. At the further increase ttr their degradation is 
observed, i.e. the annealing during ttr≃ during 1 hour is 
optimal one. 

The result analysis (see table) allows us to confirm that 
annealing of photosemiconductor microparticles in chlorine 
atmosphere at the given Ttr and ttr promotes the increase of 
integral photosensitivity of EPh layers of trigonal Se in 
bonding solution.  
 

                                                                                                                                                                             Table 
 Ttr, h Sint, (Lk · s)-1 U0, V τ1/2, s 

 
PCl2, 
Pa   

 ttr, h    
 
Ttr,°C   

 
0,5 

 

 
1 

 
2 

 
3 

 
5 

 
0,5 

 

 
1 

 
2 

 
3 

 
5 

 
0,5 

 

 
1 

 
2 

 
3 

 
5 

 
 
5 · 103 

90  0,23 0,21 0,24 0,26 0,27 293 288 282 262 251 41 40 38 37 36 
120  0,23 0,25 0,31 0,34 0,37 290 286 272 254 244 39 38 37 36 34 
135  0,24 0,28 0,33 0,35 0,38 284 274 266 248 235 38 36 35 34 33 
150  0,25 0,31 0,34 0,37 0,39 275 265 262 242 232 36 34 32 29 28 
170  0,25 0,30 0,33 0,35 0,38 270 262 258 240 228 34 31 28 26 25 

 
104 

90  0,24 0,24 0,27 0,29 0,31 292 288 278 256 246 41 39 37 36 36 
120  0,25 0,30 0,37 0,40 0,41 285 280 272 250 238 39 37 36 34 33 
135  0,26 0,32 0,38 0,41 0,42 280 272 265 244 232 37 35 34 33 32 
150  0,27 0,37 0,40 0,42 0,43 275 264 258 240 228 36 34 32 30 30 
170  0,28 0,35 0,38 0,43 0,43 268 260 255 235 224 33 30 28 26 25 

 
 
5 · 104 

90  0,25 0,28 0,28 0,31 0,32 290 285 274 250 236 40 38 37 36 36 
120  0,26 0,32 0,38 0,40 0,44 282 278 265 242 230 38 37 35 33 32 
135  0,28 0,34 0,40 0,42 0,45 276 270 258 235 224 36 35 34 32 32 
150  0,32 0,43 0,50 0,50 0,49 270 264 254 231 220 35 34 33 31 30 
170  0,33 0,44 0,48 0,47 0,47 260 258 250 226 216 32 28 26 25 24 

 
 

105 

90  0,26 0,27 0,27 0,30 0,30 288 280 270 246 230 39 37 34 31 28 
120  0,27 0,31 0,36 0,40 0,42 282 274 263 238 225 37 35 31 29 28 
135  0,28 0,34 0,40 0,41 0,44 275 266 256 232 217 35 32 29 27 26 
150  0,34 0,45 0,47 0,44 0,47 265 253 248 228 213 32 30 26 22 21 
170  0,35 0,42 0,45 0,41 0,40 258 256 246 224 210 30 28 24 20 19 

 
[1] N.I. Ibragimov. Nekotoriye çàêîíîìåðíîñòè ôîðìèðî-

âàíèya ñòðóêòóðû è ñâîéñòâ ñåëåíà. Àçÿðáàéúàí  Ðåñ-
ïóáëèêàñûíûí  Ïðåçèäåíòè  Ù.ß. ßëèéåâèí  80-èëëèê éóáè-
ëåéèíÿ ùÿñð îëóíìóø åòìè êîíôðàíñûí ìàòåðèàëëàðû. ÕÕÛ 
ÉÍÅ, Áàêû, 2003, ñ.15. 

[2] G.B. Abdullayev, N.I. Ibragimov, Sh. V. Mamedov. 
Phys. Selenium and Tellurium, Pergamon Press, 1969, 
p.321. 

[3] Á.Ì. Yaâîðñêèé, À.À. Äåòëîâ. Ñïðàâîchíèê ïî ôèçèêå, 
Ì., Íàóêà, 1985, ñ. 512. (in Russian). 
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ФОТОЙАРЫМКЕЧИРИЖИНИН МИКРОЗЯРРЯЖИКЛЯРИНИН СЯТЩЯ ЙАХЫН ОБЛАСТЫНЫН ХЛОР 

АТМОСФЕРИНДЯ ТЕРМИК ИШЛЯМЯКЛЯ ЛЕГИРЯ ЕДИЛМЯСИНИН ТРИГОНАЛ Се-НИН 
ЯЛАГЯЛЯНДИРИЖИДЯ ЕФ ЛАЙЛАРЫНЫН ПАРАМЕТРЛЯРИНЯ ТЯСИРИ 

 

Тригонал Се-нин микрозярряжикляринин (≃15 мкм) сятщя йахын областынын хлорла ашгарланмасы ЕФ лайларын интеграл фотощяссаслыьыны артырыр. 
 

Н.И. Ибрагимов,  В.Г. Агаев 
 

ВЛИЯНИЕ ЛЕГИРОВАНИЯ ПРИПОВЕРХНОСТНЫХ ОБЛАСТЕЙ МИКРОЧАСТИЧЕК 
ФОТОПОЛУПРОВОДНИКА ОТЖИГОМ В АТМОСФЕРЕ ХЛОРА НА ЭЛЕКТРОФОТОГРАФИЧЕСКИЕ (EF) 

ПАРАМЕТРЫ СЛОЁВ ТРИГОНАЛЬНОГО Se В СВЯЗУЮЩЕМ 
 

Введение  примеси  хлора  в  приповерхностную область микрочастичек (≃ 15 мкм) тригонального Se диффузионным отжигом 
увеличивает интеграль-ную светочувствительность EF слоёв. 
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THE INFLUENCE OF TEMPERATURE –TIME CRYSTALLIZATION MODE ON THE 

MECHANICAL STRENGTH AND ON THE STRUCTURE OF POLYMERIC MAGNETIC 
NANO-COMPOSITES ON PVDF+Fe3O4 BASIS 

 
P.B. AGAKISHIYEVA, S.A. ABBASOV, R.A. ALI-ZADE 

Institute of Physics of NASA, 
AZ-1143 Baku, Azerbaijan, H. Javid ave. , 33 

 
M.A. RAMAZANOV 
Baku State University 

Baku, Az 1145, Z.Khalilov str.23 
 
The investigation results of the influence of temperature-time crystallization mode on the microstructure and on the strength properties 

of compositions on PVDF+Fe3O4 base are described in the given work. It is shown, that increase of mechanical strength of nano-composition 
samples, obtained in the modes of slow cooling is connected with increase of interphase interaction of composition components, and increase 
of nano-particle sizes is connected with increase of coagulation probability of Fe3O4 particles.  

 
Last time the magnetic nano-structures are successfully 

used for the high-density magnetic record of information, 
pigmentation, in the micro-wave coverings, at magnetic 
cooling and other technique spheres. 

The nano-composite properties are defined by the 
chemical nature of polymeric matrix, structure of interfaces, 
the part of which is too large in nano-composites, and also by 
the interaction between nano-particles and polymer matrix. 
The temperature-time mode of polymer crystallization 
changes the physical structure of the polymeric matrix and 
interphase interactions between composite components that 
leads to the change of the composition strength properties   
[1-5].  

The investigation results of the influence of temperature-
time crystallization mode on the microstructure and strength 
properties of compositions on PVDF+Fe3O4 base are 
described in the given work. The magnetic polymeric nano-
composites are obtained by the following way. The Fe3O4 
nano-particles are added to the PVDF solution in 
dimetilformamid. The nano-particle size is 4-10nm. The 
mixture is mixed at the temperature 343K up to the emulsion 
formation, the water solution is added and Fe3O4, consisting 
PVDF, is steamed and further is dried in vacuum safe. The 
nano-composite samples are obtained from the compound by 
the method of hot pressing at PVDF melting point under the 
pressure 15MPa during 10 minutes with further cooling up to 
room temperature at various velocities. 

The microstructures of PVDF+Fe3O4 compositions are 
investigated on the scanning atomic force microscope 
(AFM). 

The mechanical strength properties of nano-composition 
samples are defined at temperature 293K. The mechanical 
strength of nano-composition samples, obtained in the modes 
of quick cooling (QC) β=2000grad/min and slow cooling 
(SC) β=4grad/min are studied. It is experimentally 
established, (fig.1) that mechanical strength of PVDF+Fe3O4 
nano-composition, obtained in the mode β=4grad/min bigger, 
than nano-composition samples have obtained in the modes 
β=2000grad/min. It is also shown, that the small increase of 
mechanical strength of PVDF+Fe3O4 nano-composition is 
observed in the dependence on the volume content of Fe3O4 

nano-particles up to 2%v.con., after that the concentration 
increase takes place up to 20%v.con. 

 
Fig.1. The dependence of mechanical strength on the filler  
           volume content, obtained in the different cooling modes.  
           1. β=2000grad/min (QC) 2. β=4grad/min (SQ) 
 
Further increase of nano-particle concentration leads to 

the strong decrease of mechanical strength of this nano-
composition. From the fig.1 it is seen, that change regularity 
of nano-composition mechanical strength on the volume 
content of Fe3O4 is saved for the samples, obtained in the 
modes β=4grad/min and β=2000grad/min. 

By our opinion the small increase of nano-composition 
mechanical strength till 2%v.con. of Fe3O4 concentration is 
connected by the structuring of polymeric matrix. The nano-
particles play the role of crystallization center in them, if 
additions of Fe3O4 are 2%v.con.  

Further decrease of mechanical strength is connected 
with the decrease of the part of polymeric matrix with the 
concentration increase of Fe3O4 nano-particle. The strong 
decrease of nano-composition mechanical strength is higher 
20%v.con. that is connected with destruction of polymeric 
matrix. 

AFM 3D image of region topography of nano-
composition surface PVDF+Fe3O4, obtained in the modes 
β=4grad/min is given on the fig.2. It is seen, that at slow-
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cooled samples the nano-composition relief becomes more 
ordered, than at quick-cooled ones.  

 
a) 

 
b) 
 
Fig.2. AFM 3D topography image of nano-composition surface  
          region PVDF+Fe3O4 a) β=4grad/min. b) β=2000grad/min. 
 
It is known, that crystallinity degree of composite 

materials much increases at slow cooling of polymers and 
composites on their base in the comparison with quick-cooled 
one. The decrease of crystallinity degree in the samples, 
obtained in the mode of quick cooling, probably can be 
connected with small crystal structure. By our opinion, the 
increase of nano-composition mechanical strength of 
PVDF+Fe3O4 samples, obtained in the modes of slow cooling 
is connected by the formation of more ordered structure of 
polymeric matrix and increase of interphase interaction of 
composition components. 

The nano-particle sizes, the distribution topography of 
Fe3O4 nano-particle in polymeric matrix for the samples, 
obtained in the modes β=4grad/min and β=2000grad/min are 
given on the fig.3. AFM investigation of these samples 

shows, that sizes of Fe3O4 nano-particle change with 
crystallization temperature-time mode, i.e. at β=4grad/min is 
21nm, and in the cooling modes β=2000grad/min is 15 nm 
(fig.3). 

 

 
a) 
 
 

 
b) 
 
Fig.3. AFM image of nano-composition surface PVDF+Fe3O4  
           and nano-particle sizes of Fe3O4  
           a) β=4grad/min b) β=2000grad/min. 
 
By our opinion the increase of mechanical strength of 

nano-composition samples, obtained in the modes of slow 
cooling is connected with increase of interphase interaction 
of composition components, and increase of nano-particle 
sizes is connected with increase of coagulation probability of 
Fe3O4 particle. 
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КРИСТАЛЛАШМАНЫН ТЕМПЕРАТУР - ЗАМАН РЕЖИМИНИН ПВДФ+Fe3O4  ЯСАСЫНДА ПОЛИМЕР МАГНИТ 

НАНОКОМПОЗИТЛЯРИНИН МЕХАНИКИ МЮЩКЯМЛИЙИНЯ ВЯ ГУРУЛУШУНА ТЯСИРИ 
 

Бу ишдя кристаллашманын температур - заман режиминин ПВДФ+ Fe3O4 ясасында полимер магнит нанокомпозитляринин механики 
мющкямлийиня вя гурулушуна тясиринин тядгигинин нятиъяляри шярщ олунмушдур. Эюстярилмишдир ки, йаваш сойума режиминдя алынмыш 
нанокомпозит нцмуняляринин механики мющкямлийинин артмасы композитин компонентляри арасында фазаларарасы гаршылыглы тясирин 
артмасы иля ялагядардыр, нанощиссяъиклярин юлчцляринин артмасы ися Fe3O4 щиссяъикляринин коагулйасийа ещтималынын йцксялмяси иля 
ялагядардыр. 

 
М.А. Рамазанов, П.Б. Агакишиева, С.А. Абасов, Р.А. Али-Заде 

 
ВЛИЯНИЕ  ТЕМПЕРАТУРНО-ВРЕМЕННОГО РЕЖИМА КРИСТАЛЛИЗАЦИИ НА МЕХАНИЧЕСКУЮ 
ПРОЧНОСТЬ И НА СТРУКТУРУ ПОЛИМЕРНЫХ МАГНИТНЫХ НАНОКОМПОЗИТОВ НА ОСНОВЕ 

ПВДФ+Fe3O4 
 

В данной работе излагаются результаты исследования влияния температурного временного режима кристаллизации на 
микроструктуру и на прочностные свойства композиций на основе  ПВДФ+Fe3O4. Показано, что увеличение механической 
прочности образцов нанокомпозиций, полученных в режимах медленного охлаждения, связано с увеличением межфазного 
взаимодействия компонентов композиций, а увеличение размеров наночастиц связано с повышением вероятности коагуляции 
частиц  Fe3O4. 
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THE STRUCTURE AND FERROELECTRIC PROPERTIES IN THE SOLID SOLUTIONS 

WITH THE STRUCTURE OF TETRAGONAL TUNGSTEN BRONZE 
 

R.Z. MEKHTIYEVA, A.I. MAMEDOV 
Institute of Physics of NAS of Azerbaijan,  

Baku, Az -1143, H. Javid av., 33, Azerbaijan 
 

The investigation results of solid solution systems K2Ba4Nb10O30-K6Li4Nb6O30 (KBN-KLN) K2Sr4Nb10O30-K6Sr4Nb10O30 (KSN-KLN) 
with the structure of tetragonal tungsten bronze with the aim of revealing of influence of tetragonal position filling on the system structural 
parameters and electrophysical properties, in which the morphotropic phase transitions with the storage of the similar cell symmetry in whole 
interval of solid solution existence of tetragonal-tetragonal type (T-T`), accompanying by the clear anomalies on the concentration 
dependencies of structural and electrophysical parameters are given in the given work. 

 
Introduction   
 

The study of oxide solid solutions with the structure of 
tetragonal tungsten bronze (TTB), ,having the essential 
electrophysical properties (ferro-, antiferro-, ferroelastic and 
others) is presented actual both from scientific point of view, 
that is the order establishments, caused by their complex 
hierarchical construction and practical one, that is the use of 
accompanying structural instabilities of extreme material 
properties. 

The aim of the given work is the revealing influence of 
filling of triangular positions on the system structural 
parameters and electrophysical properties, in which the 
morphotropic phases transitions (MPhT) with the storage of 
similar cell symmetry in the whole interval of solid solution 
existence (SS) of tetragonal-tetragonal type (T-T`), 
accompanying by clear anomalies on the concentration 
dependence of structural and electrophysical parameters in 
double systems of solid solutions with TTB structure [5]. 

 
Experimental part   
  

The samples of TR systems K2Sr4Nb10O30-K6Li4Nb10O30 
(KSN-KLN) and K2Ba4Nb10O30-K6Li4Nb10O30 (KBN-KLN) 
are obtained by the solid-phase synthesis from the 
stoichiometric oxide mixtures or carbonates of corresponding 
elements in two stages (with intermediate grinding) at 
annealing temperature in the interval from 1150 up to 1475K 
and duration from 2 up to 6 hours. The disk samples of high-
density ceramics for the measurement of dielectric and 
piezoelectric parameters (ε33/ε0, tgσ, d31, Kp and QM ) on the 
techniques, described in [6] are prepared by the method of 
hot pressing.  

The symmetry and parameters of elementary cell of the 
samples are defined on the powder roentgenograms 
(diffractometer DRON-3.0, CuKα is filtered radiation). 

 
The results and their discussion  
 

The compounds of solid solutions with TTB structure 
with the limited solubility K6Li4Nb10O30 (80 mol%) [4,5] are 
obtained by addition introductions. The ceramic properties of 
solid solution compounds, which are close to KBN and KSN, 
which aren’t baked in the pure form are investigated. 

The morphotropic phase transitions (MPhT) with the 
storage of the similar cell symmetry in the whole interval of 
TR existence of tetragonal-tetragonal (T-T`) type, 
accompanying by the clear anomalies on the concentration 
dependencies of structural and electrophysical parameters are 
observed in the systems of solid solutions (TR) K2Ba4Nb10O30-

K6Li4Nb10O30 (KBN-KLN) K2Sr4Nb10O30-K6Li4Nb10O30 (KSN-
KLN) with the structure of tetragonal tungsten bronze (TTB), 
also as in the system of solid solutions K2Pb4Nb10O30 – 
Na2Pb4Nb10O30 (KPN-NPN) with TTB structure and rhombic 
symmetry of extreme component (Pl – P`l).  

 
Fig.1. The concentration dependencies of structural parameters  
           in the system of solid solutions K2Ba4Nb10O30-K6Li4Nb10O30. 
 

 
 
Fig.2. The concentration dependencies of electrophysical  
           parameters in the system of solid solutions K2Sr4Nb10O30- 
           K6Li4Nb10O30. 
 
MPhT T-T` in these systems reveals in the anomalous 

behavior of elementary cell parameters: bend in the going of 
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average parameter α ( cac 23 10=α , average cell parameter, 
is equivalent one on the volume with “ideal” [1,2]) in KSN-
KLN system (table), minimum on the curves of parameter 
changes α , c (KBN-KLN system, fig.1); the bend in KSN-
KLN system in the going of average parameter α  is 
accompanied by the clear maximums of dielectric and 
piezoelectric parameters at 70% KLN (fig.2). 

The solid solutions with the structure, which is similar to 
the KLN(T`) structure [7] form in KBN-KLN system (fig.1) in 
the interval 0,7≤χ≤0,8 (χ-KLN), i.e. at the content of three 
and more Li ions on the elementary cell, and at solid 

solutions on KBN(T) basis form at 0≤χ≤0,7. As it is seen, the 
a parameter in the tetragonal phase T almost doesn’t change. 
This can be explained by the fact, that the ion average radius 
in A-position in KBN and KLN almost doesn’t differ (R(K1+) 
– 1,64Å (c.c. 12) and 1,70Å (c.c. 15); R(Ba2+) – 1,6Å (c.c. 12) 
1,72Å (c.c. 15)) [5,7].  

In KSN-KLN system the parameters of elementary cell 
increase with the increase of KLN content (table), as ion 
average radius in A-position in KSN is smaller, than in KLN 
R(Sr2+) – 1,44Å (c.c. 12)) [4,7].  

                                                                                                                                                    

                                                                                                           Table 
Structural parameters of double system of solid solutions K2Sr4Nb10O30-K6Li4Nb10O30.   

 

  
KSN(%) 

KLN(%) Lattice parameters 
a, Å C, Å  a , Å 3 2ca  ac /10  

90 
80 
70 
60 
50 
40 
30 
20 
0 

10 
20 
30 
40 
50 
60 
70 
80 
100 

 12,4864 
12,513 
12,527 

 12,5460 
12,553 
12,566 
12,568 
12,569 

 12,5784 

3,944 
3,942 
3,943 

 3,9531 
3,958 
3,966 
3,965 
3,989 

 3,9796 

12,483 
12,494 
12,507 
12,542 
12,539 
12,557 
12,558 
12,583 

 12,5803 

8,505 
8,513 
8,523 
8,544 
8,543 
8,554 
8,556 
8,574 
8,572 

0,999 
0,996 
0,995 
0,995 
0,997 
0,998 
0,998 
1,004 
1,001 

 

The bent changes of piezomodule d31 and coefficient of 
electromechanical bond Kp go through the maximum on the 
area boundary MPhT; are accompanied by the increase of 
Curie temperature values (530K). The permittivity has the 
maximum on MPhT boundary, to which the compound with 
minimum value of mechanical quality Qm is equal (fig.2).  

In these systems the compound change is accompanied by 
the gradual filling of positions by Li ions in triangular canals 
and observable MPhT, probably, is connected with different 
filling character of these positions: with ordering or shifting 
from polyhedron center with coordination number 9 in the 
one from two incorrect octahedrons, consisting it. 
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R.Z. Mehdiyeva, Ə.İ. Məmmədov 
 

TETRAQONAL-VOLFRAM TUNC STRUKTURLU BƏRK MƏHLULLARIN  
STRUKTURU VƏ SEQNETOELEKTRİK XASSƏLƏRİ 

 

Bu işdə üçbucaq kanalların doldurulmasının tetraqonal-tetraqonal (T-T′) tipli bərk məhlulların bütün mövcud intervalında özəyin vahid 
simmetriyasının saxlanılması ilə morfotrop faza keçidləri müşahidə olunan sistemlərin elektrofiziki xüsusiyyətlərinə və struktur 
parametrlərinə təsirinin öyrənilməsi məqsədilə tetraqonal volfram tunc strukturlu K2Ba4Nb10O30- K6Li4Nb10O30 (KBN-KLN)   K2Sr4Nb10O30- 
K6Li4Nb10O30  (KSN-KLN) bərk məhlulların tədqiqat sistemlərinin nəticələri göstərilmişdir. 

 

Р.З. Мехтиева, А.И. Мамедов  
 

СТРУКТУРА И СЕГНЕТОЭЛЕКТРИЧЕСКИЕ СВОЙСТВА В ТВЕРДЫХ РАСТВОРАХ  
СО СТРУКТУРОЙ ТЕТРАГОНАЛЬНОЙ ВОЛЬФРАМОВОЙ БРОНЗЫ 

 
В данной работе приводятся результаты исследований систем твердых растворов K2Ba4Nb10O30-K6Li4Nb10O30 (KBN-KLN) 

K2Sr4Nb10O30-K6Li4Nb10O30 (KSN-KLN) со структурой тетрагональной вольфрамовой бронзы с целью выяснения влияния заполнения 
треугольных позиций на структурные параметры и электрофизические свойства систем, в которых наблюдаются морфотропные 
фазовые переходы с сохранением одинаковой симметрии ячейки во всем интервале существования твердых растворов, типа 
тетрагональная-тетрагональная (Т-Т'), сопровождающиеся четкими аномалиями на концентрационных зависимостях структурных и 
электрофизических параметров. 
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THE CONCEPTIONS OF THE FRACTAL IN THE PHYSICS OF SUPRAMOLECULAR 

EUTECTICS 
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Az-1143, Baku, F. Agayev str., 14 
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The main statements of the theory of inorganic eutectic systems, evidencing in the proof of the supramolecular conception and taking 
into consideration the interaction of fractal super-assemblies are considered. The experimentally observable geometric samples-fractales are 
given; the nature of interphase interaction of fractal aggregate with matrix is shown. The above mentioned is proved by the example of 
regular eutectic systems of AIVBVI – NiSb type and fractal dendritic structures.  
 

Introduction 
 
The structures, widely used in the technique of eutectic 

alloys, and also eutectic supramolecular conception taking 
into consideration the interaction of inadequate substructures 
and opening the formation mechanisms of supramolecular 
assemblies in boundary layers (“non-autonomous phases”) 
are considered in the given article. The ability of such self-
organizing supramolecular objects to the molecular 
recognition is their main property. The component 
recognition proposes the “complementarity”, i.e. the mutual 
interaction of assembly participants both geometric one and 
on the level of intermolecular bond formation [1-2].   

The structural peculiarities of eutectic nature, i.e. the 
interconnection between phase crystalline structure and phase 
boundary structure and peculiarities of electron structure of 
eutectic components are usually considered for its 
understanding [3-4]. 

The formation of fractal structures in the result of 
evolution of any physico-chemical systems is possible. Their 
formation in the macro- and nanosystems is connected with 
revealing of dissipative self-organization. Many materials, 
including dendritic structures, have fractal dimensionality on 
the different stages of their obtaining [5]. It would be 
interesting to analyze the morphology of known eutectic 
alloys from the point of view of their fractal character with 
the use of fractal aggregate conception once again. There are 
enough such objects in the capacity of examples. 

The consideration of eutectic structures from fractales 
point of view can introduce the some progress in the 
description of both regular and irregular aggregates. 
However, it isn’t enough only to describe the forms, it is 
desirable to understand the formation of internal mechanism 
of fractal eutectic systems. The series of eutectic aggregates 
has the character fiber-like structure with fuzzy edges [6]. 
The analogous structures are obtained in the other systems, 
for example PbTe – NiSb and PbS – NiSb. They are similar 
with fractal formations on appearance [3-4]. The 
investigations on the distribution of inclusion grains in the 
general matrix (for example, NiSb fibers into PbTe) are 
necessary. This leads to the consideration of fractal 
dimensionality. It is necessary to reveal how much the 
eutectic growth mechanism is able to reproduce the fractal 
structure, satisfying the demands, required to them. The 

perceptions of fractale and fractal dimensionality are given in 
the works [7-8]. 

The nonfractal and fractal granular microstructures are 
schematically presented in the work [7]. The broken granule 
boundaries are fractal ones and are caused by the fractional 
fractal surface dimensionality 2≤D≤3. Such structure is 
character for the high-deformed boundaries. 

Here, the formations of dendrite-like structures are well 
known. The fractal dimensionalities of forming dendrites 
correspond to fractal dimensionalities in two- and three-
dimensional systems, obtained at computational modeling [5-
7]. The information about microscopic picture of dendrite 
growth is necessary for the further consideration of eutectic 
morphology. The eutectic crystallization is always dendrite 
one, meaning that granules of eutectic phases, consisting in 
colony, develop in the form of thin-branched dendrites in the 
connection of specifics of dual growth. The eutectic colonies 
themselves transform into two-phase dendrites in the growth 
process [6].  

 
Fig.1. The formation stages of dendrite growth of Fe+(M0, Fe)C  
           is (a,b), model projection is (c )[6]. 
 
For us it is important to know, that each cell grows in the 

form of eutectic octahedron and first stages of dendrite 
formation (for example, in eutectic Fe+(M0,Fe)6C) reproduce 
the corresponding stages of the formation of leading phase 
dendrite (fig.1 a,b,c) [6]. 
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The three-dimensional eutectic dendrite, the branches of 
which are presented themselves the element chains of cube 
directions of octahedron form, quasi planted one on another 
along cube direction [6]. The model projection, constructed 
on the data of stoichiometric analysis is shown in [6] on the 
fig.1 c. 

 
 
Fig.2. The irregular structure of high-dispersion dendrite particles  

(a) and junction model of dendrite structure of iron high- 
dispersion alloys (b) [7]; L is the length of particle main stem. 

 
Thus, the dendrite formations in eutectics are integrally 

similar hereditary fractal structures on the structure as their 
leading phase. Here it is need to compare the above 
mentioned results with irregular structures of high-dispersion 
iron dendrite particles, given in the monograph [7]. The 
practical use of irregular structures for identification of 
structures of natural fractals on data [7] is illustrated on the 
fig.2. The irregular structure, generalizing the model of high-
dispersion dendrite particles is shown on the fig.2a. The 
projection of junction model of dendrite particle on the 
electron microscope screen, constructed from isosceles 
triangulars of decreasing sizes (at angle of α) is shown on the 
fig.2b. The procedure of its construction is given in the [7], 
here the main stem of particle by length l0 and square 

αsinl5,0S 2
00 =  is divided into some totality of more fine 

gauges. The series from K1 trigonal branches of first order by 
length l1=l0/K1 is formed. The considered models of particle 
space structure of high-dispersion ferromagnetic alloys allow 
obtaining the qualitative characteristics of their branching 
degree and fractional fractal dimensionalities [7]. 

The consideration of eutectic compositions, which are 
inadequate on all three crystallographic directions in extreme 
case in the terms of supramolecular chemistry, allows 
obtaining the answers on many questions and eliminating 
vaguenesses, mentioned at the discussion of existing eutectic 
conceptions [2-3]. 

That’s why we here also pay attention on the study of 
microstructure morphology peculiarities of eutectic alloys 
with the aim of revealing of nature of interphase interaction 
of fractale with matrix. 

The revealing of phase fractality features in inorganic 
eutectic suprastructures of AIVBVI - NiSb type is the aim of 
the given work.   

 
The investigation techniques 
 

The eutectic alloys of the following systems: (PbTe) – Sb, 
(PbTe) – NiSb are grown by Bridgman method at the velocity 

V=3mm/h at T=1200°K and temperature gradient ∆T=100° 
between the heaters.  

The microstructures are investigated on the raster electron 
microscope (REM) JSM-50A with the device for local X-ray 
analysis and on electron microscope JSM-2000 in the beams 
of electron secondary emission, in the beams of transmitted 
electrons, roentgen images in the beams: Te, S, Ni, Sb. The 
spatial resolution of the mode is ~0,1 mc. The results of these 
investigations are presented on the fig.2-6. 

The fractal dimensionality is calculated by the method, 
described in the work [8] – (fig.7). Д dimensionality is 
defined by the way of sector (or cell) calculation, which are 
necessary for the covering of collection in the dependence on 
sector dimension and it is called sector dimensionality.      

  
The result discussion 
The fractal suprastructures in eutectics 
 

The previous investigations show that structures in PbTe 
– NiSb, SnTe – NiSb, PbS – Ni systems are similar. First of 
all, let’s consider the crystallization in PbTe – NiSb and PbS 
– NiSb systems.  

 
 
Fig.3. The longitudinal section of PbTe - NiSb eutectic surface. 
 

PbTe – NiSb eutectic (fig.3) has the fiber structure, PbS – 
NiSb eutectic has plate structure and composition PbTe 
92mol%-NiSb 8mol%. The eutectics of (PbS – Sb), PbTe – 
Sb systems can be related to anomalous, limited by rod ones 
with leaf structure of rods and plates. The eutectic PbS – 
NiSb can be related to normal ones on the form and phase 
distribution, i.e. to “regular”. Each substructure grows with 
unite strongly delineated solidifying interface, the surface of 
subblock contact legibly reveals. The definite 
crystallographic relations, which are character for the given 
systems exist between phases in the normal microstructures, 
investigated by us, that isn’t observed in anomalous eutectics. 
The atom interaction of eutectic suprastructures is that 
indirect physical reason, which supplies the fractal accretion 
on the definite more energetically profitable directions and 
supplies the high stability of interphase boundary. 

The notion about fractals was firstly used for the 
measurement of irregular lines, composed from the sections 
of constant length ε. The length of this kinked curve L(ε) was 
accepted for approximate length of monitored object [8]. The 
dependence of its length on the section dimension in the case 
of curved line has the form: D1a)(L −= εε (1), where a>1 is 
L value for nonfractal curve; D>1 is fractal dimensionality. 

The oriented microstructure, characterized by strong 
regularity of whole “supramolecular assembly” is obtained in 
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the process of directed crystallization. The microstructure of 
transversal section of oriented eutectic sample of PbTe – 
NiSb system is presented on the fig.4 (a,b). The composition 
of eutectic assembly is following: 92mol% PbTe – 8mol% 
NiSb. The solubility regions are observed in the solid 
solution on component base. 

 
Fig.4. a) the element distribution; b) eutectic transversal section. 
 

The microstructure regularity is reflected on the periodic 
potential stroke of whole eutectic crystal integrally, and 
namely: periodic potential of one lattice is rebladed by 
periodic potential of another one with some period, which is 
constant for the given eutectic and bigger, than constant 
lattice of each phase [3].  

The morphology analysis of lamellar eutectic of system 
PbS – NiSb [3-4] and data about electron structure of eutectic 
alloys allows interpreting the directedly oriented eutectic 
compositions as class of suprastructural crystalline 
substances, having the fractal structure. The bond between 
atoms of different phases [4] appears in the eutectic on the 
conjugation boundary. Such bond character should be inhered 
to many eutectic systems according to investigation results. 
Probably, this leads to the boundary degradation between 
fractal and matrix. 

 
 
Fig.5. The photos of local X-ray analysis (XLRA) of transversal  
          cut of (LXRA) mode-fractal structure of PbTe - NiSb  
          eutectic in the different modes: a) SE; b) XLRA in  
          characteristic beams Sb with linear image Sb (x14000); 

     c)The same for Ni; d)The same in NiSb beams;e)XLRA in    
     Te beams towards with linear distribution Te; f) SE-mode. 

 
 
Fig.6. The element distribution in the fractal transversal section  
           (of PbTe - NiSb eutectic). 
 
LXRA photos of transversal section of oriented eutectic 

PbTe 92 mol% - NiSb 8mol% are presented on the fig.5. The 
roentgen images in characteristic beams Pb, Te, Ni and Sb 
towards with their linear distribution obviously evidence 
about density change particle distribution (fig.5 (a, b, c, d)). 
The matrix and fractals-inclusions present themselves the 
limited solid solutions. Each phase is the independent crystal 
in the system. Moreover, the length of fibers-fractales in 
PbTe – NiSb vibrates in the limits from 200 nm up to 700 nm 
at the diameter (160÷180) nm. The fractals have the irregular 
cigar-shaped form with thickening on the one edge and the 
needle-shaped sharpening on another one. Each eutectic 
fractal grows towards with matrix by unite solidifying 
interface. The boundaries of contact surfaces satisfy the 
conditions of fractal growth (slow transition of zigzag 
character). The photos of element distribution in eutectic 
fractal PbTe - NiSb, obtained by local X-ray analysis 
(LXRA) in the one granule are given on the fig.6. As it is 
seen from distribution of Pb, Te, Ni, Sb particles in the 
fractal, the signal fall from Pb and Te and signal increase 
from Ni and Sb take place in the granule; the distribution 
densities of Ni and Sb are maximum in the middle and 
decrease to the edges in NiSb region. The distribution 
maximum falls on Pb and Te in the matrix and coincides with 
minimum content of nickel and stibium. The images, 
obtained in characteristic beams of all four atoms show, that 
both matrix (PbTe) and inclusions (NiSb) present themselves 
the limited solid solutions on the base of both components. 
All data, including (LXRA) are in the total agreement with 
state diagram of PbTe - NiSb system. 

The distortion of matrix and fractal lattices takes place on 
the interphase boundaries. Here the interaction of force field 
atoms, which supply the high adhesion and are able to change 
the complex parameters in the near-boundary series of atoms, 
takes place.  

Thus, the eutectic alloys can be considered as phase 
(fractale) supramolecular assemblies in the matrix, having the 
distinctive feature in the comparison with artificially obtained 
mechanical mixtures, and namely with small distances between 
fractal dispersion phases and strong interphase bond [3]. 

It is possible to conclude, that the some chemical 
interaction takes place in the eutectics on the interphase 
boundaries that agrees with work results [2-4]. 



THE FRACTAL CONCEPTION IN THE PHYSICS OF SUPRAMOLECULAR EUTECTICS 

 55

All this says about the fact, that eutectic presents itself the 
special class of fractal systems, in which the changes of 
initial component morphology take place in the comparison 
with them. The appearance of these or that eutectic properties 
is the result of the character of their chemical bond. This is 
proved by the morphology of structural fractales. 

 

 
 
Fig.7. The curve graphical chart in logarithmic scale,  
           corresponding to the L(ε)=aε1-D dependence.  
 
Let’s consider the definition questions of fractal 

dimensionality of investigated phase boundaries in eutectic 
systems (for example in PbTe - NiSb). In the given case we 
use the method of region covering by equal square grid with 
the length of square side r (fig.7) for the definition of 
boundary (fractal) fractal dimensionality. It is calculated, that 
(as in the work [8]) the square number N, the sides of which 
cross of superblock boundaries even one time; number N=46 
for ε=1mm (emphasized fourth fractal in the middle) on the 
given figure 3; the value 1,45±0,01 is obtained for D.  

This dependence in the logarithmical coordinates is linear 
(fig.7). The line of slope ratio corresponds to fractal 
dimensionality. This dimensionality is the dimensionality of 
only longitudinal cross-section of cigar-like fractal (PbTe - 
NiSb). 

The description of structure geometry with the help of 
only one value of fractal dimensionality isn’t enough. It is 
followed to find its reason in eutectic nature itself, which is 
connected with suprastructure interphase interaction. This 
interaction distorts the lattice on the phase boundary, 
containing the eutectic: the interatomic bond inside fractale 
itself, being in the matrix weakens. The lattice elastic 
deformation is maximal on the boundary and exponentially 
decreases in the depth of fractal phase. Along with it, the 
bonds between atoms in the near-boundary region inside 
phases should cause to the decrease of structure ordering in 
the given region. The fractal phases PbTe - NiSb, obtained in 
the eutectic, as it seen from the fig.3 and 6 differ by that 
property, that their densities decrease on the law, described

by the coefficient in the relation particle number – radius [8].  
This is the one from the features of fractality revealing of 
different macro- and nanoparticles. The another characteristic 
is the fact, that (as it is seen from the fig.3) the fractal here 
occupy whole matrix object space PbTe, being the part of 
unite supramolecular assembly in the eutectic, These fractals 
consist of the parts, which are similar each other in some 
means.  

We here have defined the phase fractal dimensionality by 
only one object cross-section. However, as we see, the 
structure of one phase PbTe - NiSb has cigar-like form and it 
is in elastic-resistant state; phase lattices are elastically 
distorted, matrix lattices are pressed on the boundary and 
fibers-fractals are extended. There are no lattice distortions in 
the transversal direction [3]. 

The above mentioned experimental results make the use 
of fractale conceptions in the case of non-self-repeating 
structures possible. For example the self-affine fractale, the 
structure of which is invariant one after simultaneous, but 
qualitatively different gauge change along different directions 
in the space. In order to totally character its properties, it is 
need that how fractal dimensionalities exist, how independent 
directions are. The self-affine fractales can be obtained by the 
way of simple expansion of self-repeating fractales, i.e. the 
relation of expansion values in the different directions should 
depend on the dimension. In the definite systems the particle 
aggregates have the brightly emphasized form anisotropy. 
Such aggregates are called not self-similar, but self-affine 
ones. In this case it is possible to introduce two fractal 
dimensions: longitudinal and transversal ones for the 
description of fractal aggregates [5,8]. 

The longitudinal fractal dimensionality we have already 
calculated. It is possible to calculate the transversal 
dimensionality. The consideration of fractal features of 
different eutectic systems is the subject of our future 
investigations. 

 
Conclusion 
 

The analysis and experimental data of physico-chemical 
processes, taking place in eutectic of PbTe - NiSb system 
show, that second phase has the fractal structure (with 
longitudinal fractal dimensionality Dp=1,45). This fractale 
has the fiber cigar-like form, consisting of the limited solid 
solution PbTe - NiSb, distributed in the matrix of stibium 
telluride (moreover, PbTe matrix consists of the limited solid 
solution PbTe - NiSb). Besides, the boundaries of fractal 
structures in the whole supramolecular assembly are in 
elastically-resistant state. The chemical bond, leading to the 
fractal structure formation appears on the fractale contact 
boundary. This gives to us the foundation for the 
consideration of regular eutectic structures as the essential 
class of supramolecular assemblies, on which the fractal 
conceptions can be distributed. 
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SUPRAMOLEKULYAR EVTEKTİKALAR FİZİKASINDA FRAKTAL KONSEPSİYASI 

 
Neorqanik evtektik sistemlərin supramolekulyar konsepsiyası nəzərdən keçirilib. Eksperimental alınan geometrik fraktal fiqurlar analiz 

olunub. Göstərilib ki, fraktallar matritsa ilə genetik əlaqədədir. Deyilənlər AIVBVI-NiSb evtektikada və fraktal dendrit strukturlarda özünü əks 
edib. 

              
Ф.К. Алескеров, С.Ш. Кахраманов, Е.Д. Моройдор, М.Г. Пишкин 

 
КОНЦЕПЦИИ ФРАКТАЛА В ФИЗИКЕ СУПРАМОЛЕКУЛЯРНЫХ ЭВТЕКТИК 

 
Рассмотрены основные положения теории неорганических эвтектических систем, свидетельствующие в пользу 

супрамолекулярной концепции и учитывающие взаимодействие фрактальных суперансамблей. Приведены экспери-
ментально наблюдаемые геометрические образцы-фрактали, показана природа межфазного взаимодействия фрак-
тального агрегата с матрицей. Вышеизложенное подтверждено на примере регулярных эвтектических систем типа 
АIVBVI-NiSb и фрактальных дендритных структур.         
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THE OBTAINING AND STUDYING OF ELECTRET PROPERTIES OF  

PELD+x vol.% TlGaTe2(TlInSe2) COMPOSITIONS 
 

E.M. GODJAYEV, Sh.A. ZEYNALOV, S.S. OSMANOVA,  
E.A. ALLAKHYAROV, O.A. GUMBATOV 

Azerbaijan Technical University 
Baku, Az-1073, H. Javid av., 25 

 
 The obtaining technology, investigation technique of polyethylene of low density with the additions of semiconductor compounds 

TlInSe2, TlGaTe2 are processed in the presented work and the investigation results of electric properties of these composition materials are 
described.   

 
The wide distribution of polymer materials, conquered 

the positions in all regions of human activity is the one of the 
character elements of technical advancement. It is well 
known, that the most essential advantages of this type of 
materials, to which the small specific gravity, the ability to 
transform into complex configurations products with the help 
of high-production and accessible methods, the infusion 
possibility of complex valued technical properties to them, 
and also the presence of wide source of raw materials are 
related to. 

The good agreement of physicomechanical and electric 
properties of polymer materials allows to more widely use 
them in the capacity of electric isolation and dielectrics in 
cable manufacture, and also in the manufacture of electric 
machines, apparatuses and compensators. It is necessary the 
deep studying of polymer electric properties in the 
dependence from their construction and exploitation 
conditions for rational polymer application.  

Note, that polymers with different additions are studied 
well enough, however, information about influence of 
additions of inorganic nature on electric properties of these 
materials is very scanty. The influence of additions of 
semiconductor origin on polymer properties isn’t considered 
at all. There is some information of foreign [1-3] and 
domestic investigators [4,5]. The information about obtaining 
of polyethylene polymer compositions (PELD) of low 
density with addition of semiconductor compound TlInSe2 is 
recently appeared. It is revealed, that it is possible to increase 
the life time of electret materials from PELD on 4.5÷6 times 
with the help of additions TlInSe2. 

From above mentioned, the obtaining technology of 
composition material PELD with TlGaTe2 and TlInSe2 
additions, the investigation technique of electret materials 
and some electrophysic properties of these composition 
materials are described in the present work. 

The samples for the investigation are obtained by the 
following method: polymer powder is mixed with TlGaTe2 
(TlInSe2) powder. Further, the films 100 mcm at melting 
point of polymer matrix and pressure 10÷15 MPa between 
aluminum foil are pressed from the mixture. The samples, 
obtained by such methods, are suitable for studying of 
electret properties. 

Note that coronoelectrets are obtained in the fields of 
less intensity. The cusped electrodes, being on some distance 
from the surface of charged dielectric are applied for this. 
The corona discharge takes place between nib and surface, 
correspondingly air ionization and displacement of charge 
carriers, which are electrons and ions, to electret surface. The 

charge carriers stay mainly in dielectric near-surface layer. 
The field intensity in polymer at this is low one that is lower 
then polymer puncture strength. The charge values are 
limited by puncture strength of environment. The charging 
speed can be big enough and the charges are equally 
distributed on the surface. 

 
 
Fig.1. The installation for electret obtaining in corona   discharge. 
 
The installation scheme for electret obtaining in the 

corona discharge is presented on the fig.1. The polymer film 1 is 
put on the low grounded electrode 2 under the nib needle-
electrode 6, being on the distance 10 mm under the film 
surface. The upper needle-electrode is connected to high-
voltage edge of power supply 5. The needle potential is 
defined with the help of kilovoltmeter 4, and also efflux at 
corona discharge with the help of milliammeter. The film 
polarization is carried out at constant voltage6 kV during 5 
min. 

Further the voltage injection is stopped. Later the 
polarized sample is put into cell, where the surface potential 
is defined by contact-free induction method. The installation 
scheme for the measurement of surface density of electret 
charges with periodical screening of measuring electrode is 
given on the fig.2. The device consists of massive metallic 
cylindrical body, on which the electromotor 1 is fixed. The 
one impeller 2, having four arms is fixed on the electromotor 
shaft. The impeller is between the low ground electrode, and 
upper measurement one, on which the sample is fixed. The 
screening of upper measurement electrode from the field, 
formed by electret takes at impelling rotation, that it is 
equivalent to the appearance of variable signal in the chain, 
which has the concatenation with oscillograph 4 electrodes. 
The compensating voltage is injected from the source of 
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constant voltage 3, supplied by slow voltage regulator and is 
registered by oscillograph. The sign of charge surface 
densities is defined on the sign of compensating voltage, 
injected by voltmeter. 

 

 
Fig.2. The temperature dependence of specific resistance for  
           compositions PELD+X vol.% TlInSe2, where 1-x=0;  
           2-x=3; 3-x=5; 4-x=10; 5-x=20; 6-x=30; 7-x=40.   
 

The surface density of electret charge is measured by 
induction method with compensation and is defined on the 
formula: 

d
U

eff
κεεσ 0=  

 
where σeff is charge surface density (Kl/m2), ε is sample 
permittivity, ε0=8.85⋅10-12F/m is electric constant, Uk is 
compensating voltage (V), d is electret sample thickness (m). 

We define the life time on the formula 
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by the working of experimental results σeff=f(txp), where σ1 
and σ2 are charge surface densities, corresponding to 
retention times txp1 and txp2, correspondingly. 

In the given work we investigate the temperature 
dependence of specific resistance of compositions PELD+x 
vol.% TlInSe2. The investigations are carried out in the 
temperature interval 300-450K.  

As it is followed from the figure 2, the resistance 
decrease with temperature increase is character for all 
compositions. This, probably, is connected with storage of 
PELD structure. However, the decrease amplification of 
specific resistance in the dependence on the composition is 
observed with increase of TlInSe2 content in composition 
compounds. The relatively essential and linear dependencies 
in the whole investigated temperature interval are observed 
for the composition PELD+40vol.% TlInSe2. 
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ASPE+x ùÿúì% TlGaTe2(TiInSe2) ÊÎÌÏÎÇÈÑÈÉÀËÀÐÛÍÛÍ ÀËÛÍÌÀÑÛ Âß ÅËÅÊÒÐÅÒ ÕÀÑÑßËßÐÈÍÈÍ 

ÞÉÐßÍÈËÌßÑÈ 
 

Тягдим олунан ишдя TlGaTe2 вя TlInSe2 ялавяли ашаьы сыхлыглы полиетиленин алынма технолоэийасы ишлянилмиш, електрик хассяляринин 
юлчцлмяси цчцн методика сечилмиш вя електрик хассяляри юйрянилмишдир. 
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ПОЛУЧЕНИЕ И ИЗУЧЕНИЕ ЭЛЕКТРЕТНЫХ СВОЙСТВ  

КОМПОЗИЦИЙ ПЭНП+х об.% TlGaTe2(TiInSe2) 

 
В представленной работе разработана технология получения, методика исследования полиэтилена низкой плотности 

с добавками полупроводниковых соединений  TlInSe2 , TlGaTe2  и изложены результаты исследования электрических 
свойств этих композиционных материалов. 
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THE COMPOSITE GAS SENSITIVITY ON THE BASIS OF POLYMERS AND Cu2S AND CdS 

NANPARTICLES 
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The gas sensitivity of the samples gelatin/Cu2S and gelatin/CdS at the influence of the steams of different solvents and ethyl alcohol is 

investigated. It is shown, that the composites on polymer base with Cu2S and CdS nano-particles are sensitive on the steams of different 
solvents. The gas sensitivity of nano-composites depends on the population of matrix and chemical data of tested gas. These materials can be 
applied in the capacity of sensitive element of different gas sensors and sensing elements.   

 
The demand of environment and ecology control always 

stimulates investigations on the working of gas sensors. 
These sensors are necessary at technological control of 
chemical-metallurgical and gas-, oil-producing industry. 
There are different gas-sensitive sensors, differing on industry 
action and technology. The solid-body sensors, which differ by 
the construction and portability simplenesses, are the one from 
the sensor varieties. The electric signals, manufactured by such 
portative sensors allow obtaining the information about 
substance content and its physical parameters. The workings in 
this region lead to the formation of multi-functional devices [1] 
on their base. The different semiconductor devices are sensitive 
elements in gas sensors [2]. 

The nano-composites are the one of materials, presenting 
the big interest at formation of gas sensors. In these materials 
the nano-composite interaction processes with molecules of 
gas phase are determinant ones. Nowadays, the sensors of 
resistive type [3, 4] on the polymer base with metallic filler 
have wide distribution. The polymer composites with 
semiconductor particles present the essential interest. The 
nano-heterogeneous polymer composites consist of polymer 
matrix with ultra-disperse particles by dimensions 20-100 nm 
and distances between them of the same order [5]. Such 
systems have the unusual photo and gas sensitive properties, 
which are defined by the charge redistribution process 
because of external interactions. The electoconductivity of 
these systems changes very strongly even at room 
temperature in the result of adsorption of different steams and 
gases [6]. The electroconductivity change of nano-composites 
at sorption of different gases depends on many factors: 
population of polymer matrix with semiconductor particles, 
inter-particle space, and interphase interaction between 
matrix and semiconductor particles [7]. In this connection the 
nano-particle formation technology of chalcogenide 
semiconductors in the volume of polymer matrix with the 
help of ion sandwich chemical absorption allows goal-
seeking changing the particle concentration and inter-particle 
distance in nano-composites [8]. 

The aim of presented work is the study of composite gas 
sensitivity on the basis of gelatin polymer matrix and cuprum 
sulfide particles (gelatin/Cu2S) and cadmium sulfide (gelatin/CdS) 
at the influence of steams of different solvents and ethyl alcohol.   

 
Experimental part  
 

The sample, on the surface of which the electrodes are 
situated parallel, is put in measured cell for gas sensitivity 
testing. The resistance change with time at the definite 

pressure in the different gaseous mediums is registered by 
automatic recorder through teraohmmeter E6-13A. The 
measurements are carried out by two methods: 1) the volume 
is evacuated up to vacuum 10-1 atm (76 torr) and the sample 
sensitivity to given gas is defined after lap of tested gas or 
steams on the change of resistance value the gas sensitivity of 
samples on the steams of ethyl alcohol and acetone; 2) the 
vessel with tested substance (alcohol or solvent) is put in the 
duar and previously cooled with the help of liquid nitrogen.  
After freezing the vacuum system with measured cell and 
vessel are evacuated up to vacuum 10-2atm. Further the vessel 
with tested substance is heated in different modes. The 
pressure in the measured cell increases up to pressure of 
saturated steams of given liquid at given temperature and 
registration of resistance change with pressure change is 
carried out. The gas sensitivity is defined on the following 
formula: 

 
           ( ) ( ) =Ρ−Ρ−= 0101 /RRγ ∆ /R ∆Ρ     ,         (1) 
 

where P0 and R0 are initial values of pressure and resistance; 
           P1 and R1 are final values of pressure and resistance; 

   ∆P and ∆R are changes of pressure and resistance. 
 
Result discussion.  
 
The resistance change with time for samples 

gelatin/Cu2S 15 cycles (a) and 30 cycles (b) of formation 
after lap of ethyl alcohol (fig.1.a) and acetone (fig.1.b) is 
shown on the fig.1. As it is seen from the dependence the 
resistance increases with further saturation at the lap of gas or 
steams. 

The influence of nano-composite content and 
composition on gas sensitivity kinetics is also studied, i.e. the 
nano-composite resistance change with different content of 
Cu2S and CdS nano-particles with time in ethyl alcohol steam 
medium is studied. It is seen, that stabilization of resistance 
volume for samples gelatin/15 cycles Cu2S takes place 
quicker, than for samples gelatin/30 cycles Cu2S (~3 min. and 
~20 min., correspondingly). This is said about the fact, that 
particles at 15 formation cycles have the relatively small 
dimensions, the distances between them is enough for free 
adsorption of gas or steam, and at 30 formation cycles the 
increase of concentration and nano-particle dimensions 
makes difficult the gas penetration and the velocity of 
resistance change decreases correspondingly.  



M.B. MURADOV, G.M. EYVAZOVA, M.A. NURIYEV 

 60

 The time dependence of nano-composite change 
gelatin/15 cycles Cu2S, gelatin/15 cycles CdS and gelatin/30 
cycles CdS in the air at normal pressure 1atm (760 torr) 
(region 1), after evacuation up to 10-1atm (76 torr), after air 
lap (region 3), after repeated evacuation up to 10-1atm (region 
4) and after the lap of ethyl alcohol steams (region 5), when 
the pressure in the cell changes from 76 torr up to 117 torr. 

 

  
Fig.1. The resistance change of the film gel./Cu2S at the lap of  
           ethyl alcohol (1) and acetone (2) steams; a) gel./Cu2S – 
           15 cycles; b) gel/.Cu2S – 30 cycles. 
 

It is seen, that values of initial resistance and resistance, 
corresponding to the pressure 10-1atm (760 torr) with time 
don’t change, i.e. they are relatively stable. But resistance 
change at the ethanol lap after evacuation up to 10-1atm has 
the different values for different compositions. The best gas 
sensitivity at the lap of ethyl alcohol steams is observed for 
nano-composites gelatin/15 cycles CdS (9,5x1010Om/torr). 

 

 
Fig.2. The kinetics change of specific surface resistance with  
           time for nano-composites ge./15c. Cu2S, gel./15c. CdS  
           and gel./30c. Cds. 
 
The second method is used for the definition of gas 

sensitivity of samples gelatin/15 cycles Cds. 
On the fig.3 it is seen, that the samples resistance 

gelatin/15 cycles Cds changes with pressure value change of 
ethyl alcohol steams. The measurements are carried out at 
vessel heating with different velocity; steams of warm water, 
steams of hot water and the vessel are put in the warm water. 

The same dependence, is shown on the fig. 4, but heating rate 
is changed: the vessel is heated independently at room 
temperature (c.1), by warm water with temperature 36 0C 
(c.2), with water temperature 47 0C (c.3) and with water 
temperature 60-65 0C (c.4). 

 
Fig.3. The resistance dependence on the change of ethyl  
           alcohol steam pressure for the samples gel./15c. CdS at  
           heating: 1 – warm water steams; 2 – hot water steams;   
           3 – the vessel in the warm water. 
 

 
 

Fig.4. The resistance dependence with change of alcohol steam  
           pressure for the samples gel./15c. CdS at the heating:  
           1- at room temperature; 2 – with water temperature  
           36°C; 3 – 47°C; 4 – 60-65°C. 

 
Fig.5. The resistance dependence with change of alcohol steam  
           pressure for the samples gel./15c. CdS: 1 – alcohol;  
           2 - acetone; 3 – dichloroethane; 4 – methyl ethyl ketone.   
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From the fig.4 it is seen that the curve inclination angle, 
which says about the increase of steam saturation velocity 
changes with heating rate increase. This is equivalent to 
increase of alcohol molecule energy. The molecule energy 
increase leads to the increase of sample sensitivity in the 
result of more deep steam adsorption. 

The resistance variation of samples gelatin/15 cycles 

CdS on saturated steam pressure of ethyl alcohol (c.1), 
acetone (c.2), dichlorethane (c.3) and methyl ethyl ketone 
(c.4) is shown on the fig.5. On the dependence inclination it 
is possible to say that the best gas sensitivity is observed at 
the lap of ethyl alcohol steams. Such changes of sensitivity 
will be understandable, if the chemical data of these solvents 
are compared. 

                                                                                                                                                                 Table  
Steams Ethyl alcohol Acetone Methyl ethyl ketone Dichlorethane 
Structure C2H6O C3H6O C4H8O Cl2C2H4 
Molecular weight 46 58 72  99 
Boiling point, °C 78 56 83    79.6 
P0, torr 76 76 76 76 
P1, torr    125   146   146   139 
R0, 1012 Om 1 2  3.5  5.3 
R1, 1012 Om   8,5 8   6.5  6.8 
∆R, 1012 Om  7.5 6 3  1.5 
∆P, 1012 Om 49 70 70  63 
γ , 1010 Om    15,3   8.6   4.3    2.38 

 
The chemical structure, the boiling point and molecular 
weight of used solvents and gas sensitivity for the sample 
gelatin/15 cycles CdS, calculated on the formula (1) from the 
dependence, presented on the fig.5 is shown in the table. 
From the comparison it is seen, that the ethyl alcohol 
molecules have the least molecular weight among these 
materials and the best gas sensitivity is observed at the 
influence of its steams. The gas sensitivity consistency of the 
samples to the steams of these solvents should coincide with 
consistency of their molecular weight decrease. It is possible 
to say that the best adsorption and correspondingly, the best 
gas sensitivity is observed in the steams and gases with 

relatively less molecular weight at the sample contact with 
the steams of these solvents. This is proved by the obtained 
results. Thus, the carried out investigations show that 
composites on the basis of polymer with cuprum sulfide and 
cadmium sulfide nano-particles are the sensitive ones on the 
steams of different solvents. The nano-composite gas 
sensitivity depends on the matrix population and on the 
chemical data of tested gas. These materials can be applied in 
the capacity of sensitive element of different gas sensors and 
sensing elements. 
  The given work is carried out at the support USTC, grant 
№3486.
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РOLİMER VƏ Cu2S , CdS NANOZƏRRƏCİKLƏRİ ƏSASINDA  
OLAN KOMPOZİTLƏRİN QAZA HƏSSASLIĞI 

 
Jelatin/Cu2S  və jelatin/CdS  nümunələrinin etil spirti və müxtəlif həlledicilərin buxarlarında  qaza həssaslığı tədqiq edilmişdir. 

Müəyyən edilmişdir ki, polimer və Cu2S , CdS nanozərrəcikləri əsasında olan kompozitlər müxtəlif həlledicilərin buxarlarına  həssasdırlar.  
Nanokompozitlərin qaza həssaslığı matrisin dolma dərəcəsindən və test olunan qazın kimyəvi göstəricilərindən asılıdır. Bu materiallardan 
müxtəlif qaz sensorlarında həssas element  kimi istifadə etmək olar. 
 

М.Б. Мурадов, М.А. Нуриев, Г.М. Эйвазова 
 

ГАЗОЧУВСТВИТЕЛЬНОСТЬ КОМПОЗИТОВ НА ОСНОВЕ 
ПОЛИМЕРОВ И НАНОЧАСТИЦ   Cu2S   и  CdS 

   
Исследована газочувствительность  образцов желатин/Cu2S и желатин/CdS  при воздействие паров различных растворителей и 

этилового спирта. Показано, что композиты на основе полимера с наночастицами Cu2S и CdS являются чувствительными на пары 
различных растворителей. Газочувствительность нанокомпозитов зависит от степени заполнения матрицы и от химических данных 
тестируемого газа. Эти материалы могут быть применены в качестве чувствительного элемента различных газовых сенсоров и 
датчиков. 
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THE VOLT-AMPERE CHARACTERISTICS OF AMORPHOUS SOLID SOLUTIONS  

OF Se-S SYSTEM 
 

N.Z. DJALILOV, G.M. DAMIROV, N.R. MAMEDOV 
Institute of Physics of NAS of Azerbaijan, 

AZ-1143, Baku, H. Javid av., 33 
 

The volt-ampere characteristics (VAC) of film amorphous solid solutions of Se-S system, obtained by the method of hot wall are 
investigated. The current for all investigated samples increases at the change of voltage value Vx - transition from ohmic region into 
quadratic one, i.e. the injected current appears in the investigated samples. The increase of concentrations of local states in Se-S system 
samples with the increase of sulfur content is explained by structural differences of the investigated samples.  

 
The glasses are called chalcogenide ones, in the 

composition of which Se, S, Te [1] are included. The systems 
on Se, S, Te are widely used in the additions and the 
experiments besides the pure ones. The glasses of more 
complex composition [2-4] are widely used. The 
chalcogenide and chalcogene glasses are used in the electron 
diffraction investigation (xerography), for the recording of 
optical information, in electric changers and storage devices 
[5-8]. 

Selenium, sulfur and solid solutions on their base are 
close to chalcogenide glasses on their physical properties. 
However, as it is known Se is semiconductor, whereas, S is 
good isolator. Consequently, this system promotes the 
interest peculiarity in the change from semiconductor up to 
isolator. 

The homogenous solutions at the crystallization of which 
the series of solid solution precipitates form in melted state 
between sulfur and selenium. Taking into consideration, that 
there are many general things in sulfur and selenium 
behavior, it is possible to propose, that they are able to form 
the mixed molecules of SSe type [9].     

Though Se and Te have properties, which are analogical 
to chalcogenide properties [10], they contain the structural 
units with molecular properties and are considered separately. 

The structural model of binary system presents itself the 
continuous grid, in which the coordination “rule 8-N” for 
both components at any their relation is carried out. The 
hetero- and homeopolar bonds are possible between atoms. 
The hexagonal crystalline Se consists of helical chains, set 
parallel each other. The chemical bond inside chains has the 
covalent character and it is very strong, but the bond between 
the chains is the weak one of Van der Waals type. In liquid 
phase it is possible to consider, that chains are oriented 
occasionally. At quick alloy cooling the viscosity becomes 
very high before chains have time to redirect and glassy state 
appears [11]. 

The Te addition into selenium liquid solution leads to 
chain shorting, as Se-Te bond is weaker, than Se-Se one and 
crystallization at cooling becomes easier. At S addition into 
melt, it can be said, that the vice versa takes place, as Se-S 
bond is stronger, than Se-Se one. The amorphous selenium 
presents itself the mixture of molecules (closed ringers) and 
polymer chains. S, Se and Te have the coordination number, 
which is equal to 2. The average mole energies in S, Se and 
Te series decrease and melting point and density increase. 
This shows that the more bonds are in the chain, the less 
bonds between them [12]. 

Nowadays it is established, that it is possible to 
directedly change the electron properties of chalcogene and 

chalcogenide glassy semiconductors by the change of 
chemical composition and also by impurity introductions. 
Moreover, the change of concentration of charged defect 
centers (U-1) in them takes place and thus it is possible to 
manage by their electric, optic and photoelectric properties, 
that it is very important for practical use [11]. 

The given work contains the investigation results of volt-
ampere characteristics of film amorphous samples of Se100-xSx 
(x=5; 30; 40) system.  

The selenium by B5 purification and pure rod sulfur, 
suspended with accuracy up to 0,0001g are taken for the 
obtaining of solid solutions selenium-sulfur. The vibration 
method is used for better melt homogenization. The ampoules 
during 3 hours are treated by shaking at temperature 280°C, 
i.e. on 60°C higher the selenium melting point. 

The films by width 3 mcm are obtained by thermal 
spraying in vacuum, by the method of hot wall, on the 
substrates from cover glass. Te, marked by evaporation in 
vacuum is used in the capacity of injected contact. Al is used 
in the capacity of general contact [13]. 

 
Fig.  
 

The measurement results of VAC of investigated 
samples are presented on the figure. 

As it is seen from the figure, VACs of investigated 
samples consist of ohmic and quadratic regions. The current 
of injected electrons, limited by recombination, begins to 
dominate under the current of thermally excited holes. 



THE VOLT-AMPERE CHARACTERISTICS OF AMORPHOUS SOLID SOLUTIONS OF Se-S SYSTEM 

 63

The voltage of Vx transition from Ohm law up to “trap” 
quadratic law [14] in 1/θ times exceeds the transition voltage 
for without-trap case, defined by the formula 

                            
ε

2
0

x
Len

V ≈                                    (1) 

 
If the concentration of free electrons doubles in the result 

of injection, then expression for the concentration of 
nonequilibrium electrons, picked on fin traps, has the form 
n/θ, moreover 
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The current for the sample of Se95S5 composition 

strongly increases at the voltage transition of Vx-transition 
from ohmic region into “trap” quadratic one. The current 

increase from the voltage is observed for the samples of 
Se70S30, Se60S40 compositions, i.e. the injected current appears 
in the investigated samples. 

It is observed, that inclinations from ohmic going in 
VAC for Se95S5, Se70S30, Se60S40 samples take place at the 
values Vx≈60, 25; 54,95; 48, 97V, correspondingly. By this 
values the concentrations of local states, which are equal for 
given compositions: 4,75×1019; 3,85×1019; 3,25×1019 cm-3 are 
calculated on the formula, correspondingly [14]. 

 

                      2
x6

t L
V

101,1 εΝ ×=                            (3) 

 
Thus, the increase of local state concentrations in the 

samples of Se-S system with increase of sulfur content can be 
explained by the structural differentiations of the investigated 
samples.
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Se-S SİSTEMİNİN AMORF BƏRK MƏHLULLARININ 
 VOLT-AMPER XARAKTERİSTİKASI 

 
Qaynar divar üsulu ilə alınmış Se-S sisteminin bərk məhlullarının volt-amper xarakteristikası tədqiq edilmişdir. Cərəyanın qiyməti Vx 

keçid gərginliyini (omik oblastdan kvadratik oblasta keçid) keçdikdən sonra bütün nümunələrdə artır, yəni tədqiq olunan nümunələrdə 
injeksiya cərəyanı baş verir. Tərkibindəki kükürdün artması ilə Se-S sisteminin nümunələrindəki lokal halların konsentrasiyasının artması 
tədqiq olunan nümunələrin struktur müxtəlifliyi ilə izah olunur. 
 

Н.З. Джалилов,  Г.М. Дамиров, Н.Р. Меммедов 
 

ВОЛЬТ-АМПЕРНЫЕ ХАРАКТЕРИСТИКИ АМОРФНЫХ ТВЕРДЫХ  
РАСТВОРОВ СИСТЕМЫ Se-S 

 
Исследовались вольт-амперные характеристики (ВАХ) пленочных аморфных твердых растворов системы  Se-S , полученные 

методом горячей стенки. При  переходе напряжения значения Vx -переход из омической в квадратичную область-ток для всех 
исследованных образцов увеличивается, т.е. в исследованных образцах возникает инжекционный ток. Увеличение концентрации 
локальных состояний в образцах системы Se-S с увеличением содержания серы объясняется структурными различиями 
исследованных образцов. 
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THE INFLUENCE OF ELECTROTHERMOPOLARIZATION ON THE MICROSTRUCTURES 

AND COMPOSITION STRENGTH PROPERTIES ON THE BASIS OF POLYPROPYLENE 
AND MnO2 

 
M.A. RAMAZANOV, F.V. GADGIYEVA 

Baku State University 
Baku, Az 1145, Z.Khalilov str.23 

 
A.S. GUSEYNOVA 

Institute of Physics  of NASA, 
AZ-1143 Baku, Azerbaijan, H. Javid ave. , 33 

  
The investigation results of polarization influence on the microstructure and composition strength properties on the base of 

polypropylene and low-molecular addition MnO2 are described in the given work. It is established, that the change of strength properties of 
composition samples PP+MnO2 after electrothermopolarization is connected with change of charge state and formation of order physical 
composition structures. 

 
It is known, that the composition dielectrics have electret 

properties [1-2] after electrothermopolarization. It is also known, 
that charge carriers in polarization process are accumulated 
on the phase interface and in heterogeneities [3-4]. 

The composition electrothermopolarization changes its 
charge state. The accumulation of charge carriers on the 
phase interface changes the interphase interactions, and this 
can lead to the change of composition strength properties [5]. 

In the given work the investigation results of polarization 
influence on the microstructures and composition strength 
properties on the base of polypropylene and low-molecular 
addition MnO2 are described. The compositions PP+MnO2 
are obtained from the PP solution by the way of mixture of 
PP solution and MnO2 with the further solubility moving 
away. The concentration MnO2 varies from 0 up to 5%. The 
obtaining of sample composite is carried out by the method 
of hot pressing at polymer melting point and pressure 15 MPa 
during 10 minutes with further cooling under the pressure up 
to room temperature. 

The microstructures of PP+MnO2 compositions are  
investigated on the scanning atomic force microscope (AFM).  

The strength characteristics of sample compositions are 
defined at temperature 293K. 

It is established, that the mechanical and electric strengths 
of the investigated samples increase with the increase of 

electric field intensity of (Ep) polarization, achieves the 
maximum at Ep=7⋅106 V/m, and later the decrease of the 
values of electric and mechanical strengths take place. 

 

 
Fig.1. The dependence of electric and mechanical strengths of  

                   PP+MnO2 composition, polarized at the temperature     
                   Tp=373K on the polarization field intensity. 

 
 

 
Fig.2. AFM image of ПП+MnO2 composition before and after electrothermopolarization: a) unpolarized sample; b) polarized sample  

                  Ep=7⋅106 V/m, Tp=373K, tp=1 h. 
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The charges, accumulated on the phase interface of 

composite components increase with the increase of electric 
field intensity of polarization. First of all, the charge 
accumulation changes the interphase interaction between 
composite components. The increase of interphase 
interactions leads to the increase of composition strength 
properties. The decrease of the values of electric and 
mechanical strengths higher Ep=7⋅106 V/m, probably, is 
connected with the charge dispersion in the composition 
volume, which leads to the decrease of composition strength 
properties. These results are well agreed with work results 
[3]. 

  AFM 3D image of composition relief PP+MnO2 before 
and after electrothermopolarization are given on the fig.2. 
AFM investigation of sample relief of PP+MnO2 
compositions shows that relief of sample compositions 
strongly changes after electrothermopolarization, i.e. sample 
relief becomes uneven. It is seen, that structural changes take 

place after electrothermopolarization on the surface of 
composition samples. 

  The histogram of the element values of image and mean-
square roughness of composition surface PP+MnO2 is shown 
on the fig.3. The histogram of surface heterogeneity shows, 
that composition relief becomes relatively uneven after 
polarization under the influence of electric field. It is also 
shown, that mean-square roughness of composition surface 
for the unpolarized samples is 90-130 nm, and for polarized 
ones is 110-160 nm. The distribution of Fourier-analysis 
shows, that relief heterogeneities are distributed on the 
surfaces uniformly. 

  From the fig.2 and fig.3 it is seen, than the blending of 
surface heterogeneities takes place after 
electrothermopolarization, i.e. physical structure of 
PP+MnO2 composition changes. It is also seen, that 
microstructure change leads to the change of composition 
strength properties. 

 

 
 
Fig.3. The analysis of surface properties of PP+MnO2 compositions and histogram of values of image elements: a) unpolarized sample;  
           b) polarized sample Ep=7⋅106 V/m, Tp=373K, tp=1h.  
 
Thus, the change of strength properties of sample 

compositions PP+MnO2 after electrothermopolarization is 
connected with the change of charge state and formation of 
order physical composition structure. 
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POLİPROPİLEN VƏ MnO2 ƏSASINDA ALINMIŞ KOMPOZİSİYALARIN  

MİKROQURULUŞUNA VƏ MÖHKƏMLİK XASSƏLƏRİNƏ ELEKTROTERMOPOLYARLAŞMANIN TƏSİRİ 
                       

Bu məqalədə polipropilen və MnO2 əsasında alınmış kompozisiyaların mikroquruluşuna və möhkəmlik xassələrinə elektrotermopolyar-
laşmanın təsirinin tədqiqinin nəticələri  verilmişdir. Göstərilmişdir ki, PP+MnO2 əsasında alınmış kompozisiyaların möhkəmlik xassələrinin 
elektrotermopolyarlaşmadan sonra dəyişməsi yük halının  və nizamlı fiziki quruluşun yaranması ilə əlaqədardır 
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М.А. Рамазанов, А.С. Гусейнова, Ф.В. Гаджиева 
 

  ВЛИЯНИЕ ЭЛЕКТРОТЕРМОПОЛЯРИЗАЦИИ НА МИКРОСТРУКТУРЫ И 
 ПРОЧНОСТНЫЕ СВОЙСТВА КОМПОЗИЦИЙ НА ОСНОВЕ  ПОЛИПРОПИЛЕНА И MnO2 

 
В данной работе излагаются результаты исследования влияния поляризации на микроструктуры и прочностные свойства 

композиций на основе  полипропилена и низкомолекулярной добавки  MnO2. Показано, что изменение прочностных свойств 
образцов композиций ПП+ MnO2  после электротермополяризации связано с изменением зарядового состояния и образованием 
упорядоченной физической структуры  композиций. 
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THE MECHANICAL PROPERTIES OF RAPID-HARDENED MULTI-COMPONENT 

ALLOYS ON TiNi BASIS NEAR CRYSTALLIZATION TEMPERATURE 
 

M.B. BABANLI 
Azerbaijan Technical University 

H. Javid ave.,25, Baku, Azerbaijan 
 
The systematic investigations of mechanical properties of rapid-hardened tapes of multi-component alloys on TiNi basis of two types: A 

and B are carried out. The first lot is A, where only Cu in the samples Ti32Hf18Ni50-xCux (where x=0; 5; 15; 25; 35; 45 at.%) varies in the 
composition. The second lot is B (Ti, Hf, Zr) (Ni, Cu, Co, Ag, Pd), where the doping elements Hf, Zr, Pd, Ag, Co, Cu vary on NiTi basis. All 
alloys with amorphous, mixed amorphous and crystalline phases demonstrate the elastic behavior before destruction moment in the “after 
obtaining” state.     

 
Introduction.  
 
The technique modern development requires more and 

more new perfect materials. The unit loads, the exploitation 
temperature conditions and medium aggressiveness increase. 
The question about the decrease of construction weight, 
durability increase, reliability and stability of material 
properties remains very acute. Meanwhile, the resource of 
property increase of standard alloys practically settles itself. 
That’s why nowadays the materials with heterogeneous and 
metastable structures are widely used in increasing 
frequency. 

The structure and phase composition of obtained material 
can strongly differ from equilibrium ones at alloy 
solidification (both metallic and non-metallic) with cooling 
rates on the level 105 – 106 K/c. The more typical effects are: 
the formation of new metastable phases (amorphous and 
crystal), the widening of solubility limits of doping elements, 
the decrease of granule and inclusion dimensions. In spite of 
many experimental and theoretical works, there is no total 
clearness about formation of rapid-hardened material 
structure up to now. The two questions are very important 
from practical point of view: how to obtain the material in the 
amorphous state (to suppress the crystallization) and how to 
carry out diffusionless crystallization. 

The systematic investigation of structural changes of 
rapid-hardened straps of multi-component alloys on TiNi 
base in our previous works [1-5] had carried out by the 
methods of X-ray analysis, translucent microscopy and 
calorimetry.  

The systematic investigations of mechanical properties of 
rapid-hardened tapes of multi-component alloys on TiNi base 
at different temperatures and especially the interest results by 
our opinion are obtained near the temperatures Tg and Tx are 
carried out in the present work.  

The material choice and experiment technique. The 
choice of chemical composition for multi-component alloys 
with shape memory effect on TiNi base, which further will be 
obtained by super rapid hardening from the melt, is based on 
two principles. Firstly, the chemical composition should be 
related to amorphization at super rapid hardening from the 
melt; secondly, the alloy should have the martensate 
transformations in the massive state (before super rapid 
hardening from the melt). 

The multi-component alloys on TiNi base of two plots: A 
and B are chosen for the investigation. First plot is A, where 
only Cu in the composition varies in the samples 
Ti32Hf18Ni50-xCux (where x=0; 5; 15; 25; 35; 45 at%). The 

second plot is B (Ti, Hf, Zr)(Ni, Cu, Co, Ag, Pd), where the 
doping elements Hf, Zr, Pd, Ag, Co, Cu vary on TiNi base. 

The rapid-hardened tapes (foils) obtained from “master” 
alloys, the solidification from the melt; by Planar Flow 
Jasting are investigated in our work. In this method the 
distance between disk and melt is constant in the quartz 
crucible (less than 1 mm, in our case the distance is from 0,15 
up to 0,2mm). The melt from the crucible proceeds from 
crack by the width 0,3-0,35mm and thickening 7-10mm, that 
allows obtaining the more wide tapes, than in our previous 
works. The cylindrical pieces of alloy (from 0,5 up to 15g) 
are stirred in quartz tube with the melt and are heated by 
inductive method. The melt temperature is controlled by 
pyrometer. The temperature, at which the gutter began, is 50-
150K, that is higher than liquidus temperature and depends 
on the melt viscosity. The melt is put on the disk under argon 
pressure 0,2MPa. The disk by diameter 200 mm is produced 
from cuprum alloy Cu(Co – Be). The disk spinning rate is 
from 5 up to 30 m/c, the gas pressure is 0,2 MPa in the 
helium atmosphere [1].        

The choice of the given alloys, obtained by super rapid 
hardening from the melt allows obtaining the different 
structural states after hardening at once (in initial state), and 
also investigating the evolution of structure and mechanical 
properties at the heating, the characteristics of martensate 
transformations after crystallization. 

The nominal chemical composition of investigated rapid-
hardened tapes of A plot ((Ti, Hf) (Ni, Cu) and B plot (Ti, Hf, 
Zr) (Ni, Cu, Co, Ag, Pd), the melt temperature at the output 
Tq and the width of obtained foils d are given in the tables 1 
and 2. 

                                                                                Table 1. 
The nominal chemical composition of rapid-hardened 

foils of A plot (T, Hf) (Ni, Cu), the melting point at the 
output Tq and foil width d. 

 
 

Alloy
 

Nominal chemical 
composition (at%) 

 
Tq (°С) 

 
d (mcm) 

Ti Hf Ni Cu 

A0 32 18 50 - 1380 30 
A1 32 18 45 5 1296 30 
A2 32 18 35 15 1285 30 
А3 32 18 25 25 1300 30 
A4 32 18 15 35 1200 30 
А5 32 18 5 45 1100 30 

 

The differential scanning calorimeter (DSC) Mettler DSC 
30 and Mettler DSC 822e is used for the investigation of 
thermodynamic properties. These installations allow carrying 
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out the investigations in temperature interval from -150°C up 
to 700°C with heating rate 10-100K/c and cooling rate 10-20K/c. 
The sample mass from 5 up to 10mg, the bays type, in which 
the samples are situated: aluminum or platinum ones. 

 

                                                                               Table 2. 
The nominal chemical composition of rapid hardened foils of 
B plot (Ti, Hf, Zr)(Ni, Cu, Co, Ag, Pd), melt temperature at 

the output Tq and foil width d. 
 

Alloy 
 

 
Nominal chemical composition 

(at%) 

 
Tq (°С)

 
d (mcm)

Ti Hf 
ore 
Zr 

Ni Cu others 

В0 50 - 25 25 - 1280  
В3 47 Hf-3 23 24.5 Pd-2 

Ag-0.5 
1320 30 

В5 48 Zr-2 23 23 Pd-2 
Ag-2 

1280 30 

В8 48 Zr-7 18 23 Pd-2 
Ag-2 

1320 30 

В12 48 Zr-7 18 25 Co-2 1280 30 
В20 27 Hf-18 50 5 - 1300 30 
В21 27 Hf-18 40 15 - 1230 40 
В22 27 Zr-18 50 5 - 1250 30 
В23 27 Zr-18 40 15 - 1230 40 
В24 40 Hf-15 8 37 - 1100 20 
В25 40 Hf-15 3 42 - 1100 20 
 
The machine for mechanical tests Test GmbH is used for 

investigation of mechanical properties of rapid-hardened 
foils. The given machine is additionally supplied by heating 
camera, that allows to us carrying out the investigations in the 
wide temperature interval from 20 up to 700°C with 
regulation of temperature and heating rate. 

The investigated samples have the following dimensions: 
the length is ~40mm, width is 6-8, 4mm, the work part is 
10mm. 

The experiments are carried out on the following 
schemes: 

1. The main mechanical properties (strength limit fσ , 
Yung module E, maximum deformation before destruction 
εmax) and deformation behavior of rapid-hardened tapes in the 
state “after obtaining” at room temperature (without heating). The 
mode “hard” machine is used. The program assigns the rate to 
the deformation ε’, which varies in the range 8,3*10-1–8,3*10-4 c-1. 

2. The investigations of the main mechanical properties 
and deformation behavior of rapid-hardened tapes in the state 
“after obtaining” at high temperatures (higher than room one) 
are carried out on the same scheme, described in the item 1, 
the only difference consists in the fact, that investigation 
temperature is varied in the interval from 20 up to 700°C (but 
each following experiment is carried out at constant given 
temperature). 

3. The investigations of deformation behavior of rapid-
hardened foils in the state “after obtaining” at the heating, i.e. 
investigation of superplasticity effect on the scheme “constant 
dynamic loading”: the “hard” machine mode is used. The 
sample is loaded up to the definite value (200-500MPa), 
further, the machine supports the given loading value; 
moreover, deformation rate is constant. After it, the sample is 
heated with the rate 100K/min and the deformation graphical 

charts “loading – deformation” and “deformation – 
temperature” are written. The data about deformation 
behavior of amorphous and amorphous-crystal samples in 
temperature interval Tg-Tx can be obtained with the help of 
this mode, which the mode of “hard” machine. 

The results and their discussion.  The curves “voltage 
– deformation” for the investigated alloys are presented on 
the fig.1. The main mechanical properties for multi-
component foils on TiNi base in the initial state (“after 
obtaining”) are given on the table 3. All samples, which are 
in the initially amorphous state, demonstrate σf=740÷1110 
MPa (for A plot), 810÷1410 MPa (for B plot), E=15÷39 MPa 
(for both plots); εmax=2,4-7,3% (for both plots). 
 

 
Fig.1. The curve “voltage – deformation” for the multi- 
           component foils on TiNi base in the initial state (“after  
           obtaining”) at T=20°C. 

 

The samples with mixed (amorphous-crystalline) 
structure show the values: σf =480÷1080 MPa; εmax=2–6,8% 
and E=16÷28 MPa (for both plots). All alloys of plots A and 
B with totally amorphous structure demonstrate the higher 
strength limit, than alloys with mixed structures. 

 

 
 
Fig.2. The surface of rapid-hardened foils after mechanical tests  
           at T= 20°C, obtained with the help of light microscopy; a  
           is A2 alloy after mechanical tests at T=20°C (pore  
           development); b are “icicles” of A2 alloy; c are cracks of  
           B5 alloy; d are perpendicular directions to the axis of  
           applied loading of B12 alloy.  
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                                                                                                                                                                           Table 3. 
The main mechanical properties for multi-component foils on TiNi basis in the initial state (“after obtaining”) at T=20°C: 

σf is breaking point; E is Yung module; εmax is deformation before destruction. 
 

 
Alloy, nom. ch. comp., at.% 

Relations 
A:B 

Structure “after 
obtaining” 

σf , 
MPa 

E, 
GPa 

εmax , 
% 

A1-Ti32Hf18Ni45Cu5 50:50 Amorph.+Cr. 680 16,6 4,2 
A2-Ti32Hf18Ni35Cu15 50:50 Amorph. 740 15,4 4,6 
A3-Ti32Hf18Ni25Cu25 50:50 Amorph. 1110 15,0 7,3 
A4-Ti32Hf18Ni15Cu35 50:50 Amorph. 890 16,4 5,2 
A5-Ti32Hf18Ni5Cu45 50:50 Amorph. 790 22,3 3,1 
В20-Ti27Hf18Ni50Cu5 45:55 Amorph.+Cr. 480 22,1 2,0 
В21-Ti27Hf18Ni40Cu15 45:55 Amorph.+Cr. 1120 16,2 6,8 
В22-Ti27Zr18Ni50Cu5 45:55 Amorph. 630 25,6 2,4 
В23-Ti27Zr18Ni40Cu15 45:55 Amorph. 1240 18,6 6,8 
В24-Ti40Hf15Ni8Cu37 55:45 Amorph. 1460 38,7 3,6 
В25-Ti40Hf15Ni3Cu42 55:45 Amorph. 1510 32,5 4,5 
В3-Ti47Hf3Ni23Pd2Cu24,5Ag0,5 50:50 Amorph.+Cr. 1200 19,6 6,1 
В5-Ti48Zr2Ni23Pd2Cu23Ag2 50:50 Amorph.+Cr. 810 19,0 4,2 
В8-Ti48Zr7Ni18Pd2Cu23Ag2 55:45 Amorph. 1410 21,0 6,9 
В12-Ti48Zr7Ni18Cu25Co2 55:45 Amorph.+Cr. 980 18,9 5,1 

The inclination of alloy chemical composition from 
relation A:B=50:50 leads to the increase of alloy durability 
level. This result well agrees with liquidus point: the highest 
liquidus temperature is fixed for the relation 50:50 and 
decreases at the inclination from this relation. The liqudus 
temperature influences on temperature interval of co-
existence of liquid and crystalline phases, atom diffusion 
activity, containing in the composition, cooling rate, that 
exchanges the alloy structure in the initial state (“after 
obtaining”) and their mechanical properties. The foil 
surface in the process of mechanical influences is 
investigated by optical microscopy and scanning electron 
microscopy in order to establish the possible deformation 
mechanisms in the foils with different initial structures. The 
following surface peculiarities are fixed: 1) The pore 
development at loading of A2 alloys, if they are present 
before deformation (fig.2, a); 2) The stairs, formed by the 
shift with orientation approximately 45° in the relation to 
axis of applied loading, if the destruction surface is 
practically perpendicular to loadings (fig.2, A2 alloy); 3) 
The tracks, formed by the shift with orientation 
approximately 45° in the relation to loading axis ( B5 
alloy), if the destruction surface is practically perpendicular 
to loading axis for B5 and B12 alloys (fig.2). 

The application of term “shift” in the materials with 
amorphous structure doesn’t mean that the shift of one atom 
square in the relation to another one takes place, this is 
impossible in the materials with amorphous structure. For 
the given materials the term “shift” means the shift of one 
material part relatively another one (in mane cases at angle 
of 450 to axis of applied voltage). 

The images of destruction surface on the fig.3, obtained 
with the help of scanning electron microscopy, show the 
presence of “branched” pattern in B12 alloy samples at 
room temperature after expansion. It is well known, that the 
presence of this pattern is character peculiarity for the 
material destruction surface with amorphous structure: it 
forms in the result of the fact that whole information 
accumulated in shift thin bands [1]. 

The micropores appear in these tapes, they expand and 
fill the spaces along shift s and further the isolation of 
atomic distances takes place. Moreover, the “branched” 
pattern is observed on the surface. These data show that the 
destruction has viscous character at the loading; the 
behavior of shift tapes is similar to the behavior of thin 
viscous full sphere between two parallel plates, that isn’t 
practically deformed with formation of “branched” pattern. 
This is specific feature for destruction of metals and alloys 
with amorphous structure. 

The destruction mechanism, which shows the formation 
of so-called “liquid drops”, is supposed by authors of work 
[6]. The authors of work [6] suppose the alloy 
decomposition mechanism with amorphous structure, the 
essence of which consists in the fact that the material in the 
local regions (shift tapes) is heated in the result of 
transformation adiabatic process by accumulated 
deformation energy into warmth. This process leads to alloy 
local crystallization with amorphous structure (formations 
of “liquid drops”) and to the destruction in the result it. The 
microstructure surface analysis in destruction region doesn’t 
reveal the presence of “liquid drops”, i.e. the supposed 
destruction mechanism isn’t proved on our alloys neither 
with the help of optical electron microscope, nor with the 
help of scanning electron one. On the other hand, the series 
of experiments and calculations is carried out for the 
possibility designation of this destruction mechanism.  

The information about deformation rate on the basis of 
mechanical properties for model alloys B23 and B25 can be 
critic one for the possible decomposition mechanism. Both 
alloys have the initial amorphous structure. The 
deformation rate for these alloys in the wide interval 0,5-
500 nm/min doesn’t practically influence on strength limit 
and Yung module. The elastic behavior of all alloys up to 
decomposition moment is the one from the reasons of the 
given result, and another one consists in the fact that foils 
have the big external surface and small width, that’s why 
the warmth, which possible forms at the deformation, is 
transformed very quickly into environment.     
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Fig.3. The destruction surfaces (scanning  microscopy) of B12 alloy after mechanical tests at T=20°C. 
 

It is necessary to note the some difficulties, which 
appear at the definition of mechanical properties of rapid-
hardened foils. These problems are connected with the 
presence of technological defects in the material, such as: 
the pores and irregularity to foil width. Moreover, this 
irregularity is fixed in two directions of cut: lengthwise and 
transversally foil length and has the form “wave” surface. 
Before testing the samples are investigated with the help of 
optical microscope, and also the measurement statistics is 
constructed in order to decrease the influence of these 
defects on the measurement results. 

 
Fig.4. The dependence of the main mechanical properties (σf , E  
          and εmax) on the temperature of B24 alloy. 

 

The alloys with different structural states “after 
obtaining” are investigated for the study of deformation 
behavior at temperatures, which are higher, than room ones. 
The dependencies of main mechanical dependencies 
(durability limit σf, Yung module E, maximum deformation 
up to destruction εmax) on the temperature for B24 alloy, 
strain rate ε=5mm/min are presented on the fig.4. 

The alloy deformation with amorphous structure can be 
conditionally divided into two types: homogeneous and 
nonhomogeneous [7-13]. The deformation type changes 
from nonhomogeneous up to homogeneous one at some 
critical temperature Tc with temperature increase. The 
critical temperature Tc depends on alloy strain rate [8,9]. 
The critical temperature for B24 alloy is ~415°C, the 
strength strongly decreases at temperature increase higher 
than Tc, increasing with temperature increase. 

The maximum deformation before deconstruction 
increases. The peak appears at the deformation of 
homogeneous alloys of amorphous types with temperature 
increase, and further, decreases at crystallization process 
leaking. The increase of maximum deformation up to 
destruction well agrees with temperature dependence of 
alloy viscosity [8, 14-18]. 

Yung module decreases with at temperature increase, 
forming the minimum and after it increases at 
crystallization process leaking. This result shows, that force 
of interatomic interaction becomes less in Tg region. This 
result hasn’t the clear physical explanation yet [7]. The 
alloy durability level decreases at more high temperatures, 
which are higher than Tg at formation of crystalline granules 
in the amorphous matrix. The deformation scheme: 
“constant dynamic loading” is worked for the study of 
deformation behavior and high durability effect in rapid-
hardened foils. The high plasticity is the effect, which is 
character for amorphous structure at glass-transition 
temperatures Tg. The dependencies “deformation – voltage” 
and “deformation – temperature”, obtained in the 
experiment result on the scheme “constant dynamic 
loading” for A1, A2, 3P, B12, B23 alloys are presented on 
the fig.5. The samples demonstrate the different maximum 
deformation before destruction εmax, for example, for A1 
alloy is 19%, for A2 alloy is 62%. These results show that 
alloys with mixed structure (amorphous-crystalline) also 
have the high plasticity effect and maximum deformation 
depends on volume part of crystalline phase in amorphous 
matrix. 
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Fig.5. The dependencies “deformation - voltage” and  
           “deformation – temperature” for alloys A1, A2, B3, B12  
           and B23, obtained in the result of experiments on the  
           scheme “constant dynamic loading”. 
 

 
 

Fig.6. The foil surfaces (optical microscope) after experiment on  
           the scheme “constant dynamic loading” l a is A1 alloy; b   
           is A2 alloy; c is B3 alloy; d is B12 alloy. 
 

The surface images of rapid-hardened foils of A1, A2, 
3P, B12 alloys after investigation on the scheme “constant 
dynamic loading” are presented on the fig.6. These images 
are obtained with the help of optical microscope. All 

samples have the constrictions in the middle work part that 
is the result of material viscous deformation. 

The transition of deformation nonhomogeneous type up 
to homogeneous one is accompanied by the fact that the 
maximum, so-called “tooth” (fig.7) appears on curves 
“voltage – deformation”. The “tooth” height ∆σ is the 
difference between maximum voltage σp and concealed 
voltage σs, which decreases at temperature increase and 
strain rate decrease [7]. It is impossible to explain the 
“tooth” phenomenon with the help of dislocation theory (as 
dislocations are absent in amorphous structure) [7], and it 
can be result of viscous-elastic behavior of amorphous 
alloys, where the role of viscous concealed voltage becomes 
essential at more high temperatures and less strain rates in 
the relation to elastic behavior (at room temperature). 

 

 
Fig.7. The deformation behavior of B24 alloy in the dependence  
            on the temperature (“voltage – deformation”). 

 
The influence of strain rate on maximum deformation up 

to B23 alloy destruction is presented on the fig.5. The 
maximum deformation before destruction εmax increases, 
forming the peak at critical strain rate 1

cε  and after it 
decreases at increase of strain rate. 

The influence of strain rate on the value of concealed 
voltage σflow and viscosity η for B23 alloy are presented on 
the fig.8. The material viscosity is calculated with the help 
of the formula (1) [8]: 

 
                        εση ′= 3/flow .                                  (1) 
 
The viscosity stays practically constant value for strain 

rate, but doesn’t exceed the critical 1
сε  and decreases at 

deformation rates, which exceeds the critical one. The value 
of critical deformation rate 1

сε  is responsible for cut point 
of dependencies η=Φ(ε’) and divides the deformation mode 
into low- and high-speed ones. 

The concealed voltage σflow linearly increases with 
increase of deformation rate and forms “plateau” at 
deformation rate, which exceeds the critical one. The 
critical deformation rate at constant temperature is the one 
of important deformation parameters, as it shows the 
maximum deformation before destruction, which is possible 
to achieve. The amorphous alloy demonstrates Newton type 
of concealed voltage at low-speed deformation mode and 
non-Newton one at high-speed deformation mode. 
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Fig.8. The dependencies of maximum deformation, voltage and  
           viscosity of B23 alloy before destruction on the strain rate. 
 

 
 
Fig.9. The destruction surface of B12 alloy after the test on the  
           scheme “constant dynamic loading”. 
 

 
Fig.10. The calorimetric curves of rapid-hardened foils of A2  
             alloy after the superplasticity effect and thermal  
             working at 630°C during 10 minutes in “free state”  
             (without loading). 
 
The destruction surface image of B12 alloy sample after 

high plasticity effect is presented on the fig.9. As it is seen 
from the fig.9., the microstructure of destruction surface isn’t 
homogeneous one: the regions with intergranular destruction 
type and regions with “sudino-like” type, which is character 
for destruction of amorphous phase, are presented. The some 
volume part of material stays amorphous after high plasticity 
effect. The calorimetric curves for A2 and B3 alloys are 
presented on the fig.10 and 11, correspondingly. The 
calorimetric curves for foils of A2, which have the different 
pre-histories after high plasticity and thermal working in 
“free” state (without loading), at similar thermal conditions 
630 0C during 10 minutes, are shown on the fig.10. The 
following result is obtained: the some alloy part stays 
amorphous after high plasticity effect after thermal working 
in “free” state. The analogous result is obtained for B3 alloy. 

Conclusion. Thus, A:B relation inclinations from 50:50 
up to 55:45 and 45:55 in alloy chemical composition in 
many cases lead to appearance of foil strength level in the 
state “after obtaining”. This result well agrees with liquidus 
temperature variation, which is fixed exactly for relation 
“A:B” 50:50 and decreases at the inclination from this 
relation. It is established, that doping element variation: the 
introduction of Zr instead of Hf, changes the structure in the 
state “after obtaining” from mixed amorphous-crystalline 
phases to totally amorphous one. As a result, the alloys of 
TiZrNiCu system demonstrate the highest durability level, 
than alloys of TiHfNiCu system. 

  All alloys with amorphous and mixed crystalline 
phases in the state “after obtaining” demonstrate the elastic 
behavior up to the destruction moment. It is shown, that 
both normal and sufficient voltages influence on the 
destruction of rapid-hardened foils (the destructions have 
viscous nature with formation of “sudino-like” pattern, 
which is typical for materials with amorphous structure). 

  The strain rate in wide interval 0,5-500 mm/min 
doesn’t influence on strength limit and Yung module for the 
alloys of amorphous and mixed amorphous-crystalline 
structures in the state “after obtaining”. 

  The rapid-hardened foils on TiNi basis with amorphous 
and mixed (amorphous-crystalline) structures demonstrate 
high plasticity effect near glass-transition temperatures Tg.          
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М.Б. Бабанлы 

 
ИФРАТ СЦРЯТЛЯ ТАБЛАНДЫРЫЛМЫШ TiNi ЯСАСЛЫ ЧОХКОМПОНЕНТЛИ  ЯРИНТИЛЯРИНДЯ 

КРИСТАЛЛАШМА ТЕМПЕРАТУРУ ЙАХЫНЛЫЬЫНДА МЕХАНИКИ ХАССЯЛЯР 
 

Ифрат сцрятля табландырылмыш TiNi ясаслы чохкомпонентли яринтилярин механики хассяляри ики серийада системли шякилдя тядгиг едилмишдир: 
А вя Б. Биринжи, А серийада тяркибдя йалныз Cu  Ti32Hf18Ni50-хCuх ( х=0; 5; 15; 25; 35; 45 ат. %)явяз едилмишдир. Икинжи В (Ti, Hf, Zr)(Ni, 
Cu, Co, Ag, Pd) серийада ися  NiTi системи тяркибиндя Hf, Zr, Pd, Ag, Co, Жu кими легирляйижи елементляр дяйишдирилмишдир. Мялум 
олмушдур ки, юйрянилмиш яринтилярдя «илкин вязиййятдя» аморф вя аморф – кристаллик гурулуша малик тябягяляр даьылмайа гядяр еластиклик 
хассяляри эюстярир. 

 
М.Б. Бабанлы  

 
МЕХАНИЧЕСКИЕ  СВОЙСТВА БЫСТРОЗАКАЛЕННЫХ  

МНОГОКОМПОНЕНТНЫХ СПЛАВОВ НА ОСНОВЕ  Ti-Ni ВБЛИЗИ ТЕМПЕРАТУРЫ 
КРИСТАЛЛИЗАЦИИ 

 
Проведены систематические исследования механических свойств быстрозакаленных лент многокомпонентных сплавов на 

основе TiNi двух серий: А и В. Первая серия А, где в составе варьируется только Cu в образцах Ti32Hf18Ni50-хCuх (де х=0; 5; 15; 25; 
35; 45 ат. %). Вторая серия В (Ti, Hf, Zr)(Ni, Cu, Co, Ag, Pd), где  варьировались легирующие элементы Hf, Zr, Pd, Ag, Co, Сu на 
базе NiTi. Все сплавы с аморфной и со смешанной аморфной и кристаллической фазами в состоянии «после получения» 
демонстрируют упругое поведение до момента разрушения. 

 
Received: 12.09.07 
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GENERALIZED TODA MODELS 

 
M.A. MUKHTAROV 

Institute of Mathematics and Mechanics 
370602, Baku, F. Agaev str. 9, Azerbaijan 

 
The group theoretical approach has been developed for one-dimensional generalized non-abelian conformal affine Toda models. 
 
1. The study of classical and quantum non-linear 

integrable models is of great interest in Mathematics and 
especially in   High Energy Physics, where such models have 
been used as laboratories to develop methods to explore the 
non-linear perturbative aspects of gauge theories, gravity and 
string theory. In particular, they could help in understanding 
some stable classical solutions, like monopoles, which must 
have an important role in the quantum theory, and which 
cannot be understood by the existing methods.  

Within the integrable models in 1+1 dimensions, the 
investigation of the different Toda Field Theories has 
recently received a lot of attention. According to their 
underlying algebraic structure, they can be divided into three 
categories; each one exhibiting nice characteristic properties. 
First, associated to the finite simple Lie algebras, there are 
the Conformal Toda models, which are conformally invariant 
1+1 field theories. Even more, they permit the construction of 
extensions of the Virasoro algebra including higher spin 
generators, namely W-algebras. The second class of theories 

are the Affine Toda models, based on loop algebras, which 
can be regarded as a perturbed Conformal Toda model where 
the conformal symmetry is broken by the perturbation while 
the integrability is preserved [1]. One of their main properties 
is that they possess soliton solutions. These two classes of 
models are called abelian or non-abelian referring to whether 
their fields live on an abelian or non-abelian group [2, 3, 4, 
5].Finally, the conformal symmetry can be restored in the 
abelian Affine Toda models just by adding two extra fields 
which do not modify the dynamics of the original model; one 
of these fields is a connection whose only role is to 
implement the conformal invariance. These are the so called 
Conformal Affine Toda models [6, 7], and they are based on 
a full Kac-Moody algebra; moreover, they are integrable [8], 
and have soliton solutions [9]. In fact, many properties of the 
Affine Toda models can be more easily understood by 
considering them as the Conformal Affine Toda models with 
the conformal symmetry spontaneously broken.  

At the same time the problem of constructing of the 
solutions of self-dual Yang-Mills (SDYM) model and its 
dimensional reductions, the one dimensional WZNW model in 
our case, in the explicit form for arbitrary semisimple Lie 
algebra, rank of which is greater than two, remains important 
for the present time. The interest arises from the fact that 
almost all integrable models in one, two and (1+2)-
dimensions are symmetry reductions of SDYM or they can 
be obtained from it by imposing the constraints on Yang-
Mills potentials [10-27].  

Two effective methods of generating of the exact 
solutions, the Riemann Hilbert Problem formalism [20] and 
the discrete symmetry transformation method [22], have been 
applied to Toda like systems.  This work is devoted to 
construct a group theoretical background of earlier 
considerations. 

2. The two-loop WZNW model was introduced in [6] as 
the generalization of the ordinary WZNW model to the affine 
case. Its equations of motion are given by 
              ( ) ( ) 0gg;0gg 11 =∂∂=∂∂ −

+−
−

−+
)))) ,  (2.1) 

where ±∂  are derivatives with respect to the light-cone 
variables txx ±=± , and g)  is an element of the group G  
formed by exponentiating an untwisted affine (real) Kac-
Moody (KM) algebra G

)
. Its generators DT m

a ,  and C  
satisfy the commutation relations 

 
 [ ] 0,nmab

nm
c

c
ab

n
b

m
a mCgTfT,T +

+ += δ   (2.2) 
                                                
 [ ] [ ] [ ] 0T,CD,C,TmT,D m

a
m

a
m

a ===   (2.3) 
 

where c
abf  are the structure constants of a finite (real) 

semisimple Lie algebra G, n  and m are integers, and abg  is 
the Killing form of G, i.e., )( baab TTTrg = ,  aT  being the 

generators of G. The non-degenerate bilinear form of G
)

 is 
defined as  

 
 
     )T,T(Tr)TT(Tr ba0,nm

n
b

m
a += δ ,   1)D,C(Tr =  

              0)T,D(Tr)T,C(Tr m
a

m
a ==                  (2.4) 

 
and we will use the same notation, Tr , for both the Killing 
form of G  and the bilinear form of G

)
. 

The two-loop WZNW model is invariant under left and 
right translations 

  

 
                                       ( ) ( ) ( ) ( ) ( ) ( )+−+−+−+−−+ →→ xgx,xgx,xg,x,xgxgx,xg RL

))))))
                                (2.5) 

   
The corresponding Noether currents are the components of 1−

−∂ gg))  and gg ))
+

− ∂1 , and they generate two commuting copies 
of the so called two-loop Kac-Moody algebra, defined by the relations 
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       ( ) ( )[ ] ( ) ( ) ( ) ( ) ( )( )yxxmJyxkgyxxJfyJ,xJ C

xn,mab
nm

c
c

ab
n
b

m
a −∂+−∂∂+−∂= −

+ δ                 (2.6) 

                                          ( ) ( )[ ] ( ) ( )yxymJyJ,xJ m
a

m
a

D −∂=                                                                (2.7) 

                                          ( ) ( )[ ] ( )yxkyJ,xJ x
DC −∂∂=                                                                         (2.8) 

                                            ( ) ( )[ ] 0yJ,xJ m
a

C =                                                                                          (2.9) 
 
The left and right currents satisfying the above relations are related to the group element g)  in eq.(2.1) by 
 

                           ( ) ( ) ( ) ( )DxJCxJTxJgggkxF C
D

D
R

n
b

n
a,R

n

ab

ab

1
R +++

−
∞

−∞=
+

−
+ ++=∂= ∑∑))

                         (2.10) 

                            ( ) ( ) ( ) ( )DxJCxJTxJgggkxF C
D

D
L

n
b

n
a,L

n

ab

ab

1
L −−−

−
∞

−∞=

−
−− ++=∂−= ∑∑))

                         (2.11) 

 
where abg  is the inverse of the Killing form abg  defined above. The different meaning of the two central extensions in 
eqs.(2.6)-(2.9) algebra is clarified by expressing the algebra as 

 
( ) ( )[ ] ( ) ( )yx)UV(kTryx))x(F]V,U([TryFV(Tr,xUF(Tr x −∂∂+−∂=                            (2.12) 

 
where VU ,  are two elements of the Kac-Moody algebra 

FG ,
)

 is either RF or LF , and Tr  is the invariant bilinear 

form of G
)

. 
Consider now a gradation of the Kac-Moody algebra G

)
 

                                                      

ss
GG
))

⊕=               (2.13) 

 with 
  [ ] rsrs GG,G +⊂

)))
        (2.14) 

 
The reduction presented in this section does not require 

that this gradation is integer; it just needs that the grades s 
take zero, positive and negative values, i.e., 

 

−+ ⊕⊕= GGGG
))))

0           (2.15) 
with 

 S
S

S
S

GGGG
))))

00
,

<
−

>
+ ⊕=⊕=                      (2.16) 

 
We now consider those group elements that can be 

written in a “Gauss decomposition” form 
 
  GNBMg ∈=)                          (2.17)  

 
where BN , and M are group elements formed by 
exponentiating elements of 0, GG

))
+  and −G

)
respectively. 

Using eq.(2.17), we can write the equations of motion 
(2.1) as 

 
                  [ ]1

RR MM,KK −
−− ∂=∂      (2.18) 

                        [ ]NN,KK 1
LL +

−
+ ∂=∂                    (2.19)    

where we have introduced

                           
                             111111

L BMMBBBNNNggNK −−
−

−
−−

−−
−

− ∂+∂+∂=∂= ))
                                      (2.20) 

    
            111111

R MMBBNBNBMggMK −
++

−
+

−−−
+

− ∂+∂+∂=∂= ))
                                            (2.21) 

 
Although the quantities RLK /  are not chiral, they have a 

simpler structure than the currents and will be very useful in 
what follows. We will reduce the two-loop WZNW model by 
imposing constraints not directly on the currents but on 

RLK / . We impose the constraints 
 
             ( ) l

11 BNNB Λ=∂+
−−       (2.22) 

            ( ) l
11 BMMB −
−−

− =∂ Λ       (2.23) 
 

where l±Λ  are constant elements of lG±

)
 . These constraints 

reduce the two-loop WZNW model to a theory containing 
only the fields corresponding to the components of B and to 

the components of N and M associated to the generators 
whose grade is l<  and l>  respectively. 

To obtain the equations of motion for such model one 
notices that the constraints (2.22) and (2.23) imply that 

 
       l

1 GNN
)

∈∂+
−       (2.24) 

    ( ) l
1 GMM −

−
− ∈∂

)
                   (2.25) 

 
Therefore the only terms of zero grade on the right hand 

side of (2.19) are coming from [ ] [ ]11 ,, −
−+

−
− ΛΛ=∂Λ BBNN lll . 

So we get 
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    [ ]1
ll

1 BB,)BB( −
−

−
−+ =∂∂ ΛΛ               (2.26) 

which can also be written as 
 
       [ ]BB,)BB( l

1
l

1
−

−
+

−
− −=∂∂ ΛΛ      (2.27) 

 

These are the equations of motion of what we call the 
generalized non-abelian conformal affine Toda models. 

 3. The one dimensional reduction of self duality 
equations obtained in [20] are the equations for the 
element f , taking values in the semisimple algebra,

                                        
0]],[],,[[2

]],[,[2]],[,[2]],[,[22

2

=−
∂
∂

+

+−−−
∂
∂

+
∂

∂

+

−++−

fXfH
r

fXXfXXfHH
r
f

r
f

                                       (3.1) 

 
Here ±XH ,  are generators of ),2((1 CSLA  algebra 
 
       [ ] [ ] ±±−+ ±== X2X,H,HX,X M  
 

embedded to gauge algebra in the half-integer way. 
 
Let’s rewrite (3.1) in the equivalent form: 
 

0],[
2
1

]],[
2
1],,[)(

2
1[

=+−
∂
∂

−

−+−
∂
∂

−−+
∂
∂

−

−+

XfH
r

XfH
r

fXH
r

 

 
This equation after changing the variable rt ln= has the 

following form 
 

     
0],[

2
1

]],[
2
1],,[

2
1[

=++
∂
∂

−

−++
∂
∂

−−+
∂
∂

−

−+

XfH
t
f

XfH
t
ffXH

t
   (3.2) 

 
Introducing the notation  
 

  
HtHt

eXfH
t
feF 2

1
2
1

)]],[
2
1(~ −−++

∂
∂

−=  ,  (3.3) 

 

multiplying (2) from the left side by 
Ht

e 2
1

and from the right 

side by 
Ht

e 2
1

−
, we obtain 

 

     0~]~],,[[
~

2
1

2
1

2
1

2
1

=+−
∂
∂ −−+ FFfeeeXe

t
F HtHtHtHt

 

 
Due to the evident equality 

 

+−+ = XeeXe tHt
2
1Ht

2
1

 
 

the last equation can be rewritten in a form 

              0~]~],
~

,[[
~

=+−
∂
∂ + FFfXe

t
F t

,             (3.4) 

 

where 
HtHt

feef 2
1

2
1~ −

= . 
In terms of these notations we have from (3.3) the 

following expression 
 

0]
~

,[
~~

=++
∂
∂

−= −− teXfH
t
fF  

 
Let’s introduce the notation 
 

0]
~

,[
~~

=++
∂
∂

−== −XfHe
t
feFeF ttt

 

 
Then (3.4) has a form 
 

                                  0],[ =+
∂
∂ FA

t
F

  ,                        (3.5) 

 
where ]

~
,[ fXeA t +−= . 

The equation (5) is one-dimensional evolution equation 
defined by Lax pair operators and it is one of the principal 
criteria of equations integrability. 

From the presentation (3.5) it is followed that 
 

nfor,0spF
t

n ∀=
∂
∂

 

 
and solution of the equations can be found in a form 

 
                             1

0FF −= ϕϕ ,                  (3.6) 
 

where )(tϕ  takes values in the corresponding Lie group and 

00 =
= tFF . 
From equation (5) and presentation (6) it is directly 

followed the expression for the operator A : 
 

              )
t

(A /1/

∂
∂

== − ϕϕϕϕ                    (3.7)                 

       
Let’s consider the commutator of F with +X : 
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,[,[]
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~
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~

,[,[]
~
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~

,[

]]
~

,[,[]
~

,[],[],[

fXeHfXefXe
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H

fHXefXefX
t

eH

fHXefX
t

eXXFX

ttt

ttt

tt

+++

+++
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Taking into account (3.6) and (3.7) the last expression can 

rewritten in a form 
 

],[)(],[ 1/1//1/1
0

−−−−+ +−−= ϕϕϕϕϕϕϕϕ HHFX . 
 

Making the substitution qeHt=ϕ and introducing a new 

variable te−=τ , we have  
 

                ],[)( 1
0

1 +−− =
∂
∂

∂
∂ XqqFqq

ττ               (3.8) 

 
Equation (3.8) is one-dimensional generalized non-

abelian conformal affine Toda model as it is obviously seen 
from eq. (2.26). The group-theoretical approach derived for 
this equation in paragraph 2 gives reasonable opportunities to 
obtain the exact solutions for arbitrary semisimple algebra 
and that will be the subject of the further publications.
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Ag2-хCu0+хS (х=0.45; 0.8; 1.07) БИРЛЯШМЯСИНДЯ ПОЛИМОРФ ЧЕВРИЛМЯЛЯР  

 
Й.И. АЛЫЙЕВ, А.Г. БАБАЙЕВ, Ф.Г. МЯЩЯРРЯМОВА 

Азярбайъан МЕА Физика Институту,  
Бакы, Аз-1143, H. Ъавид пр., 33 

 
Ag1,55Cu0,45S, Ag1,2Cu0,8S, Ag0,93Cu1,07S бирляшмяляри синтез едилмиш, Бриъмен цсулу иля монокристаллары алынмышдыр. 

Йцксяктемпературлу рентэендифрактометрик методла кристаллардакы полиморф чеврилмяляр тядгиг едилмишдир. 
 

Ag2S-Cu2S системи бирляшмяляринин термик, микро-
структур вя йцксяктемпературлу рентэенанализ методлары 
иля тядгиг едилмяси щаггында мялуматлар [1-6] ишлярдя ве-
рилмишдир. Эюстярилмишдир ки, йцксяк температур областында 
Ag2S вя Cu2S бирляшмяляринин щяр икиси ЦМК структурлу 
олуб, кясилмяз бярк мящлул сырасы тяшкил едир. α-Ag2S 

кристалынын ашаьытемператур модификасийасынын α-Cu2S-дя 
щяллолмасы, яксиня, чох ъцзи олуб, 340К температурда 
1.87мол% тяшкил едир. Ъядвял 1-дя Ag2S вя Cu2S бинар бир-
ляшмяляринин структуру вя полиморфизми щаггында мялу-
матлар верилмишдир. 

                                                                                
                                                                                                                                                   Ъядвял 1. 

Ag2S вя Cu2S бирляшмяляринин кристал структуру вя модификасийаларын кечид температуру. 
 

Модификасийа вя кечид 
температуру 

Кристал гяфясин параметрляри
Фяза групу ρх 

г/см3 
Ядябиййат 

а(Å) b(Å) с(Å) β Z 
  Ag2S-Моноклин

 
        452 К 

 
     Ag2S-ЩМК 

 
      873К 

 
     Ag2S-ЦМК 

4.236 
 
 
 

4.864 
 
 
 

6.269 

6.909
 
 
 
 
 
 

7.888
 
 
 
 
 
 

99.350

 
 
 
 
 
 

4

2 

4 

P21/C 

 
 
 

 
Fm3m 

7,243 
 
 
 

7,107 
 
 
 

5,815 

 
 
 

7-11 

Cu2S- Моноклин
 

      373 К 
 

   Cu2S-Щексагонал 
 

       738 К 
 

Cu2S-ЦМК 

15.246 
 
 
 

3.961 
 
 
 

5.725 

11.884 13.494
 
 
 

6.722 

116.350 48

4 

P21/ n
 
 
 

P21/ mmC 

 
 
 

Fm3m 

5,8 
 
 
 

5,785 
 
 
 

5,632 

 
 

 
12-17 

 
Иш [3]-дя гейд едилмишдир ки, бярк щалда Ag1,55Cu0,45S, 

Ag1,2Cu0,8S, Ag0,93Cu1,07S тяркибли аралыг фазалар йараныр вя 
щомеэенлик областы Ag1-хCu1+хS (0≤х≤1) дцстуру иля ифадя 
олунур ки, AgCuS (50мол% Ag2S) бирляшмяси дя щямин 
областда йерляшир. AgCuS, Ag1,55Cu0,45S, Ag1,2Cu0,8S вя 
Ag0,93Cu1,07S бирляшмяляринин полиморф модификасийаларынын 
структуру вя чеврилмя температурлары щаггында ядябиййат 
мялуматлары ъядвял 2-дя верилмишдир. 

AgCuS цчгат бирляшмяси отаг температурунда, еле-
ментар гяфясин параметрляри а=4,06Å, b=6,66Å, с=7,99Å, 

фяза групу D 17
2h -Cmcm, Z=4 олан орторомбик гяфясдя 

кристаллашыр [3]. AgCuS бирляшмясинин ашаьытемператур 
орторомбик модификасийасынын Ag2S бирляшмясинин монок-
лин структуру иля бязи охшарлыьы вар [7]. AgCuS бирляшмяси-
нин структурундакы кцкцрд вя мис атомларындан тяшкил 
олунмуш лайлар Ag2S бирляшмясиндяки кцкцрд-эцмцш лай-
ларына чох бянзяйир. Бу лайларда щяр бир мис атому ∼2.28Å 
мясафядя йерляшян кцкцрд атомлары иля ящатя олунмушдур. 
Лайлар эцмцш атомлары васитясиля бирляшир вя кцкцрд-эцмцш 
мясафяси ∼2.28Å-дир. 

Гейд етмяк лазымдыр ки, AgCuS бирляшмяси дефектли 
структура маликдир вя эцман етмяк олар ки, мис атомлары 
структурда чатышмайан Аэ атомларыны гисмян явяз едирляр.  

AgCuS бирляшмясиндяки полиморф чеврилмяляр [19]-да 
тядгиг едилмиш вя эюстярилмишдир ки, ашаьытемператур орто-
ромбик модификасийа 400К температурда β-Cu2S иля [12] 
идентик олан щексагонал модификасийайа, бу модификасийа 
ися 705±2К-дя йцксяктемператур ЦМК модификасийасына 
кечир (Ъядвял 6). 

Тягдим олунан ишдя йцксяктемпературлу рентэен ме-
тоду иля Ag1,55Cu0,45S, Ag1,2Cu0,8S, Ag0,93Cu1,07S моно-
кристалларында полиморф чеврилмяляр юйрянилмишдир. 

 
ТЯЪРЦБИ ЩИССЯ. 
 

Ag1,55Cu0,45S, Ag1,2Cu0,8S, Ag0,93Cu1,07S бирляшмяляринин 
синтези вя монокристалларынын алынмасы. 

 

Эюстярилян тяркиблярин синтези цчцн Аэ вя Ъу тямизлик 
дяряъяси 99,999% олан вя «Б5» маркалы С компонент-
ляриндян истифадя едилмишдир. Ичярисиндя мцвафиг тяркибляр 
олан ампулалар собанын температуру стабил олан зонасын-
да йерляшдирилмиш, сонра собанын температуру кцкцрдцн 
яримя температуруна (Тяр=393К) гядяр галдырылмыш вя 
кцкцрд, эцмцш вя мис арасында реаксийанын эетмяси цчцн 3 
саат мцддятиндя собанын температуру сабит сахланылмыш-
дыр. Сонра температур 50К/саат сцрятля AgCuS-ин яримя 
температурундан (Тяр=1357К) йухары галдырылмышдыр. Щя-

mmO q
h 31−
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мин температурда 3 саат сахланылдыгдан сонра соба ам-
пулаларла бирликдя 20К/саат сцрятля отаг температуруна 
гядяр сойудулмушдур. 

Алынмыш нцмунялярин бирфазалылыьыны мцяййян етмяк 
цчцн микроструктур вя рентэен-фаза анализи апарылмышдыр. 

Ag1,55Cu0,45S бирляшмясинин тозундан алынмыш дифракто-
грам тетрагонал (ъяд.3), Ag1,2Cu0,8S бирляшмясинин тозун-
дан алынмыш дифрактограм моноклин (ъяд.4), Ag0,93Cu1,07S 
бирляшмясинин тозундан алынмыш дифрактограм ися ортором-
бик (ъяд.5) гяфяс параметрляри ясасында индекслянмишдир. 

Синтез едилмиш тякиблярин монокристаллары Бриъмен цсу-
лу иля алынмышдыр. Щяр бир тяркиб хырдаланмыш щалда, рцшейм-
ляри сечмяйя имкан верян ити уълу ампулайа йерляшдирил-
мишдир. Ампулаларын щавасы 10-3Па тязйигя гядяр сорулмуш, 

щяр ампула нювбя иля собанын йухары щиссясиндя йерляшди-
рилмиш вя 1400К-дян йухары температура гядяр гыздырыл-
мышдыр. Бундан сонра ампулалар 1.5мм/саат сцрятля соба-
нын температур градийенти зонасындан кечирилмишдир. 

Бу шяртляр дахилиндя йцксяктемператур модификасийасы-
нын кристаллары алыныр. Ампулалар собанын температур гра-
дийентиндян кечяркян сойудугда кристаллар йцксяк темпе-
ратур модификасийасындан ашаьытемператур модификасийа-
сына кечирляр. Эярэинлик вя деформасийаны арадан галдыр-
маг мягсядиля ашаьытемператур модификасийасынын кристалл-
лары 48 саат ярзиндя собанын 3-ъц зонасында кечид темпера-
турундан ашаьы температурда сахланылмышдыр.  

Беляликля, алынмыш кристаллар тягдим олунан ишин тядги-
гат обйектляри олмушдур. 
                                                                                           

                                                                                                                                                                       Ъядвял 2. 
AgCuS, Ag1.55Cu0.45S, Ag1.2Cu0.8S вя Ag0.93Cu1.07S бирляшмяляринин кристал структуру вя кечид температурлары 

щаггында ядябиййат мялуматлары. 
 
Модификасийа вя кечид 
температуру 

Кристал гяфясин параметрляри Фяза 
групу 

ρх 
г/см3 

Ядябиййат
а(Å) b(Å) с(Å) β Z 

          AgCuS- Орторомбик 
 

         366К 
 

                Щексагонал 
 

          705К 
 

                   ЦМК 

4.06 
 
 
 

4.005 
 
 
 

5.729 

6.66
 
 
 
 
 
 

7.99
 
 
 

6.806 
 
 
 

 

 

4
 
 

 
2 

 
 
 

4 

Cmcm 

 
 
 

P63/m 
mc 

 
 

Fmcm 

6.30 
 
 
 

6.350 
 
 
 

7.186 

 
 
 

1-5, 19 

Ag1.55Cu0.45S-Тетрагонал
 

           >373 К 
 

         ЩМК 

8.673 
 
 
 

4.825 

 11.756
 

 16
 
 
 

2 

 6.8 
 
 
 

6.736 

1-5 

Ag1.2Cu0.8S 
 

        424 К 
 

ЦМК 

- 
 
 
 

5.999 

 - - -
 
 
 

4 

- - 
 
 
 

6.532 

1-5 

Ag0.93Cu1.07S- Орторомбик
 

   ∼373К 
 

Щексагонал 
 

   ∼453К 
 

ЩМК 

4.066 
 
 
 

4.138 
 
 
 

5.961 

6.628
 
 
 
 
 
 

7.972
 
 
 

7.105 
 
 
 

 

 

4
 
 
 

2 
 
 
 

2 

Cmcm 

 
 
 
 

6.194 
 
 
 
 

 
 
 

1-5 

 
Ag1,55Cu0,45S, Ag1,2Cu0,8S, Ag0,93Cu1,07S кристалларынын  
йцксяктемператур дифрактометрик тядгиги. 
 
Йцксяктемпературлу дифрактометрик тядгигатлар 10-3Па 

вакуум алмаьа имкан верян йцксяктемпературлу 
«УРВТ-2000» ялавяси олан ДРОН-3М (ЪуКα-шца, Ни-
филтр) дифрактометриндя апарылмышдыр. Дифраксийа хятляринин 
йазылмасында буъаг айрыдетмяси ≅0.10, буъагларын 
тяйининдяки хята ∆θ=±0.020-дир. 

1. Ag1,55Cu0,45S. Кристаллик Ag1,55Cu0,45S бирляшмясин-
дян отаг температурунда (293К) ихтийари истигамятли 
5×5×2 мм юлчцлц нцмуня кясилмишдир. Бу нцмуня цчцн 
100≤2θ≤1000 буъаг интервалында 15 айдын дифраксийа хятляри 
гейдя алынмышдыр (Ъядвял 3-дя онлар улдузла ишарялян-
мишдир). Ъядвял 3-дя эюстярилдийи кими, гейдя алынмыш бцтцн 

хятляр тоз нцмунясиндян алынмыш хятлярля цст-цстя дцшцр вя 
тетрагонал гяфяс параметрляри иля дягиг индекслянирляр. 

Отаг температурунда дифрактограм чякилдикдян 
сонра соба ишя салынмыш вя щяр 30К-дян сонра дифраксийа 
хятляри чякилмишдир. Щяр чякилмядян яввял нцмунянин тем-
пературу 30 дягигя ярзиндя сабит сахланылмышдыр. Бу заман 
403К температурда алынмыш дифрактограмдакы хятлярин са-
йында вя интенсивлийиндя дяйишиклик олмамышдыр. Йалныз 
493К-дя яввялки буъаг интервалында 7 дифраксийа хятти 
гейдя алынмышдыр.  

Бу хятляр гяфяс параметрляри а=4,833Χ, Z=2, ρх=6,704 г/см3 
олан ЩМК структурунда биргиймятли индекслянирляр. Нц-
муняни 673К-я гядяр гыздырдыгда ЩМК модификасийа па-
раметрляри а=5,951Χ, Z=4, ρх=7,179г/см3 олан ЦМК мо-
дификасийайа кечир. 
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                                                                                                                                                                   Ъядвял 3. 

Ag1.55Cu0.45S кристалынын мцхтялиф температурларда алынмыш рентэенграмларынын щесабы. 
 

T, K dексп.(Χ) I/ I0  dщес.(Χ) h k l Кристал гяфясин параметрляри 

1 3 2 4 5 6 

293 

6,933
4,812 
4,319* 
4,064 
3,878 
3,673 
3,480* 
3,222 
3,065 
2,892 
2,802* 
2,746 
2,484* 
2,432* 
2,353* 
2,164* 
2,103 
2,030 
1,991 
1,930* 
1,838 
1,742* 
1,677* 
1,611 
1,566* 
1,487 
1,442* 
1,388* 
1,327* 
1,278 
1,219 
1,168 
1,146* 
1,083 

30 
40 
60 
40 
30 
40 
40 
20 
40 
40 

100 
100 
60 

100 
100 
40 
20 
30 
20 
20 
40 
40 
20 
40 
20 
30 
40 
40 
40 
30 
10 
10 
20 
20 

6,9410
4,8143 
4,3365 
4,0609 
3,8787 
3,6777 
3,4705 
3,2221 
3,0664 
2,8910 
2,8049 
2,7452 
2,4785 
2,4072 
2,3552 
2,1683 
2,1035 
2,0305 
1,9907 
1,9276 
1,8389 
1,7352 
1,6828 
1,6111 
1,5569 
1,4878 
1,4406 
1,3882 
1,3229 
1,2780 
1,2197 
1,1689 
1,1458 
1,0838 

101
102 
200 

201 
210 
121 
202 
212 
220 
300 
301 
104 
312 

204 
321 
400 
140 
042 
134 
332 
242 
404 
151 
424 
415 
434 
532 
505 
534 
543 
551 
553 
329 
555 

 
 
 
 
 
 
 
 
 
 
 
 
 

Тетрагонал 
а=8,673 Χ 
ъ=11,576 Χ 

Z=16 
ρ=6,981 г/см3 

 
 
 
 
 
 
 
 
 
 
 

385 

4,331
3,490 
2,805 
2,488 
2,437 
2,356 
2,168 
1,931 
1,745 
1,679 
1,567 
1,443 
1,396 
1,328 
1,147 

60 
40 

100 
60 

100 
100 
40 
20 
40 
20 
20 
40 
40 
40 
20 

4,3334
3,4900 
2,8061 
2,4853 
2,4354 
2,3551 
2,1667 
1,9302 
1,7453 
1,6822 
1,5684 
1,4411 
1,3962 
1,3269 
1,1493 

200
202 
301 
312 
204 
321 
400 
332 
404 
151 
415 
532 
505 
534 
329 

Тетрагонал 
а=8,667 Χ 
ъ=11,778 Χ 

Z=16 
ρ=6,951 г/см3 

 

 
573 

 

2,438
1,991 
1,724 
1,542 
1,407 
1,303 
1,219 

60 
100 
40 
20 
60 
50 
40 

2.4380
1.9906 
1.7239 
1.5419 
1.4076 
1.3032 
1.2190 

200
211 
220 
310 
222 
321 
400 

ЩМК 
а=4,876 Χ 

Z=2 
ρ=6,526 г/см3 

 

673 

2,974
2,103 
1,793 
1,717 
1,487 
1,365 

40 
60 

100 
80 
60 
90 

2,9753
2,1034 
1,7940 
1,7169 
1,4876 
1,3644 

200
220 
311 
222 
400 
331 

ЦМК 
а=5,951Χ 

Z=4 
ρ=7,179 г/см3 
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2. Ag1,2Cu0,8S. Синтез едилмиш Ag1,2Cu0,8S нцмунясинин 
тозундан алынмыш дифрактограмда гейдя алынмыш 26 ди-
фраксийа хятти Cu1.96S тяркибиня мяхсус олан моноклин гя-
фяс параметрляри ясасында индекслянир: а=26,897Å, 
b=15,745Å, ъ=13,565Å, β=90013′, Z=8, фяза групу P21/n 
[12, 15]. 

Гейд етмяк лазымдыр ки, 26 дифраксийа хяттиндян 13-ц 
Ag2S-ин моноклин гяфяс параметрляри иля дя индекслянирляр.  

Температур тядгигатлары цчцн полиморф кечиддян алын-
мыш йцксяктемператур модификасийасынын кристалындан исти-
фадя едилмишдир. Ag1,2Cu0,8S-дян отаг температурунда ихти-
йари истигамятли 4×4×2 мм юлчцлц нцмуня кясилмишдир. Бу 
нцмуня цчцн 100≤2θ≤1000 буъаг интервалында 15 айдын ди-

фраксийа хятляри гейдя алынмышдыр (Ъядвял 4-дя онлар улдуз-
ла ишарялянмишдир). Ъядвял 4-дя эюстярилдийи кими, гейдя 
алынмыш бцтцн хятляр тоз нцмунядян алынмыш 
рентэенограмла цст-цстя дцшцр. 

Ag1,2Cu0,8S нцмунясинин отаг температурунда икифа-
залылыьы мцяййян едилдикдян сонра, нцмунянин истигамятини 
дяйишмядян соба ишя салынмыш вя 4-ъц ъядвялдян эюрцндцйц 
кими, 372К-дя яввялки буъаг интервалында 15 дифраксийа 
хятти явязиня йалныз 8 хятт гейдя алынмышдыр. Бу дифраксийа 
хятляри Cu1.96S вя Ag2S-ин гяфяс параметрляри иля индексля-
нирляр. Дифраксийа хятляринин сайынын азалмасы, эюрцнцр, нц-
мунялярин гыздырылмасы иля ялагядардыр. 

 

                                                                             
                                                                                                                                                                         Ъядвял 4. 

Ag1.2Cu0.8S кристалынын мцхтялиф температурларда алынмыш рентэенграмларынын щесабы. 
 

T, K 
dексп.(
Χ) 

I/ I0 
Cu1,96S [12] Ag2S [12] 

Кристал гяфясин параметрляри dщес.(Χ
) 

h k l dщес. (Χ) 
h k 

l 

293 

6,809 
6,050 
4,812 
3,882* 

3,051* 

2,861* 

2,607* 

2,564* 
2,522* 

2,500* 

2,407* 

2,307* 

2,186* 

2,164* 

2,090* 

2,070* 

2,009* 

1,947* 

1,882 
1,801 
1,720 
1,681 
1,486 
1,393 
1,262 
1,126 

20 
20 
30 
40 
60 
60 

100 
40 
40 
20 
60 
60 
40 
40 
40 
60 
40 
60 
30 
20 
40 
40 
60 
30 
20 
20 

6,8089
6,0504 
4,8150 
3,8788 
3,0502 
2,8684 
2,6010 
2,5646 
2,5217 
2,4983 
2,4055 
2,3076 
2,1893 
2,1656 
2,0903 
2,0690 
2,0081 
1,9466 
1,8817 
1,8010 
1,7207 
1,6806 
1,4858 
1,3927 
1,2614 
1,1254

021
202 
131 
123 
433 
911 

10 11 
161 
552 
022 
461 
054 
271 
126 
815 
164 
173 
944 
027 
237 
291 
292 
309 
468 
488 
499 

-
- 
- 

3,8801 
- 
- 

2,6031 
- 
- 
- 
- 

2,3178 
- 
- 

2,0931 
2,0707 

- 
1,9400 

- 
1,8168 
1,7202 
1,6862 
1,4838 
1,3987 
1,2630 
1,1256

-
- 
- 

002 
- 
- 

121 
- 
- 
- 
- 

122 
- 
- 

122 
023 

- 
004 

- 
114 
033 
041 
034 
143 
152 
054 

 
Cu1,96S 

Моноклин 
а=26,897 Χ 
b=15,745 Χ 
ъ=13,565 Χ 
β=90.130 

Z=8Cu31S16 
ф.г. P21/n 

ρх=7,854 г/см3 
 
 

Ag2S 
Моноклин 
а=4,23 Χ 
b=6,91 Χ 
ъ=7,87 Χ 
β=99035′ 

Z=8 
ф.г. P21/n 

ρх=7,19 г/см3 
 
 
 
 

373 

2,539 
2,127 
2,071 
2,034 
1,981 
1,919 
1,443 
1,097 

40 
40 

100 
40 

100 
60 
30 
20 

2,5371
2,1281 
2,0730 
2,0344 
1,9812 
1,9189 
1,4436 
1,0972

253
172 

11 2 3 
472 

11 0 4 
555 
767 

5 14 1 

-
- 

2,0707 
2,0163 
1,9806 
1,9144 
1,4440 
1,0965

-
- 

023 
130 
032 
131 
142 
225 

 
Cu1,96S 

Моноклин 
 

Ag2S 
Моноклин 

 

424 

2,998 
2,119 
1,808 
1,733 

40 
100 
60 
20 

2,9986
2,1204 
1,8083 
1,7313

200
220 
311 
222 

ЦМК
а=5,997 Χ 

Z=4, ф.г. Fm3m 
ρх=6,532 г/см3 

 
373К-дя дифраксийа хятляри чякилдикдян сонра нцму-

нянин гыздырылмасы давам етдирилмиш вя 424К-дя яввялки 
буъаг интервалында 4 йени дифраксийа хятти гейдя алынмышдыр 
ки, бунлар параметрляри а=5,997Å олан ЦМК йцксяктем-
ператур модификасийасына мянсубдур. Кечид дюнян кечид-
дир вя нцмуня сойудугда бирфазалы ЦМК модификасийа 
яввялки икифазалы щала гайыдыр. 

3. Ag0,93Cu1,07S. Ag0,93Cu1,07S кристалындан отаг тем-
пературунда (293К) ихтийари истигамятли 5×5×2 мм юлчцлц 
нцмуня кясилмишдир. Бу нцмуня цчцн 10°≤2θ≤90° буъаг 
интервалында 18 айдын дифраксийа хятляри гейдя алынмышдыр 
(Ъядвял 5-дя онлар улдузла ишарялянмишдир).  

5-ъи ъядвялдян эюрцндцйц кими, гейдя алынмыш дифрак-
сийа хятляринин щамысы тоз нцмунясиндян алынмыш рентэен-
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грамдакы хятлярля цст-цстя дцшцр вя тетрагонал гяфяс пара-
метрляри иля дягиг индекслянирляр. 

Отаг температурунда дифрактограм чякилдикдян сон-
ра соба ишя салынмыш вя нцмуня тядриъян гыздырылмышдыр. 
373К-дя яввял гейдя алынмыш 18 дифраксийа хятляринин ща-
мысы йох олмуш вя яввялки буъаг интервалында 6 йени хятт 
йаранмышдыр. Бу хятляр, Ag2S-ин икинъи модификасийасы олан 

щексагонал гяфясин параметрляри иля индекслянирляр. Щекса-
гонал модификасийа 469К-дя гяфяс параметри а=5,962Å 
олан йцксяктемператур ЦМК модификасийасына кечир. 
Бцтцн кечидляр дюняндир, йяни нцмуня сойудулдугда 
Ag0,93Cu1,07S кристалы илкин вязиййятиня гайыдыр. 

                                                                                                                   
                                                                                                                                                                           Ъядвял 5. 

Ag0.93Cu1.07S кристалынын мцхтялиф температурларда алынмыш рентэенграмларынын щесабы. 
 

T, K dексп. (Χ) I/ I0 dщес. (Χ) h k l Кристал гяфясин параметрляри 

293 

3.982* 

3,630* 
3,458 
3,309* 

3,056 
2,615* 

2,546 
2,110* 

2,071* 

2.031* 

1,994* 

1,884* 

1,745* 

1,733 
1,728* 

1,709* 

1,693 
1,588* 

1,567 
1,451 
1,422* 

1,306* 

1,258* 

1,239* 

1,142 

20 
20 
40 
60 
40 

100 
60 
25 
40 
60 
60 
60 
60 
40 
40 
40 
40 
40 
40 
40 
60 
40 
40 
40 
20 

3,9860
3,6226 
3,4666 
3,3140 
3,0737 
2,6153 
2,5579 
2,1087 
2,0730 
2,0330 
1,9930 
1,8861 
1,7453 
1,7333 
1,7275 
1,7077 
1,6939 
1,5893 
1,5690 
1,4528 
1,4261 
1,3077 
1,2598 
1,2392 
1,1433 

002
101 
110 
020 
021 
112 
022 
113 
023 
200 
004 

131, 211 
132, 212 

220 
114 
024 
221 
222 
213 
223 
204 
224 

312, 150 
116,  321 

331 

 
 
 

Орторомбик 
а=4,063 Χ 
b=6,628 Χ 
ъ=7,974 Χ 

Z=4 
ф.г. Cmcm 

ρх =6,194 г/см3 
 
 

373 

2,522 
2,067 
1,971 
1,809 
1,773 
1,737 

100 
100 
100 
40 
40 
40 

2,5222 
2,0690 
1,9753 
1,7917 
1,7714 
1,7387 

102 
110 
103 

200, 112 
004 
201 

Щексагонал 
а=4,138 Χ 
ъ=7,090 Χ 

Z=2 
ρх=6,329 г/см3 

469 

2,979
2,108 
1,797 
1,720 
1,491 

40 
50 

100 
60 
40 

2,9812
2,1080 
1,7977 
1,7212 
1,4906 

200
220 
311 
222 
400 

ГЦК 
а=5,962 Χ 

Z=4, ф. г. Fm3m 
ρх=6,277 г/см3 

  
АЛЫНМЫШ НЯТИЪЯЛЯР ВЯ ОНЛАРЫН  
МЦЗАКИРЯСИ.        
 

Гейд едилдийи кими, AgCuS бирляшмясинин кристал 
структурунун Ag2S кристалынын структуру иля бязи охшарлыьы 
вар. Бу охшарлыг, AgCuS-ин структурунун ъ оху, Ag2S-ин 
ися б оху бойунъа пройексийаларынын мцгайисясиндя даща 
айдын нязяря чарпыр. Буна бахмайараг, AgCuS вя Ag2S-
дяки модификасийаларын сайы вя кечид температурлары бири-
бириндян фярглянир. 

Ъядвял 6-дан эюрцндцйц кими, тядгиг олунмуш 
тяркиблярдян йалныз Ag0,93Cu1,07S кристал структуруна вя 
полиморф кечидляриня эюря AgCuS кристалына уйьун эялир. 
Лакин щексагонал модификасийанын ЦМК модификасийа-
сына кечиди Ag0,93Cu1,07S кристалында, AgCuS кристалына 
нисбятян ашаьы температурда (236К) баш верир. 

Ag1,55Cu0,45S кристалында ашаьытемператур тетрагонал 
модификасийа 425К-дя ЩМК модификасийайа, бу модифи-
касийа ися 673К температурда ЦМК модификасийайа ке-
чир. 

Ag1,2Cu0,8S кристалы отаг температурунда икифазалыдыр. 
Фазалардан бири Cu1.96S кристалынын  моноклин гяфясинин 
параметрлярини, диэяри ися Ag2S-ин моноклин гяфясинин 
параметрлярини гябул едир. 424К температурда щяр ики 
модификасийа ейни вахтда йцксяктемператур ЦМК модифи-
касийасына чеврилир.  

Беляликля, йцксяктемператур рентэендифрактометрик 
методла Ag1,55Cu0,45S, Ag1,2Cu0,8S, Ag0,93Cu1,07S кристалл-
ларында полиморф чеврилмяляр тядгиг едилмишдир. Алынмыш 
нятиъяляр ъядвял 6-да верилмишдир. 
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                                                                                                                                                                            Ъядвял 6. 
 AgCuS, Ag0.93Cu1.07S, Ag1.55Cu0.45S вя Ag1,2Cu0,8S кристалларынын гяфяс параметрляри вя кечид температурлары. 
 

Модификасийа вя кечид 
температуру 

Кристал гяфясин параметрляри 

З Фяза групу ρх 
г/см3 а(Å) b(Å) с(Å) β 

 
AgCuS- Орторомбик 

 
       366 К 

 
Щексагонал 

 
        705 K 

 
ЦМК 

4,06 
 
 
 

4,005 
 
 
 

5,729 

6,66 
 
 
 

- 
 
 
 

- 

 
7,99 

 
 
 

6,806 
 
 

- 

- 
 
 
 
- 
 
 
 
- 

4 
 

2 

4 

Cmcm 
 
 
 

P63/mmc 
 
 
 

Fm3m 

6,30 
 
 
 

6,350 
 
 
 

7,186

 
Ag0,93Cu1,07S-Орторомбик 

 
        373 К 

 
Щексагонал 

 
         469 K 

 
ЦМК 

4,063 
 
 
 

4,138 
 
 
 

5,962 

6,628 
 
 
 

- 
 
 
 

- 

7,974 
 
 
 

7,090 
 
 
 

- 

- 
 
 
 
- 
 
 
 
- 

4 

2 

4 

Cmcm 
 
 
 

P63/mmc 
 
 
 

Fm3m 

6,194 
 
 
 

6,329 
 
 
 

6,229

 
Ag1,55Cu0,45S - Тетрагонал 

 
         493 К 

 
                 ЩМК 

 
         673 K 

 
                 ЦМК 

8,673 
 
 
 

4,833 
 
 
 

5,951 

- 
 
 
 
- 
 
 
 
- 

11,576 
 
 
 
- 
 
 
 
- 

- 
 
 
 
- 
 
 
 
- 

6 

2 
 

4 

- 
 
 
 
- 
 
 
 

Fm3m 

6,951 
 
 
 

6,704 
 
 
 

7,179

 
Ag1,2Cu0,8S- Моноклин Cu1,96S 

Моноклин Ag2S 
 

          424 K 
 

ЦМК 

26,897 
4,236 

 
 
 

5,997 

15,745 
6,909 

 
 
 
- 

13,565 
7,888 

 
 
 
- 

90,130 
99,350 

 
 
 
- 

8 
4 
 
 
 

4 

P21/n 
P21/с 

 
 
 

Fm3m 

7,859 
7,243 

 
 
 

6,532
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Y.I. Aliyev, A.G. Babayev, F.G. Magerramova 

 
POLYMORPHIC TRANSFORMATIONS IN Ag2-хCu0+хS(х=0.45; 0.8;1.07)  

 
Ag1,55Cu0,45S, Ag1,2Cu0,8S, Ag0,93Cu1,07S single crystals are grown by Bridgmen method and synthesized. Polymorphic 

transformations are investigated in them by high temperature roentgenodiffractometer method.  
 

Ю.И. Алыев, А.Г. Бабаев, Ф.Г. Магеррамова 
 

ПОЛИМОРФНЫЕ ПРЕВРАЩЕНИЯ В Ag2-хCu0+хS(х=0.45; 0.8;1.07) 
 

Синтезированы и методом Бриджмена выращены монокристаллы составом Ag1,55Cu0,45S, Ag1,2Cu0,8S, Ag0,93Cu1,07S 
и высокотемпературным рентгендифрактометрическим методом исследованы полиморфные превращения в них.  
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TlGa1–xCoxS2 BƏRK MƏHLULLARININ TƏDQİQİ 

 
A.İ. HƏSƏNOV, E.M. KƏRİMOVA, N.Z. HƏSƏNOV, K.M. HÜSEYNOVA 

AMEA Fizika İnstitutu, 
 AZ 1143, Bakı, H. Cavid pr., 33 

 
TlGaS2-TlCoS2 sistemində qarşılıqlı təsir öyrənilib və bu sistemin hal diaqramı qurulmuşdur. Otaq temperaturunda TlGaS2 əsasında 

15mol%-li TlCoS2-nin həll olması ilə bərk məhlullar əmələ gəldiyi təyin olunub. 
Geniş temperatur intervalında (77÷400К) TlGa0,95Co0,05S2 birləşməsində keçiriciliyin və termo-e.h.q.-nin temperaturdan asılılığı araş-

dırılmış, keçiriciliyin metallik xarakter daşıdığı təyin olunmuşdur. 100K temperaturda TlGa0,95Co0,05S2 –də termo-e.h.q.-nin işarəsinin dəyiş-
məsi müşahidə olunmuşdur və bu temperaturdan yuxarı qiymətlərdə keçiricilik n-tipli olmuşdur. 

TlGa1-xCoxS2 bərk məhlullarının udulma sərhəddi kobaltın cüzi konsentrasiyalarında düz eksiton zolağı şəklində formalaşır, 
bu zaman ∂Еех/∂Т temperatur əmsalı TlGaS2–də olduğu kimi müsbət işarəsini saxlayır, amma Ga-nin Co-la gismən əvəzlənməsi 
nəticəsində eksiton zolağı qısa dalğalı oblasta tərəf sürüşür. 

 
Aşağı ölçülü maqnetiklər sinfinə aid olan TlCoS2 bir-

ləşməsi son illərdə tədqiqatçıların diqqətini daha çox cəlb 
edir. İş [1]-də rentgenoqrafik analiz vasitəsilə TlCoS2–nin 
heksаqonal strukturaya malik olduğu təyin edilmişdir. 
Onun maqnit nüfuzluluğunun və maqnitlənməsinin 
77÷300К temperatur intervalında ölcülməsi göstərdiki,  
TlCoS2 ferrimaqnetikdir. Küri temperaturu 112K, effek-
tiv maqnit momenti 4,6µB təşkil edir. İş [2]-də geyd olunur 
ki, TlCoS2 77÷225К temperatur intervalında p-tip keçiricili-
yə malikdir və 225K temperatur ətrafında e.h.q.-nin işarəsinin 
dəyişməsi baş verir. Həmçinin TlCoS2–nin istilik tutumu 
ölçülmüşdür, bu zaman onun maqnit hissəsinin özunu 
kvaziaşağı ölçülü maqnetiklərə uyğun aparması müşahidə 
olunmuşdur.  

TlCoS2 bərk məhlullarını, daha çox öyrənilmiş TlGaS2 
yarımkeçirici birləşmələri ilə müqayisəli şəkildə tədqiq olun-
ması maraq doğurur. İş [1]-də göstərilmiş metod əsasında 
bizim tərəfimizdən TlCoS2 birləşməsi sintez edilmişdir. 
TlGaS2-TlCoS2 sisteminin hal diaqrammasının qurulması 
üçün 13 nümunə hazırlanmışdır. Birləşmələrin sintez rejimi, 
onların ərimə temperaturalarına uyğun olaraq seçilmişdir: 
TlGaS2  üçün 1180К, TlCoS2  üçün 670К. Sintez olunmuş xə-
litələrin homogenizasiya olunması üçün, 20 sutka ərzində 
780K temperaturda gallium birləşməsi və 24 sutka ərzində 
470K temperaturda kobaltlı xəlitələr dəmə qoyulmuşdur. 

DTA metodu ilə alınmış nümunələr əsasında TlGaS2-
TlCoS2 sisteminin hal diaqramı qurulmuşdur. Şəkil 1-dən 
görünür ki, diaqramın sağ tərəfində nonvariant eftetik 
nöqtədən TlCoS2–yə qədər cadə eftetika əmələ gəlir. Bu-
rada nonvariant eftetik nöqtə (TlGaS2)0,70(TlCoS2)0,30 tər-
kiblə və 633К temperatura ilə xarakterizə olunur. Diaqra-
mın sol tərəfində nonvariant nöqtə ilə TlGaS2 arasında 
bərk məhlul əmələ gəlir. Otaq temperaturunda TlGaS2 
əsasında 15mol%-li TlCoS2-nin həll olması ilə bərk məh-
lullar əmələ gəlir. 

Öyrənilən TlGa1-xCoxS2 bərk məhlul monokristalları 
təkmilləşdirilmiş Bricmen-Stokbarger metodu ilə ərinti-
dən yetişdirilmişdir. Butun bunlar laylı quruluşa malik-
dirlər. Alınmış kristalların DTA-i və difraktogramması 
göstərdiki, kobalt galliumu kristal qəfəsdə əvəz edir. Sin-
tez olunmuş bərk məhlul nümunələrinin rentgenstruktur 
analizi, onların kristal qəfəsinin parametrlərini təyin 
etməyə imkan verdi. Butun bunlar, başlanğıc birləşmədə 
daxil olmaqla, cədvəldə göstərilmişdir.  

 
 
Şəkil 1. TlGaS2-TlCoS2 sisteminin hal diaqramması. 
 
TlGa1-x CoxS2 (х=0; 0,005; 0,01) laylı monokristalla-

rının dielektrik xassələri iş [3]-də öyrənilmişdir və təyin 
olunmuşdur ki, 5⋅104÷2⋅107 Hs tezlik oblastında bu kris-
tallarda Ferm səviyyəsi yaxınlığında lokallaşmış hallar üzrə 
yükdaşıma hoppanma tipli mexanizmlə baş verir.  Bu halların 
sıxlığı (NF) və energetik paylanması (∆Ε), hoppanmaların 
orta müddəti (τ) və məsafəsi (R) təyin edilmişdir. 
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                                                                                                                                            Cədvəl  
TlGa1-x CoxS2–nin kristal qəfəs parametrləri 

Tərkib Sinqoniya Qəfəs parametri Z F. 
sim. 
qrup 

Sıxlıq 
q/sm3 

  a(Å) b(Å) с(Å) β    

2TlGaS  Monoklin 10.40 10.40 15.17 100 16 P21/m 5.560 

2TlCoS  Heksaqonal 3.726 - 22.510 - 3 - 6.026 

2001.0999.0 SCoTlGa
 

Monoklin 10.421 10.406 15.174 100 16 P21/m 5.544 

2005.0995.0 SCoTlGa
 

Tetraqonal 7.29 - 29.90 - 16  5.650 

201.099.0 SCoTlGa  Tetraqonal 7.29 - 29.90 - 16  5.662 

 
Maddədə yük daşıyıcıların elektron və ya deşik tipli ol-

masını birbaşa təyin edən üsul termo-e.h.q.-nin ölçülməsidir. 
Bir tipli yükdaşıyıcılara halında halogen yarımkeçiricilər 
üçün termo-e.h.q.-nin düsturu aşağıdakı şəkildədir: 

 

                      ⎥⎦
⎤

⎢⎣
⎡ +−= A

kT
E

e
k)T( ∆α                     (1) 

                    
harаda ki А≈1; ∆Е-keçiriciliyin aktivləşmə enerjisidir 
(burda qəbul olunmuşdur ki, yarımkeçirici p-tipə malik-
dir). 

Aşağıda bizim tərəfimizdən alınmış TlGa0,95Co0,05S2 
birləşməsinin keçiriciliyinin və termo-e.h.q.-nin tempe-
ratur asılılığının tədqiqi zamanı alınmış nəticələr verilir.  

Elektrik ölçmələri üçün nümunələr paralelepiped for-
masında hazırlanıb. Kontaktlar vurulmamışdan əvvəl nü-
munələr 450K temperaturada dəmələnmişdilər. 

Omik kontaktlar misin elektrolitik çökdürülməsi nə-
ticəsində alınmışdır. Nümunələrin elektrik keçiriciliyi (σ) 
və termo-e.h.q.-nin əmsalı (α) dörd zond metodu ilə 1% 
dəqiqliklə 78÷400К temperatur intervalında ölçülmüşdür. 

Şəkil 2-də 7,91×4,56×2,32mm3 ölçülü 
TlGa0,95Co0,05S2 nümunəsinin keçiriciliyinin temperatur-
dan asılılıg əyrisi verilmişdir. Qeyd etmək lazımdır ki,  
TlGa0,95Co0,05S2 kristalının otaq temperaturunda qaranlıq 
xüsusi müqaviməti ρ~5,5Оm.sm təskil edir, bu isə 
TlСоS2-nin garanlıq xüsusi mıqavimətindən 
(ρ=0,33Оm.sm) 16.7 dəfə çoxdur. 

Temperatura 78-dən 400К-ə qədər artdıqca 
TlGa0,95Co0,05S2 nümunəsinin keçiriciliyi azalır, bu isə 
keçiriciliyin metallik xarakterli olması ilə müşahidə 
olunur. Termo-e.h.q.-nin mənfi işarəli olması tədqiq 
olunan nümunənin bütün öyrənilən temperatur 
diapazonunda n-tip keçiriciliyə malik olmasını təsdiq 
edir. Termo e.h.q.-nin “metallik” düsturuna uyğun 
olaraq, temperaturun artması ilə termo e.h.q.-nin mütləq 
qiyməti xətti olaraq artır. 
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(2) düsturu ancaq кТ<<ЕF olduqda doğrudur. Məlum-

dur ki, metallarda cərəyan daşınması (ЕF) Fermi səviyyə-

si yaxınlığında qalınlığı kT tərtibində olan energetik qat-
dakı yükdaşıyıcılar hesabınadır. 

TlGa0,95Co0,05S2–nin termo e.h.q.-nin işarəsinin də-
yişmə temperaturası (100K) TlСоS2–yə nisbətən çox aşa-
ğıdır, hardakı bu TlСоS2 üçün 225K təşkil edir. 

Belə ki, TlGa0,95Co0,05S2 birləşməsi 78÷400К tempe-
ratur oblastında metallik keciriciliklə xarakterizə olunur 
və termo-e.h.q.-nin maksimal qiyməti 10mkV/K təşkil 
edir.  

 

 
 
Şəkil 2. Ölçüləri 7,91×4,56×2,32mm3 olan  
            TlGa0,95Co0,05S2 nümunədə keçiriciliyin və  
             termo-e.h.q.-nin temperaturdan asılılığı.  
 
TlGa1-xCoxS2 (х=0; 0,005; 0,01) tərkiblərinin udulma 

sərhəddinin 77÷300К temperatur intervalında bizim 
tərəfimizdən ölçülməsi aşağıdakıları söyləməyə imkan 
verir: göstərilən butun tərkiblərin udulma sərhəddi düz 
eksiton zolağı şəklində formalaşır, onların vəziyətləri 
180K temperatura qədər yüksək dəqiqliklə ayırd edilir, 
daha yüksək temperaturada bu zolaq cırlaşaraq pillə şək-
linə cevrilir və sonra silinir. Tərkibində kobalt olan bərk 
məhlul kristallarıda müsbət ∂Еех/∂Т temperatur əmsalına 
malikdirlər. Şəkil 3-də tətdiq olunan bütün tərkiblərin 
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eksiton zolağının maksimumlarının temperaturdan asılılı-
ğı göstərilmişdir. Eksitonun əlaqə enerjisinin temperatur-
dan asılı olaraq zəif dəyişməsini nəzərə alsaq, iddia et-
mək olar ki, bu kristalların qadağan olunmuş zonasının 
temperatur əmsalı müsbət olmalıdır. Şəkilə əsaslanaraq 
demək olar ki, kobaltın miqdarı artdıqca ∂Еех/∂Т mütləq 
qiymətcə azalır, başqa sözlə ∂Еех/∂Т-də adi mənfi işarəli 
qiymətinə dönüş tendensiyası müşahidə olunur. Harada 
ki, ∂Еех/∂Т-nin orta qiyməti 77÷180К temperatur interva-
lında TlGaS2 üçün 1,65·10-4eV/К və TlGa0,99Co0,01S2 üçün 
isə 1,16·10-4 eV/К qədər dəyişir. 

Gözlənilməz olan isə kobaltın konsentrasiyasının 
udulma sərhəddində eksiton zolağının maksimumunun 
vəziyyətinə təsiri oldu. Adətən əsas kristal-matrisaya le-
girə edici əlavə vurduqda qadağan olunmuş zonanın eni-
nin azalması halı müşahidə olunur, hansıki bizim tərəfi-
mizdən dəfələrlə qeyd olunub (bax, [5]). Bizim halda isə 
eksiton pikinin qısa dalğalara doğru sürüşməsi baş verir. 
77K temperaturda TlGaS2-dən TlGa0,99Co0,01S2-yə keçdikdə 
bu sürüşmə 11məV təşkil edir. Uyğun olaraq Co atomlarının 
konsentrasiyasının TlGa1-xCoxS2 bərk məhlullarında bir neçə 
mol faiz tərtibdə artması, bu kristalların qadağan olunmuş zo-
nasının eninin artmasına gətirib çıxarır.  

 Beləliklə TlGaS2 yarımkeçirici birləşmələrində Ga-
nin Co-la kiçik konsentrasiyalarda əvəz olunması, bu 
kristalların optik xassələrinin idarə olunmasına imkan ve-

rir və buda öz növbəsində onların praktikada tətbiq olun-
masına imkanı yaradır. 
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Şəkil 3. TlGa1-xCoxS2 bərk məhlullarının, x= 0; 0,005;  
             0,01 qiymətlərində, sərhəd eksiton pikinin  
             vəziyyətinin temperatur asılılığı. Harada ki,  
             х: 1- 0; 2- 0,005; 3- 0,01. 
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A.I. Hasanov, E.M. Kerimova, N.Z. Hasanov, K.M. Huseynova, P.M. Iskenderova 

 
RESEARCH OF SOLID SOLUTIONS TlGa1–xCoxS2 

 
It is established the interaction of system TlGaS2-TlCoS2 and shown  the diagram of a condition of this system. It is established, that on 

the basis of TlGaS2 are formed solid solutions up to 15mol. %  TlCoS2 at a room temperature. 
It is investigated temperature dependences (77÷400К) of conductivity  in the wide range of temperatures and thermo-e.m.f. of 

compounds TlGa0,95Co0,05S2, and the metal course of conductivity was observed. It is established, that at 100К there is an inversion of a mark 
thermo e.m.f., i.e. above this temperature in TlGa0,95Co0,05S2 the n-type of conductivity takes place. 

It is revealed, that the edge of absorption of solid solutions TlGa1-xCoxS2 at small concentration of cobalt is formed direct exsiton  
by a strip, thus the temperature factor ∂Еех/∂Т has a positive mark, as well as in TlGaS2, and itself exciton the strip direct to short-
wave area at partial replacement Ga on Co. 

 
А.И. Гасанов, Э.М. Керимова, Н.З. Гасанов, К.М. Гусейнова, П.М. Искендерова 

 
ИССЛЕДОВАНИЕ ТВЕРДЫХ РАСТВОРОВ TlGa1–xCoxS2 

 
Изучено взаимодействие в системе TlGaS2-TlCoS2 и построена диаграмма состояния этой системы. Установлено, что на основе 

TlGaS2 образуются твердые растворы до 15мол.% TlCoS2 при комнатной температуре. 
В широкой области температур (77÷400К) исследованы температурные зависимости проводимости и термо-э.д.с. соединения 

TlGa0,95Co0,05S2, причем наблюдался металлический ход проводимости. Установлено, что при 100К происходит инверсия знака 
термо-э.д.с., т.е. выше этой температуры в TlGa0,95Co0,05S2 имеет место n-тип проводимости. 

Обнаружено, что край поглощения твердых растворов TlGa1-xCoxS2 при небольших концентрациях кобальта формируется 
прямой экситонной полосой, при этом температурный коэффициент ∂Еех/∂Т имеет положительный знак, как и в TlGaS2 , а 
сама экситонная полоса сдвигается в коротковолновую область при частичной замене Ga на Co. 
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  p+- Si ЯСАСЫНДА ЙАРАДЫЛМЫШ МЕЗОМЯСАМЯЛИ СИЛИСИУМДА 

 ЙЦКДАШЫЙЫЖЫЛАРЫН ДАШЫНМАСЫ ПРОСЕСЛЯРИ 
 

Щ.Я. ЩЯСЯНОВ 
МТН-ин Щ.Ялийев адына Академийасы 

 
p+- Si ясасында йарадылмыш вя мясамялилийи бюйцк олмайан (16÷30%) мезомясамяли силисиумун електрик хассяляри експериментал 

тядгиг едилмишдир. Алынмыш нятижяляр 30÷50% мясамялилик интервалында цмумиляшдирилмишдир. Мясамяли силисиум тябягясинин алтлыьа нязя-
рян кечирижилик типинин дяйишилмяси еффекти ашкар едилмишдир. Експериментин нятижяляри ашгар атомларынын (бор) щидроэенля пассивляшдирил-
мяси моделинин кюмяйиля изащ олунмушдур. Мясамяли силисиумун електрик хассяляринин тядгиги заманы истифадя олунан диэяр моделлярин 
цстцн жящятляри вя чатышмазлыглары арашдырылмышдыр. 
 

p - силисиум алтлыьында формалашдырылмыш мезомясамяли 
структурлу мясамяли силисиум (МС) бир сыра юзял хассяляря 
малик олдуьундан, онун тядгиг едилмясиня чохлу сайда иш-
ляр щяср олунмушдур [1,2,3,4,5,6]. Верилмиш МС мясамяля-
ринин ениня юлчцляри 1нм-дан онларла нм-йа гядяр дяйишян 
инкишаф етмиш системдир. p+- Si ясасында йарадылмыш мезо-
мясамяли нцмцняляр p-- Si алтлыглы мезо- вя микромясамяли 
нцмуняляря нисбятян даща бюйцк електрик кечирижилийиня 
малик олдугларындан, електролцминессенсийа йуважыглары-
нын щазырланмасы цчцн перспективли материаллар сайылырлар. 
Мезомясамяли силисиумун структуру ядяди гиймяти 15÷60% 
интервалында дяйишян мясамялилик эюстярижисиндян асылыдыр. 
p+- Si ясасында йарадылмыш мезомясамяли силисиумун елек-
трофизики характеристикаларыны тяйин едяркян ясас чятинликляр, 
биринжиси, МС тябягяляринин йцксякомлу олмасы, икинжиси, 
структурун метал вя монокристаллик алтлыгла сярщядляриндя 
експериментин нятижяляриндя параметрляри нязяря алынмалы 
олан дцзляндирижи кечидлярин мювжудлуьудур. 

Биринжи мярщялядя мясамялилийи бюйцк олмайан (16÷30%), 
сонра ися 30÷50% мясамялилик интервалында p+- Si ясасында 
йарадылмыш мезомясамяли силисиумун електрик хассяляри екс-
периментал тядгиг едилмишдир.  

Бюйцк олмайан мясамялилийя малик олан  МС нцмуня-
ляри КДБ-0,03 (111) алтлыьында електрокимйяви ашылама 
методу иля плавик туршусунун 48%-ли су мящлулунда 

2sm

mA
10  вя 2sm

mA
15  анодлашма жяряйаны сыхлыьында алын-

мышлар. Анодлашма 10÷60 дягигя мцддятиндя апарылдыгда, 
МС тябягяляринин галынлыьы 15mkm-дан 60mkm-йа гядяр 
артыр. Нцмунялярин чяки мясамялилийи 16÷30% тяшкил едир. 
Аналоъи анод емалы реъиминдя плазмакимйяви методла 
формалашдырылмыш «шащид» нцмунялярин аморфлашмыш сятщ 
тябягяси (АСТ) тамамиля ляьв едилмишдир. Беляликля, апа-
рылмыш тядгигатлар щям електрофизики параметрляри, щям дя 
МС сятщиндяки аморф тябягяни гиймятляндирмяйя имкан 
верир. Термовакуум тозланмасы методу иля МС  вя моно-
кристаллик силисиумун сятщиня чякилмиш алцминиум контакт 
тябягяси 20 дягигя мцддятиндя 300°С-дя тясирсиз газ мцщи-
тиндя сахланылмышдыр. Чохтябягяли, юлчцляри 5×5mm2 Ал-
Мяс.Силисиум-Моносилисиум-Ал тест структурлары щазырлан-
мышдыр. МС тябягяляринин бюйцк фотощяссаслыьыны нязяря 
алараг, бцтцн юлчмяляр гаранлыгда апарылмышдыр.  

МС тябягяляринин мцщцм юзяллийи онун алтлыьа нязярян 
кечирижилик типинин дяйишмясидир. Термозонд методу васитя-
силя апарылан юлчмяляр эюстярир ки, МС тябягяляр еффектив 
електрон кечирижилийиня маликдирляр. Йалныз анод емалы 

мцддяти 20 дягигя вя анод жяряйаны сыхлыьы 2sm

mA
5  олан 

реъимдя алынан нцмуняляр дешик кечирижилийиня малик 
олурлар. Мящз бу жцр ашаьыомлу нцмунялярдя Щолл 
еффектинин юлчцлмяси мцмкцн олду. Юлчмяляр дешиклярин 
консентрасийасынын башланьыж алтлыьа нязярян 1-2 тяртиб аз 
олмасыны ашкара чыхарды. 

Анод емалы заманы МС тябягяляринин кечирижилик типинин 
дяйишмяси фактынын ядябиййатда практики олараг яксини тап-
мамасыны гейд етмяк лазымдыр. Бу барядя тякжя [11] сайлы 
ишдя ютяри мялуматлар вардыр. Еффекти ашаьыдакы кими изащ 
етмяк олар. «Йумшаг» реъимдя алынан МС-ин монокристал-
лик матрисиндя електрокимйяви ашылама заманы йцкдашыyıжы-
ларын консентрасийасы азалыр. Йери эялмишкян, Щолл еффекти-
нин юлчмяляринин нятижяляри консентрасийанын азалмасы фак-
тыны тясдиг едир. МС-дя дешиклярин консентрасийасы чох сц-
рятля азалдыьындан, материал мяхсуси кечирижилик щалына 
кечир(p≈n). Бу щалда термо ещг-ин ишаряси даща мцтящяррик 
зярряжиклярин ишаряси иля мцяййян олунур. Силисиумда елек-
тронларын йцйрцклцйц дешиклярин йцйрцклцйцндян чох ол-
дуьундан, МС нцмуняляриндя еффектив електрон кечирижили-
йи мейдана чыхыр. 

Ал-Мяс.Силисиум-Моносилисиум-Ал структурунун елек-
трик параметрляринин тяйин олунмасы волт-ампер характерис-
тикасынын юлчцлмяси вя тящлили ясасында йериня йетирилмишдир. 
1 сайлы шякилдя бир нцмунянин мисалында 120÷300К темпе-
ратур интервалында типик ВАХ эюстярилмишдир. Силисиум алтлы-
ьа верилян мцсбят потенсиал дцз сцрцшмяйя уйьун эялир. 
Отаг температурунда дцзляндирмя ямсалы бирдян бюйцк, 
1В сцрцшмя заманы ися 1,3÷1200-я бярабяр олмушдур. p-Si 
алтлыьындакы МС цчцн бянзяр ВАХ диэяр ишлярдя дя (мяся-
лян, [7,8,9,10]) гейд едилмишдир. Анжаг узун муддят апары-
лан електрокимйяви емал заманы (40÷60 дяг.) вя аморф 
сятщ тябягяси (АСТ) ляьв едилмядикдя  дцзляндирмя ямсалы 
1-дян кичик олур. Бундан ялавя, 25÷40 дягигя мцддятиндя 
формалашан АСТ-ли МС-дя дцзляндирмя ямсалы 210К тем-
пературундан ашаьы температурларда 1-дян кичик олур. Бу 
факт, бир тяряфдян, АСТ-ин структурдан йцкдашынмасы 
просесиня эцжлц тясир етмяси вя Al/MS контактында Шоттки 
чяпярини дяйишмясиня дялалят едир, диэяр тяряфдян, струк-
турда бир-бириня гаршы гошулмуш ики дцзляндирижи кечидин ол-
масындан хябяр верир.  

Алынмыш ВАХ-ларын тядгиги цчцн 1ж сайлы шякилдя эюс-
тярилмиш еквивалент схемдян истифадя едилмишдир. Еквивалент 
схем ики ардыжыл бирляшдирилмиш диоддан вя мцгавимятдян 
ибарятдир. Диодлардан бири МС/МК (монокристаллик 
силисиум), диэяри ися Ал/МС кечидляриня уйьундур. МС/МК 
кечидиня мцсбят эярэинлик вердикдя о, дцз истигамятдя 
гошулур.    



p+- Si ЯСАСЫНДА ЙАРАДЫЛМЫШ МЕЗОМЯСАМЯЛИ  СИЛИСИУМДА ЙЦКДАШЫЙЫЖЫЛАРЫН ДАШЫНМАСЫ ПРОСЕСЛЯРИ 

 89

 
         
Шяк.1(а). Тядгиг олунан структурларда ВАХ-ын температур  

                 асылылыглары. МС- ;
cm

mA
10aj 2= жяряйан сыхлыьында  

                 вя ta=600san мцддятиндя формалашыб вя аморф   
                 тябягя ляьв едилмяйиб. 1-293К,  2- 205К,  3- 160К,   
                 4-137К, 5- 120К. б) Структурун дцз истигамятдя  
                 гошулмасы. ж) Структурун еквивалент електрик схеми. 
 
Кечидин ВАХ-ы 
                                                          

                 ⎟
⎠
⎞

⎜
⎝
⎛⋅⋅=

nkT
qUSjI S

1exp                              (1) 

 
дцстуру иля тясвир олунур. МС-ин ВАХ-ы  
 

                 
r

SU
R

U
I 22 ==                                          (2) 

 
дцстуруна ясасян тяйин олунур. Беля шяраитдя Шоттки чяпяри 
тярс истигамятдя гошулмушдур вя эенерасийа-рекомбинаси-
йа механизминдя онун ВАХ-ы 
 

             ( )2
1

30
2
1

USI +⋅=
−

φβ                                  (3) 
 
дцстуру иля мцяййян олунур. (1) вя (2) дцстурларында ашаьы-
дакы ишарялярдян истифадя едилмишдир: I- структурдан кечян 
жяряйан, jS - дойма жяряйанынын сыхлыьы, q- електронун 
йцкц, n-MS/MK щетерокечидиндя жяряйан кечирижилийи ям-
салы, U1 - щетерокечиддя эярэинлик дцшэцсц, U2 - МС тябягя-
синдяки эярэинлик дцшэцсц, U3 – Al/MS контактындакы эяр-
эинлик дцшэцсц, R-MS тябягясинин мцгавимяти, r=RS, β - 
ашгар атомларын консентрасийасы, МС-ин диелектрик нцфуз-
лулуьу, йцкдашыйыжыларын йашама мцддятиндян асылы олан 
ямсалдыр. Al/MS контакты омик щесаб олунур вя актив мц-
гавимят МС тябягясинин мцгавимятиня (плазмакимйяви 
ашыланмайа мяруз галмамыш нцмуняляр цчцн) вя йа МС 

тябягяси иля АСТ-нин бирэя мцгавимятиня бярабярдир. Ня-
зяря алынмышдыр ки, тябягянин мцгавимяти дар сцрцшмяляр 
интервалында сабитдир, лакин харижи эярэинлийин артмасы за-
маны дяйишир. (1)-(3) дцстурларындан алыныр ки, структура 
верилян U эярэинлийи                                    
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дцстуру васитясиля тяйин олунур.Бурада,      

 

                     0ln ϕα +⋅⎟⎟
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Шяк.2. АСТ ляьв едилмиш ики нцмунядя хцсуси мцгавимят вя  
            жяряйан кечиририжилийи ямсалынын типик температур  

                  асылылыглары. 
          
Верилмиш щалда функсионал и-йя эюря 1-дян с-я гядяр 

олан жямя бярабяр олур: 
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Бурада, с-ВАХ цзяриндяки експериментал нюгтялярин 

сайыдыр. 
ВАХ-ын нязяри вя експериментал гиймятляринин цст-цстя 

дцшдцйц ян йахшы шярт нязяри гиймятлярин експериментал 
гиймятлярдян мейл етмясинин квадратындан тяртиб олунан 
функсионалын минимум олмасыдыр. Функсионал минимуму-
нун зярури шяртиндян                  

                                         

          0;0;0;0 =
∂
∂

=
∂
∂

=
∂
∂

=
∂
∂
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Ф

αβ
            (7) 

 
дюрд хятти тянликдян ибарят систем алыныр. Системи щялл ет-
мякля (r, β, n, α) кямиййятляри тяйин олунур. Бу кямиййят-
лярдян r вя n бирбаша физики мянайа маликдирляр. МС-ин 
хцсуси мцгавимяти  
 

                        
MS

MS d
r

=ρ                                         (8) 

 
дцстуруна ясасян тяйин олунур. Щесабламаларын апарылмасы 
цчцн ВАХ-ын дцз будаьында експериментал вя нязяри 
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асылылыгларын мцгайисясиндян МС-ин ρ хцсуси мцгавимяти, 
МС/МК кечидиндя n жяряйан кечирижилийи ямсалыны тяйин 
етмяйя имкан верян ПОР програмы щазырланмышдыр. Ады 
чякилян програм васитясиля експериментал нятижялярин тящлили 
эюстярир ки, нязяри вя експериментал асылылыглар йахшы уйьун-
лашыр вя хята 4%-дян бюйцк олмур.  

АСТ-сиз тябягялярин тящлили эюстярир ки, 15÷60 дягигя мцд-
дятиндя формалашмыш МС-ин хцсуси мцгавимяти отаг тем-
ературунда, 2В-а гядяр сцрцшмялярдя (1,4÷8,4)⋅105Om⋅sm-я 
бярабяр олуб, електрокимйяви емал мцддятиндян зяиф асы-
ыдыр. Кичик емал мцддятиндя ρMS залыр вя 10 дягигя анод-
ашма мцддятиндя) 5⋅103 Om⋅sm -я бярабяр олур. МС тябя-
гядя назик диелектрик гат йарадан АСТ, хцсуси мцгави-
мяти  1÷2 тяртиб артырыр. АСТ–ин мцгавимяти анод емалы 
мцддятиндян асылы олуб, 10 Ком-дан 40Мом-а гядяр дяйи-
шир. 

Бюйцк сцрцшмяляр областында ВАХ-ын тящлили эюстярди 
ки, тядгиг олунмуш МС нцмуняляринин хцсуси мцгавимяти 
идентик нцмунялярин кичик сцрцшмяляр областындакы хцсуси 
мцгавимятиндян бир тяртиб аз олур. Бу факт бюйцк сащяляр 
областындакы харижи сцрцшмялярин артмасы иля азалмаьа доь-
ру эедян МС тябягяси мцгавимятинин гейри-хятти характе-
риня дялалят едир. p-Si  ясасында МС тябягясинин мцгавимят 
модуллашмасы Пул-Френкел модели ясасында [4] сайлы ишдя, 
фяза йцкляри иля мящдудлашмыш жяряйанлар нязяриййясиня 
ясасян ятрафлы изащ едилмишдир. Биринжи щалда кечирижилийин 
гейри-хятти характери 
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дцстуру иля мцяййян олунур. Бурада, F-харижи електрик 
сащясидир. Икинжи щалда жяряйанын эярэинликдян гейри-хятти 
асылылыьы  

 

                       
( )

m
nk

n

d
UTI γ

=                                        (10) 

 

дцстуру васитясиля тясвир олунур. Бурада, γ(T) -дашыйыжыларын 
йцйрцклцйцнцн дяйишмясини характеризя едян  вя темпера-
турдан асылы олан ямсалдыр. 2 сайлы шякилдя температурун 
отаг температурундан 120 К-я гядяр азалмасы заманы n 
ямсалынын вя МС-ин хцсуси мцгавимятинин типик дяйишмяля-
ри эюстярилмишдир. Шякилдян эюрцнцр ки, 300÷200К темпера-
тур интервалында хцсуси мцгавимятин дяйишмяси активляшмиш 
характер дашыйыр: 
 

                         MSρ ~ ⎟
⎠
⎞

⎜
⎝
⎛−

kT
Eaexp .                            (11) 

 
Бу дцстурда Eα активляшмя енеръиси 200÷800МеВ интер-

валында дяйишир. 3 сайлы шякилдя бир нечя нцмуня цчцн 
295÷340К температур интервалында ρMS-ин температур асылы-
лыглары тясвир олунмушдур. Асылылыг яйриляри кечирижилийин ак-
тивляшмиш характерини тясдиг едир. Активляшмя енеръиси цчцн 
алынан нязяри гиймятляр азмясамяли МС нцмуняляри цчцн 
[12, 13, 14] сайлы ишлярдя алынан нятижялярля йахшы уйьунлашыр. 

ρMS(T)-нин мцшащидя олунан активляшмиш характери йцксяк 
мясамяли (П>50%) МС-дя Мейер–Нейдел гайдаларыны 
юдямир.  

АСТ ляьв едилмиш МС-дя n жяряйан кечирижилийи ямсалы 
1,9÷8,3, АСТ-ли МС-дя ися 1÷2,9 интервалында дяйишир. n тят-
биг олунан эярэинликдян асылы олур вя эярэинлик, 1,5В-дян 
7В-йа гядяр артанда, 2÷3 дяфя артыр. Температур ашаьы 
дцшдцкдя n-ин аномал йцксяк гиймятляря гядяр артмасы 
мцшащидя олунур (шяк.2). Бу щадисянин сябяби дешиклярин си-
лисиум алтлыгдан МС-йя инъексийасынын йцксяк сявиййяси ола 
биляр. Беля инъексийа МС тябягясинин мцгавимятини модул-
лашдырыр, сярщяддя локал щаллар вя МС сащясиндя гейри-
биржинслиликляр йарадыр. 

Тядгиг олунан нцмунялярдя локал електрик сащясинин 
йаранмасы гейри-ади щадисяляр категорийасына аиддир. МС 
сятщиндяки мцхтялиф контактлар арасында гиймяти 
10÷100мВ интервалында дяйишян вя ишыгланмадан эцжлц 
асылы олан е.щ.г. йараныр. [3] сайлы ишдя бянзяр щадисяни 
мцяллиф материалын гейри-биржинс структуруна микросащяля-
рин ялавя гошулмасы иля изащ едир. 

Алынмыш експериментал нятижяляр ашаьыда эюстярилмиш 
модел чярчивясиндя тясвир олуна биляр. p+-Si ясасындакы аз 
мясамяли мезомясамяли силисиумда мясамяляр арасындакы 
аракясмя 5нм-дан бюйцк юлчцйя маликдирляр. Бу жцр крис-
таллитлярдя квант юлчц еффекти олмур вя йцкдашыйыжыларын да-
шынмасы классик електродинамика ганунларына уйьун ола-
раг баш верир. Ейни заманда силисиум кристаллик матрисиндя 
Ферми сявиййяси гадаьан олунмуш зонанын ортасына дцш-
дцкдя, йцкдашыйыжыларын мяхсуси кечирижилик щалина эятириб 
чыхара билян йохсуллашмасы щяйата кечир. Азмясамяли нц-
мунялярдя мясамялярин сятщ бойунжа гейри-бярабяр 
пайланмасы нятижясиндя дяряжяляри мцхтялиф олан йохсул-
лашмыш областлар йарана биляр. Мясамялилик эюстярижиси арт-
дыгжа МС мяхсуси кечирижилик щалына даща да йахынлашыр. 

 

 
Шяк.3. Отаг температуру областында тядгиг олунан МС 
тябягяляри кечирижилийинин активляшмиш характери. 
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⎟
⎠
⎞

⎜
⎝
⎛⋅=

kT
Eaexp0σσ  асылылыьынын параметрляри белядир:  

1- σ0=3⋅1010Om-1sm-1 ; Eα=0.8 eV,  
2- σ0=4⋅1010Om-1sm-1 ; Eα=0.7 eV,   
3- σ0=2⋅109Om-1sm-1 ; Eα=0.8 eV,   
4- σ0=2⋅10-2Om-1sm-1 ; Eα=0.3 eV, 
5- σ0=1⋅10-1Om-1sm-1 ; Eα=0.4 eV. 
Йохсуллашма еффекти МС-ин хцсуси мцгавимятинин кифа-

йят гядяр йцксяк гиймятлярини изащ едир (105-106Om⋅sm). 
Беля системдяки дашынма просесляри валент вя кечирижилик 
зоналарынын потенсиал релйефинин флуктасийаларына малик 
олан гейри-биржинс йарымкечирижиляр модели чярчивясиндя 
изащ едиля биляр [15].   

p+-Si ясасында формалашдырылмыш азмясамяли мезомяса-
мяли силисиумда мясамяляр арасындакы аракясмянин де-
шикляр тяряфиндян йохсуллашдырылмасы мцлащизяси щазырда 
ядябиййатда жидди мцзакиря олунур, анжаг щялялик конкрет 
нятижя йохдур. Тяклиф едилян щипотезлярдян 4-ц юз тясдигини 
даща чох тапыр. Бунлардан биринжиси ашгар атомларын (бор) 
щидроэенля пассивляшдирилмяси методудур. Тягдим олун-
муш ишдя, [3, 4] сайлы ишлярдя мящз бу модел тятбиг олун-
мушдур. Мезомясамяли силисиум щалында анодлашманын 
щятта азажыг мцддяти щидроэен атомларынын аракясмяляря 
дахил олараг  Si-H-B нейтрал комплексини йаратмасына Ки-
файят едир. Беля йанашма йуксяк пассивляшмя  сявиййяси, 
термик емал заманы МС-ин кечирижилийинин дяйишмясини йах-
шы изащ ется дя, бязи МС тябягяляринин инфрагырмызы бу-
рахма спектриндя, 1900sm-1 областында, Si-H-B нейтрал 
комплексинин характерик удулма пикинин олмамасы бу 
методун ялейщинядир. МС/МК икитябягяли структурунда 
беля пик мцшащидя олунмуш вя МС тябягяни алтлыгдан айыр-
дыгда йаранан истилик вя йа деформасийа зярбяси нятижясиндя 
ашгар атом-щидроэен комплекси мящв едилмишдир. Сон 
иллярдя ашгар атомларынын електрик хассялярини фяаллыгдан 
мящрум едян ионлашма енеръисинин артмасы еффекти ясасында 
йарадылан модел интенсив тятбиг олунур.  Юлчцсц А олан 
сферик нанозярряжикдя йцкдашыйыжысынын ашгар атомундан 
гопмасы цчцн лазым олан Eb енеръиси  

 

                     ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

A
eE

sdnmdn
b

244,11
εε

                   (12) 

 

дцстуруна ясасян тяйин олунур. Бурада, εsdn - силисиум 
монокристаллитляринин диелектрик нцфузлулуьу, εmdn - ятраф 
мцщитин дтелектрик нцфузлулуьудур. Беля йанашма [16] сай-
лы ишин мцяллифляри тяряфиндян p+-Si ясасындакы мезомясамяли 
силисиумда електрик кечирижилийинин мясамяляри диелектрик 
нцфузлулуьу артан мцщитлярля долдурлугда (вакуум цчцн 
1-дян етанол цчцн 24-я гядяр) бюйцмясини изащ етмяк 
цчцн  тятбиг  едилмишдир.  Гуптанын ишляриндя [17] електрон 

парамагнит резонансынын тядгиги сайясиндя ашгар бор 
атомларынын МС-дя електрик фяаллыьыны итирмясинин башга бир 
сябяби дя тяклиф олунмушдур. Эюстярилмишдир ки, мясамя 
йаранмасы просесини мцшайият едян механики эярэинликляр 
ашгар бор атомларыны дцйцнлярарасы фязадан чыхарараг, он-
лары пассив щала салмаьа гадирдирляр. Ашгар бор атомлары-
нын МС-дя пассивляшмясинин дюрдцнжц щипотези ашгар 
атомларын електрик фяаллыьына кристаллитлярин сятщинин тясири иля 
ясасландырылыр. 

18 сайлы ишдя эюстярилмишдир ки, електрокимйяви емал 
заманы бор атомлары мясамя сятщиня йахын йерляшдикдя (1-
3 атом тябягяляри) силисиумун локал ашыланмасы дайаныр. 
Сятщя Бор радиусундан йахын мясафядя йерляшян ашгар 
атомлары аксептор хассялярини итирирляр. Бахылан 4 щипотезин 
щяр биринин щям мцсбят, щям дя мянфи жящятляри вардыр вя 
чох эцман ки, МС-дя йохсуллашма йарадан универсал ва-
щид сябяб ахтармаг мянасыздыр. МС-ин структур характе-
ристикалары рянэарянэ олдуьундан, йохсуллашманы бир сябяб 
вя йа бир нечя сябябин бирликдя йаратмасы мцмкцндцр.  

Сонракы експериментляр эюстярди ки, азмясамяли 
(П<30%) силисиум структурлары цчцн нязярдя тутулан 
икичяпярли модел даща бюйцк мясамялиликлярдя дя (П<50%) 
мезомясамяли силисиумун хассялярини тясвир едя биляр. 
Тядгиг олунан 3÷11мкм галынлыглы МС нцмуняляри плавик 
туршусунун 40%-ли су мящлулу вя изопропил спиртинин 1:1 
нисбятиндяки гарышыьында алынмышдыр. (111) орийентасийалы 
КДБ-0,03, КДБ-1 маркалы силисиум алтлыглардан истифадя 
едилмишдир. Нцмунялярин мясамялилийи 30-50% тяшкил едир. 
МС сятщиня юлчцляри 1×1mm2 олан алцминиум вя индиум 
контактлар чякилиб. In/МС/МК/Al вя Al/МС/МК/Al струк-
турларынын ВАХ-ы гаранлыг шяраитдя 295÷350К температур 
интервалында чякилмишдир. ВАХ гейри-хяттилийи вя гейри-сим-
метриклийи иля характеризя олунур; дцзляндирмя ямсалы (МС- 
–дяки + мцсбят сцрцшмя кими эютцрцлцр) ейни структурун 
мцхтялиф металларла контактында ващиддян кичик вя йа бю-
йцк гиймятляр ала билир. Кох-Стрек методунун юлчмяляри иля 
индиум вя алцминиум контактларын омик олмамасы исбат 
едилмишдир. Икичяпярли модел вя ПОР компцтер програмы-
нын тятбиги эюстярди ки, нязяри вя експериментал асылылыгдар 
арасындакы фярг 10%-и ашмыр. Мцхтялиф металлар цчцнВАХ-
ын фяргли эюрцнцшц олса да, ейни МС тябягяли Iн/МС/МК/Ал   
вя  Ал/МС/МК/Ал структурларын хцсуси мцгавимятляри ейни 
гиймятя малик олур. Бу факт сечилмиш моделин дцзэцнлцйц-
ня вя ρMS гиймятляринин щягигилийиня дялалят едир. Верилмиш 
експериментдя МС тябягяляринин хцсуси мцгавимяти 
105⋅107Om⋅sm тяшкил едир. ρMS -ин температур асылылыьы вя 
320÷680 меВ интервалында гиймятляндирилян активляшмя 
енеръиси  активляшмиш характеря маликдирляр. Азмясамяли 
мезомясамяли силисиум щалында олдуьу кими, ρMS(T) асылы-
лыьынын да активляшмиш характери йцксякмясамяли силисиум 
цчцн Мейер-Нелдел гайдасындан фярглянир. 
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   TRANSITION OF CHARGE CARRIERS CHARGEHOLDERS IN MEZOPOROUS SILICON MADE ON BASE 

OF p+−Si 
 

In this article the electrical properties of mezoporous silicon which is made on the base of p+−Si 
 
 and having not broad porosity 

(16÷30%),were researched experimentally. Acquired results have been summarized between 30-50% interval of porosity. The change effect 
of conductivity type relative to base   has been detected. The results of experiment were explained by passivation model of admixture atoms 
with hydrogen. The advantages and areas of improvement of other models used to study electrical properties of porous silicon were analyzed. 

 
Г.А. Гасанов 

 
ПЕРЕНОС НОСИТЕЛЕЙ ЗАРЯДА В МЕЗОПОРИСТОМ КРЕМНИИ НА ОСНОВЕ p+−Si 

Приведены результаты экспериментального исследования электрических свойств мезопористого кремния на основе p+−Si 
 

подложек  на слоях с невысокой пористостью (16-30%), а затем эти результаты были распространены на диапазон пористости 30-
50%. Важная особенность изучаемых слоев ПК заключалась в смене типа проводимости по сравнению с исходной подложкой. 
Результаты экспериментов обоснованы на основе модели пассивации примесных атомов (бор) водородом. Анализированы 
преимущества и недостатки других моделей, применяемых при изучении электрических свойств пористого кремния. 
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