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DOCTOR IN PHYSICS AND MATHEMATICS, PROFESSOR SMYNTYNA 
VALENTIN ANDRYOVICH (TO THE 60-TH ANNIVERSARY)

On the September 8, 2008, well-known scientist, 
Doctor in Physics and Mathematics, Professor, The 
Rector of I. I. Mechnikov Odesa National University, 
Head of the Editorial Board of our magazine Smyn-
tyna Valentin Andriyovich will celebrate the 60-th birth 
anniversary.

Smyntyna Valentin Andriyovich was born on Sep-
tember 8, 1948 in the settlement Vishneve, Tatarbu-
nar district, Odesa region, Ukraine. He has graduated 
with Honor the Physical Faculty of I. I. Mechnikov 
Odesa State University and, afterwards, the postgrad-
uateship at the Chair of Experimental Physics, Physi-
cal Faculty of the said University. He has prepared and 
successfully maintained the Ph. D. Thesis (Candidate 
level) in Physics of Semiconductors and Dielectrics in 
the year of 1977.  

In the period of 1981–1984 years Valentin A. Smyn-
tyna was the Deputy Dean in scientific purposes of 
the Physical Faculty of I. I. Mechnikov Odesa State 
University. Valentin A. Smyntyna has prepared and 
successfully maintained the Doctor of Sciences Dis-
sertation in the Scientific Council of the Institute of 
Physics of Semiconductors, National Academy of 
Sciences, Ukraine, in 1988.

Beginning from the year of 1990, D. Sc. Valentin 
A. Smyntyna is the scientific leader of the sensor elec-
tronics and technology laboratory as well as the lec-
turing professor at the Chair of Experimental Phys-
ics. He becomes the Head of this Chair afterwards. 
Professor Valentin A. Smyntyna was appointed to the 
Post of Vice-Rector in International Cooperation and 
External Economic activities. 

Professor Valentin A.Smyntyna was elected the 
Rector of I. I. Mechnikov Odesa National University 
in 1995. During the successful activities of the Rec-
tor Valentin A.Smyntyna, the University has occu-
pied the leading position (3rd–4th places) according 
to the main parameters among classic Universities of 
Ukraine. The I. I. Mechnikov Odesa State University 
was awarded with the title National due to the Decree 
of the President of Ukraine on September 11, 2000. 

Professor Valentin A. Smyntyna is widely and well 
known among the scientists and researchers in the 
field of semiconductors. His scientific interests are 
connected with the research of electronic-molecu-
lar processes on the surface and layer borders, what 
have initiated the new direction of the research in this 
field. Under his leadership, the active group of scien-
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tists and researchers who initiated the creation of new 
research laboratory devoted to the sensor electronics 
and technologies. Among the results of the laboratory 
activities there are the group of sensors of the gaseous 
ambient state and the imaging sensors of new genera-
tion.

Professor Valentin A.Smyntyna has headed the 
group of researchers engaged in complex research of 
the electro-physical properties of non-ideal heteroge-
neous junctions what allows to develop the principally 
new image signals generator with the intrinsic ampli-
fication. Such a device has, as well, the ability of the 
signals’ storage and memory even at room tempera-
tures. Professor Valentin A.Smyntyna has participated 
personally in research resulted in development of the 
experimental devices for images’ visualization and 
storage obtained with the sensors. It was established 
experimentally that the developed imaging sensors 
have significant sensitivity in X-ray range of wave-
lengths. This sensing ability could be put in the base-
ment of their wide applications in various branches 
of science and technology which need the fast input 
of the obtained X-ray images’ elements such as the 
sensing element of the computer X-ray tomography.  
Obtained optical and X-ray images certify the useful-
ness of the developed transformers. It should be men-
tioned, that the new applications of the developed 
sensors are based on such their properties which were 
considered previously as the anomalous ones, which 
affects negatively the regular way of the photo-sensor 
use.

The results of the research in the field of non-ideal 
heterogeneous junctions photo-electrical properties as 
well as their applications in the form of imaging sen-
sors developed under personal leadership of Professor 
Valentin A.Smyntyna, were published many times in 
our magazine.

 Along with the administrative, research and lec-
turing activities of Professor Valentin A.Smyntyna, 
mentioned in part above, we would like to empha-
size his personal participation in the international 
scientific programs, accompanied by scientists from 
Italy, France, Germany, Great Britain, the Nether-
lands, Belgium and Finland. He is the acting mem-
ber (Academician) of the Academy of Higher Educa-
tion of Ukraine and of some branch Academies, the 
founding Member of the International Academy of 
Computer Sciences and Systems, the Deputy Head of 
the Board of Southern Center of the National Acad-
emy of Sciences of Ukraine, the Member of the Eu-
ropean Committee of the “EUROSENSOR” Society, 
National Coordinator and Member of the European 
Council of the “NEXUS” Programmes, the Expert of 
the State Awards Committee of Ukraine, the Member 
of European and Ukrainian Physical Societies (the 
Vice-President of the last).

Academician Valentin A.Smyntyna is the Head of 
the scientific specialized Council for D. Sc. in Physics 
approval, The Chief Editor of the magazines “Odesa 
University Herald”, “Photoelectronics” and “Sensor 

Electronics & Microsystem Technology”. Academi-
cian Valentin A. Smyntyna is the coordinating con-
sultant of the International Humanitarian Association 
“Italy-Ukraine”. Academician Valentin A.Smyntyna 
is the Member of the World-Wide Association of the 
Universities Presidents and of the Association of the 
Ukrainian Universities Rectors, the Member of the 
Scientific Council for the Sensoric Systems at the 
Presidium of the National Academy of Sciences of 
Ukraine and of the Scientific Council of the National 
Academy of Sciences of Ukraine. Academician Val-
entin A.Smyntyna is the Honor Member of the Sen-
ate of the Academic Szeged University, Hungary and 
the Merited Statesman of Science and Technology of 
Ukraine (2000). He is the Honored Doctor of the Sla-
vonic Humanitarian University, Moscow, Russia, The 
Honored Professor of the Kherson National Techni-
cal University, Kherson, Ukraine, of the By-Dniester 
State University, Tiraspol.

Academician Valentin A.Smyntyna was awarded 
with the State Prize of Ukraine (2008). The valu-
able input of Doctor of Sciences, Professor Valentin 
A. Smyntyna to the development of the national sci-
ence was indicated with the following awards: 

— The Honor Sign of the Ministry of the Educa-
tion and Science of Ukraine “For Scientific Achieve-
ments”(2006, 2007);

— The Honor Signs of the National Academy 
of Sciences of Ukraine “For the Preparation of the 
Scientific Youth” (2007) and “For Scientific Mer-
it”(2008);

— The Golden Medal of the 1st grade of the Minis-
try of the Education and Science of Ukraine “10 years 
of Independence”.

Academician Valentin A.Smyntyna was awarded 
also with:

— The Order “For the Merit” of the 3rd grade 
(2004);

— The Order “200-th Anniversary of the Christ-
mas” of the 2nd grade;

— The Order “Saint Volodymyr” of 4th grade;
— The Order “Saint Nestor Historian” of 2nd 

grade;
— The Order of the Italian President “Italian Soli-

darity” of 3rd grade;
— The Order “Golden Cross of Saints Peter and 

Paul” (Vatican);
— The Golden Medal of the Society of the Indus-

trial Support (France).
Academician Valentin A. Smyntyna is the author 

and co-author of more than 400 papers, has 19 Au-
thor Certificates on the inventions, 5 monographs and 
manuals approved by the Ukrainian Ministry of Edu-
cation and Science of Ukraine. Under his personal 
tutorship 3 Doctor and 6 Candidate dissertations were 
successfully maintained. 

 The Editorial Board of the magazine and the col-
leagues greet kindheartedly Valentin A. Smyntyna 
with the Jubilee and wish good health, inspiration and 
further creative successes. 
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SURFACE AND OPTICAL PROPERTIES OF TINDIOXIDE NANO-FILMS 
INFLUENCED BY THE INITIAL SOLUTION COMPOSITION

The surface morphology and optical absorption results of nanostructured SnO2 films, obtained 
using polymers are presented in the work. Optical densities dependencies and evaluation of electronic 
parameters of films are fulfilled for solutions with different contain of tin component. The forbidden 
zone width correlation is noticed for different compositions of solutions. The dimensional quantiza-
tion energy, calculated by two different methods has similar results.

tion. The four-valent tin acetyl acetonate (Sn(acac)4) 
of 1%, 5% and 10% concentrations were used. The 
polymer concentration was one and the same in all 
types of films and was 0,1% of polyvinilacetate.

The tin dioxide layers’ surface morphology was 
investigated by the industrial atom-force microscope 
(ÀFÌ) NanoScope IIIa (Digital Instruments, USA) 
– Courtesy of Lashkarev Institute of Semiconductors 
Physics of Ukrainian National Academy of Sciences. 
Measures were fulfilled by silicon probe with nominal 
radius ~10 nm (firm-producer NT-MDT, Russia), in 
a regime of a periodical contact (Tapping Mode TM). 
The investigated area surface was 500×500 nm2.

The optical absorption for transitions in the waves’ 
interval 300–750 nm was measured for SnO2 layers 
aiming the evaluation the initial solutions’ (acetyl ac-
etonate of Sn (1, 5 and 10%) influence upon the lay-
ers electronic properties. The standard methods were 
used for spectrophotometer CF-46 measurements.

EXPERIMENTAL RESULTS 

The 3-D AFM images for films’ surfaces are given 
at Fig. 1. The least uniform structure is seen for the 
layers, obtained of the solvent with the initial content 
of Sn(acac)4 (1%). The layers become more uniform 
with Sn(acac)4 concentration growth in the initial sol-
vents.

The optical density absorption spectra D(ћω) are 
given at fig. 2, while analyzing the edge of absorption 
band form it is important to know, only the spectral 
changes of the absorption coefficient, but not it’s va-
lue.

In the optical density spectrum there are two peaks: 
in the red region (1,85 eV for 1%, 1,88 for 5% and 
1,84 eV for 10% Sn(acac)4 and specific for tin dioxide 
peak in the nearest UV region (for 1% — 3,6 eV; for 
5% — 3,5 eV; for 10% — 3,6 eV). The sharp break in 
the UV spectrum may be caused by different reasons. 
It is known [3] that tin dioxide is transparent for the 
nearest UV, and besides that, the glass substrate ab-
sorption gives principal changes to investigated films’ 
spectrum.

INTRODUCTION

Tin dioxide is one of few materials, which may be 
obtained and preserved in a nano scale. It has good 
chemical resistance in aggressive medias and is highly 
sensitive to the environmental changes. These prop-
erties define the preferable use of this material in 
a gas analysis as adsorptive-sensitive elements [1]. 
Quantum-dimensional effects, typical for nanosized 
grains’ materials, allows to extend their application 
to electronic technique. Such materials’ properties 
essentially depend upon the technique of their pro-
duction and many technological parameters. The rea-
gent composition, temperature and time peculiarities 
of the technology essentially influence the chemical 
methods of production. 

Structure’s difference and film materials’ proper-
ties are practically well developed in the optical inves-
tigations. 

An optical radiation interaction investigation re-
sults in transmission spectra of semiconductor films, 
allow to define forbidden zone width, optical transi-
tions at the absorption edge, and to evaluate phonons’ 
and electrons’ dimensional quantization energy.

SAMPLES PRODUCTION TECHNIQUE AND 
THE INVESTIGATIONS METHODS

Transparent thin films of nanostructured tin diox-
ide were obtained using the polymer materials. The 
technique described in [2] comprised several stages, 
which include the polymer material solution prepa-
ration in the solvent and the thin containing organic 
compound insertion into it. The solution formed was 
deposited on the glass substrate, dried and annealed in 
a muffle. The temperature and time of annealing cor-
responded to the temperature and time of polymer‘s 
decomposition. After the polymer‘s decomposition 
products were fully taken away, and the oxidation was 
over, the thin tin dioxide layers were formed with de-
veloped nanoscale structure.

Aiming to determine the initial gels’ composition 
influence (as a technological factor) upon their surface 
morphology the samples were prepared with different 
quantity of the tin containing filler in the initial solu-

© V. A. Smyntyna, L. N. Filevskaya, V. S. Grinevich, 2008
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Fig. 1. 3-D AFM images of films’ surfaces: à — 1%, b — 5%, c — 
10% Sn(acac)4 in the initial solvent (image size 500×500 nm2)
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Fig. 2. The optical density spectra of nanostructured SnO2 films, 
obtained from 0,1% PVA solutions  and different Sn(acac)4 

content (1, 5 and 10 %)

DISCUSSION OF RESULTS

The AFM images analysis allows concluding about 
grain nanoscale structure in the films. Average grains’ 
size, determined from the images, consists 10–15 nm. 
The least uniform films were obtained of low concen-
tration Sn(acac)4 solution. 

The forbidden zone width and optical transitions 
character were defined using optical absorption edge 
investigation. The optical density in the absorption 
edge region is presented at fig. 3.
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Fig. 3. Optical density spectra at the absorption edge region: 
1 – 1%, 2 – 5%, 3 – 10% Sn(acac)4 in the initial solution.

The results were replotted in ( )
1

0
SD f= ω  (s = 1/2, 

3/2, 2,3) coordinates for the optical transitions types 
definition, and presented at fig. 4.
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Fig. 4. The replotted optical density of the investigated layers in 
the absorption edge region at s=3. Dot and dash line corresponds 

to the same one at fig. 3

The best rectification of a curve takes place at 
1/s =1/3 corresponding to optical density dependence

( )
1

0
SD f= ω ; This corresponds to indirect forbidden 

transitions with phonons participation. 
The nearest UV zone absorption, which corre-

sponds to the absorption edge at calculation gives the 
forbidden zone width: for 1% — 2,96 eV, for 5% — 
2,95 eV, for 10% Sn(Acac)4 – 2,935 eV. Phonons’ en-
ergy is — 0,14 eV for 1%, 0,07 eV for 5%, 0,135 eV for 
10% Sn(Acac)4.

The calculations results are given at a table

Table

Sn(acac)4 content 
in the solution for 
films production 

1% 5% 10%

Eg 2,96 eV 2,95 eV 2,935 eV

ћΩ 0,14 eV 0,07 eV 0,135 eV

The forbidden zone width values obtained for 
SnO2 layers exceed the known values of amorphous 
layers of this material, which are 2,75–2,8 eV [3]. At 
the same time these values are lower Eg values of crys-
tal tin dioxide. Thus, it may be supposed the consider-
able amount of nanosize crystal clusters in tin dioxide 
amorphous film. 



8

As it may be seen from the table, the forbidden 
zone width decreases with the tin containing compo-
nent concentration growth. This coincides with the 
conclusion in [4] that the zone width grows with pores’ 
and grains’ sizes decrease in nanoscale which is a speci-
fic one. Hence, it may be concluded about nanocrystals’ 
sizes decrease in the investigated films, with Sn(Acac)4 
concentration decrease. 

For the cases 1% and 10% Sn(Acac)4in the initial 
solution phonons’ energies are nearly similar 0,14 and 
0,135 eV. For the second case it is divisible by 0,07 eV, 
which allows to suppose several phonons participation 
in the optical absorption. The possibility of phonon 
34 meV in SnO2 is reported in [5]. Taking this into ac-
count it is possible to say about multi phonons (2 and 
4) transitions in the material at the light absorption. 

The optical absorption character witnesses about 
density states tails in the forbidden zone, which de-
fines the energy Eg difference, obtained in our research 
from the reported crystal SnO2 value. The absorption 
peak for IR zone, which corresponds energies: (1,85 
eV for 1%, 1,88 for 5% è 1,84 eV for 10% Sn(Acac)4) 
is situated in the forbidden zone of the material.  This 
may witnesses about some density states in the forbid-
den zone and is specific for amorphous or degener-
ated semiconductor [6].

The results obtained gave the possibility to cal-
culate the dimensional quantization energy for the 
films. The effective mass values for SnO2 carriers are 
different in different sources. The Bohr’s exiton ra-

dius 

2

2B

h
a

e

⎛ ⎞ε
=⎜ ⎟μ⎝ ⎠  for tin dioxide crystal calculation 

using data of [7] gives the value ~2,67 nm, and using 
data of [3] — ~1,28 nm. The holes localization on the 
quantum dimensional object was supposed, therefore 
aB value practically approaches the Bohr’s radius for 
electron in SnO2 (~2,75 nm). 

Using AFM data and me values from literature, the 
dimensional quantization energy may be estimated 
according formula in [8]:

2 2
01

01 2

0.71
.

2 ( )
e

e

E
m r

ϕ
=

Nanocristallites’ radius mean value in our case ac-
cording to atom force microscopy data was 5–7 nm. 
By substituting these values to the dimensional quan-
tization energy formula given in [9], we shall obtain 

dimensional quantization energy value 
01
eE  (for levels 

with l = 0 n = 1) using effective masses data from [7] 
~0,63 eV, and from [3] - ~0,31 eV. If the same energy 
is calculated from the measured optical density spec-
tra results, as a difference of the first absorption maxi-

mum energy value, corresponding to energy 01,e
gE E+  

and forbidden zone energy values (2,96 eV – 1%, 
2,95 eV – 5% and 2,935 eV – 10% Sn(acac)4), then 
we shall obtain the following mean values [0,64 ± 0,09] 
eV for 1%; [0,55 ± 0,08] eV for 5%; [0,66 ± 0,1] eV for 
10%. The 15% error is considered. 

In our case, the Bohr’s mean radius for nanocrys-
tallite is twice exceeds Bohr’s radius value. At the 
same time, as it is shown in [8], holes dimensional 
quantization energy, practically did not influence the 

absorption spectra types. The calculations methods 
using optical absorption spectra give good matching 
of results. 

CONCLUSIONS

After the surface morphology and optical absorp-
tion investigations of tin dioxide films obtained from 
solutions of various compositions, the following re-
sults were obtained:

— The forbidden band value dependence on the 
tin containing substance quantity in the initial solu-
tion. The band gap was 2,96 eV for 1%, 2,95 eV for 
5%, 2,935 eV for 10% Sn(Añàñ)4. Thus, the tin con-
taining fuller concentration growth in the initial so-
lution gives the forbidden zone value decrease in the 
obtained films. This may witnesses about nanocrystal-
lites’ sizes growth in the films.

— The phonons’ component plays the principal 
role in the light absorption. The phonons’ energies, 
which took part in the optical transitions were 0,14 
eV for 1%, 0,07 eV for 5% and 0,135 eV for 10% of 
Sn(Añàñ)4 and correspond to multyphonons transi-
tions.

— The optical absorption character, witnesses 
about density states “tailes” in the forbidden zone. 
This defines energy Eg, difference between obtained 
in our work and for crystal SnO2. 

— evaluation of a dimensional quantization is ful-
filled by two methods: analytically using AFM data, 
and by means of optical density spectra; results ob-
tained by these two methods are in a good agreement.
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COMPOSITION

The surface morphology and optical absorption results of nanostructured SnO2 films, obtained using polymers are presented in the 
work. Optical densities dependencies and evaluation of electronic parameters of films are fulfilled for solution with different contain 
tin component. The forbidden zone width correlation is noticed for different compositions of solutions. The dimensional quantization 
energy, calculated by two different methods has similar results.
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Â. À. Ñìèíòèíà, Ë. Í. Ô³ëåâñüêà, Â. Ñ. Ãð³íåâè÷

ÂÏËÈÂ ÑÊËÀÄÓ ÂÈÕ²ÄÍÈÕ ÐÎÇ×ÈÍ²Â ÍÀ ÏÎÂÅÐÕÍÅÂ² É ÎÏÒÈ×Í² ÂËÀÑÒÈÂÎÑÒ² ÍÀÍÎÏË²ÂÎÊ ÄÂÎ-
ÎÊÈÑÓ ÎËÎÂÀ

Ó ðîáîò³ ïðåäñòàâëåí³ ðåçóëüòàòè äîñë³äæåíü ïîâåðõíåâî¿ ìîðôîëîã³¿ é îïòè÷íîãî ïîãëèíàííÿ íàíîñòðóêòóðîâàíèõ ïë³-
âîê SnÎ2, îòðèìàíèõ ç âèêîðèñòàííÿì ïîë³ìåð³â. Ðîçãëÿíóòî çàëåæíîñò³ îïòè÷íî¿ ãóñòèíè ³ ðîçðàõîâàí³ åëåêòðîíí³ ïàðà-
ìåòðè ïë³âîê ç ðîç÷èí³â ç ð³çíèì âì³ñòîì îëîâîâì³ùóþ÷î¿ ðå÷îâèíè. Ïîì³÷åíî êîðåëÿö³þ øèðèíè çàáîðîíåíî¿ çîíè ïë³âîê 
³ ñêëàäó ãåë³â äëÿ îäåðæàííÿ ïë³âîê. Åíåðã³ÿ ðîçì³ðíîãî êâàíòóâàííÿ, ðîçðàõîâàíà ïî äâîõ ð³çíèõ ìåòîäèêàõ, äàº áëèçüê³ 
çíà÷åííÿ.
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Â. À. Ñìûíòûíà, Ë. Í. Ôèëåâñêàÿ, Â. Ñ. Ãðèíåâè÷

ÂËÈßÍÈÅ ÑÎÑÒÀÂÀ ÈÑÕÎÄÍÛÕ ÐÀÑÒÂÎÐÎÂ ÍÀ ÏÎÂÅÐÕÍÎÑÒÍÛÅ È ÎÏÒÈ×ÅÑÊÈÅ ÑÂÎÉÑÒÂÀ ÍÀÍÎÏ-
ËÅÍÎÊ ÄÂÓÎÊÈÑÈ ÎËÎÂÀ

Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé ïîâåðõíîñòíîé ìîðôîëîãèè è îïòè÷åñêîãî ïîãëîùåíèÿ íàíîñòðóêòó-
ðèðîâàííûõ ïëåíîê SnO2, ïîëó÷åííûõ ñ èñïîëüçîâàíèåì ïîëèìåðîâ. Ðàññìîòðåíû çàâèñèìîñòè îïòè÷åñêîé ïëîòíîñòè è 
ðàññ÷èòàíû ýëåêòðîííûå ïàðàìåòðû ïëåíîê èç ðàñòâîðîâ ñ ðàçëè÷íûì ñîäåðæàíèåì îëîâîñîäåðæàùåãî âåùåñòâà. Çàìå÷åíà 
êîððåëÿöèÿ øèðèíû çàïðåùåííîé çîíû ïëåíîê è ñîñòàâà ðàñòâîðîâ äëÿ ïîëó÷åíèÿ ïëåíîê. Ýíåðãèÿ ðàçìåðíîãî êâàíòîâà-
íèÿ, ðàññ÷èòàííàÿ ïî äâóì ðàçëè÷íûì ìåòîäèêàì, äàåò áëèçêèå çíà÷åíèÿ.
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STRUCTURAL DEFECTS RELAXATION DURING COMPLEX THERMAL AND 
DYNAMICAL MECHANIC PROCESSING OF CdTe

Influence of ultrasonic deformation on temperature dependencies of internal friction and elastic 
module of CdTe were studied. The relaxation process is proposed to be determined by the changes of 
vacancies number in complexes. 

1. INTRODUCTION

The problem of perfect semiconducting crystals 
manufacturing of binary compounds of CdTe type 
occupies one of the important places in modern sol-
id-state technologies concerning infrared (IR) pho-
toelectric instruments design and production [1-3]. 
The other scope of interest to CdTe and Cd1-xZnxTe 
compounds is their use in detectors for X-rays range 
[4, 5]. 

The procedure of CdTe crystals preparation de-
mand constant perfection that is caused, in turn, by 
objective difficulties of cultivation, in particular heats 
and pressures, and their gradient. 

The electro-physical properties of CdTe crystals 
and the functional devices design on their basis, in 
particular with high specific resistance, are deter-
mined substantially by the type and concentration 
of point and linear defects. These defects are in non-
equilibrium state and the enrichment of crystals sur-
face with defects is predetermined, in particular, by its 
components — Te and Cd atoms and the formation 
of over- stoichiometric layers with chemically non-
tied Te on a surface as a result of interaction of surface 
modification through polishing and changing surface 
layer during melting as a result of pulse laser influence 
[6–9] with adsorption of atmospheric O2. 

Accordingly, structural defects such as inhomoge-
neities and diversion from stoichiometric composition 
are capable to change essentially the crystals proper-
ties as a whole and that of devices prepared on their 
basis both at the stages of their manufacturing, opera-
tion and storage. Importance of specific features of the 
defect structure of the sample knowledge is obvious 
(for a crystal or device) as transition in an equilibrium 
state is possible only through individual metastable 
states clusters monitoring, the order of transition be-
tween which depends on character of current exterior 
influence.

Accordingly, for a crystals quality monitoring and 
that of corresponding devices, the different proce-
dures are necessary, which could give the information 
not only on their real crystal structure, but also on a 
current state of system of structural defects in com-
parison. In particular, the measurement of internal 
friction (IF) at different temperatures, amplitudes of 
ultrasonic strain å and on different frequencies f al-
lows to receive the additional significant information 
not only on properties and symmetries of structural 

defects, but also on dynamics of their interaction at 
alternating exterior influence [10,11].

The annealing of structural defects, with the veloc-
ity depending on temperature, could assist to detect 
the form of and temperature spectrum of IF [11]. The 
continuous recession of the resonant frequency with 
temperature growth was observed in the range and IF 
maximum location temperature dependence was reg-
istered as well as the relaxation of the resonant fre-
quency. The character of IF curve has not changed at 
repeated heating as well as the heights of IF maxima. 
The lack of point defects drain such as dislocations 
could be considered as the necessary condition of IF 
maximum observation caused by created point de-
fects.

2. MATERIALS AND METHODS

As the physical parameters of the device created in 
semiconductors radiation processing technique, are 
connected with the certain array of space lattice de-
fects, the given influence of radiation, thermal and ul-
trasonic on temperature dependences of IF and elas-
tic modulus Å in CdTe crystals of <111> and <110> 
orientations with dislocation density Nd ~ 5⋅104 cm-2 
in Se component, after their mechanical cutting and 
grinding were investigated. 

For measurement of IF and elastic modulus Å 
temperature dependences of IF and elastic modu-
lus Å , the four-composite piezoelectric vibrator on 
frequency f ≈117 kHz used and resonant bending vi-
brations on frequency f ≈1 kHz at alternating strain ε 
≈10-6 in vacuum P ≈10-3 Pa was used. The measure-
ment error IF does not exceed 10%, and that of the 
relative change of an elastic modulus ΔÅ – 0.1%. 

After transient during t ≈2∙103 sec at Òan ≈580 K, it 
is revealed (Fig. 1, curve 2), that IF background has 
considerably decreased, that testifies the improve-
ment of crystal structure in CdTe samples. Small maxi-
mum IF was observed at Òì1  ≈370 K with activation 
energy Í1 = 0.4 ± 0.1 eV. This maximum is caused, 
most probably, by relaxation process of V-V vacancies 
reorientation at the appendix of ultrasonic alternating 
strain during IF measuring.

With the influence of variable ultrasonic strain ε 
we have found out (Fig. 1, curves 1 and 3) that the 
dominating maximum IF in CdTe is located at the 
temperature Òì2  ≈500 K. According to the Wert-Marx 

© O. V. Lyashenko, A. P. Onanko, V. P. Veleschuk, 
I. O. Lyashenko, Y. A. Onanko, 2008
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formula, the mean energy of activation equals to H2 = 
0.6 ± 0.1 eV was determined [11]. The relaxation time 
constant of this maximum IF equals to τ02  ≈7.7 10-11 
sec, and the corresponding frequency factor of relaxa-
tion is f02  ≈1.3 1010 Hz. 
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Fig. 1. Temperature dependence of internal friction Q-1 in CdTe: 
1 – after mechanical cutting, 2 – after annealing at Tan ≈580 K 

during t ≈2.103 sec, 3 – t ≈2,6∙106 sec at 300 K
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Fig. 2. Temperature dependence of elastic moduli E of CdTe: 1 — 
after mechanical cutting, 2 — t ≈2,6∙106 sec at 300 K

The relaxation of relative elastic modulus ΔÅ/E, 
that is registered in the same temperature interval 
(Fig. 2, curves 1 and 3), confirms, that the relaxation 
process is connected, reliably, with the change of va-
cancies number in vacancy complexes.

After the natural aging at T ≈300 K during time t 
≈0.4∙106 sec, IF maximum of the given sample already 
missed after heating and has showed itself again only 
after the return to a course (after the sample cooling) 
at the temperature field of Òì2  ≈500 K.

One could assume, that the aging at T ≈300 K has 
created the vacancy complexes and following heat-

ing up to T ≈580 K has accelerated diffusion process, 
and, as a whole, it has led to occurrence of relaxation 
maximum IF at cooling the sample [11].

It is known, that machining of the CdTe crystals 
surface by abrasive materials usually leads to forma-
tion of the surface micro-cracks. There is no provided 
enrichment of interior surfaces of micro-cracks by 
electronegative Te atoms and, as well, no formation of 
oxide during chemical polishing of CdTe. These proc-
esses could cause the occurrence of inelastic relaxa-
tion.

The registered fact of a strong dependence of IF 
maximum amplitude on the value of ultrasonic strain 
ε, namely the maximum height growth with magni-
fication of amplitude of variable ultrasonic strain, 
has indicated the presence of the inelastic relaxation 
mechanism.

Near to the vertexes of micro-cracks formed dur-
ing surface machining always exists certain initial 
excessive value of a local dislocation density. The in-
stantaneous distribution of these dislocations in case 
of low concentrated defects and at the influence of 
exterior alternating ultrasonic a mechanical voltage 
could differ essentially. Correspondingly, the force 
that acts on a top of a micro-crack, breaks a condition 
of thermodynamic stability of an initial state of this 
top that leads to its jump-like motion to a new meta-
stable equilibrium state. This process, as it is known 
from [12], is accompanied by magnification of radius 
of a micro-crack top and formation of   the closed dis-
location loops complex around of a top, which, in ad-
dition, hinders the micro-crack development. 

The effect of CdTe monocrystals surface en-
richment with the electronegative atoms of the free 
chemically non-bound Te results in formation of a 
nano-dimensional layer Te means also an opportunity 
of state change of interior surfaces near the surface 
of micro-cracks. It leads to the change of a centers’ 
charge state not only at the surface (aside the negative 
values of the surface potential), which is accompanied 
by the corresponding destruction of the electron-hole 
equilibrium in near-surface layer of the Debye depth 
of screening. 

As a result of chemical machining, in polishing 
and etching processes, not only the CdTe crystal sur-
faces’ properties are changed, in particular – surface 
conductance, work function, lifetime of non-equilib-
rium charge carriers and a level of a photo-sensitivity 
of monocrystals [13, 14], but also they demonstrate 
the separate local (near-surface) volume of the crys-
tals which size, as a result of diffusion, could change 
and increase in due course process.

It is obvious, that the intensive processes of local 
structural re-organization with the participation of 
volume and linear defects are accompanied by a state 
change and that the density of point defects changes 
simultaneously with processes of exterior uptake and 
elucidation (due to different mechanisms) initiated by 
the local-superfluous energy. 

In particular, except for an energy liberation in 
a form of acoustic emission [15], the given process 
causes the occurrence of IF maximum which tem-
perature state is determined as well by the dynamics of 
a defect tip drift. 
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The comparison of the basic performance of IF 
peaks in CdTe, after machining, with IF peaks of 
CdTe crystals implanted as a pine forest, specifies that 
activation energies Í, the frequency factor f, anneal-
ing temperature Òan and their dependence on orien-
tation, as well as the crystal structure of a specimen, 
in both cases have similar details. Exception is made 
for the height of IF maxima (Q-1

ì), which in the case 
of ion-implantation processing by pine forest Q-1

ì is 
much less. 

It could be stated reliably, that relaxation proc-
esses in both cases of influence on a crystal surface, 
have the identical nature, and the role of centers of in-
elastic relaxation (micro-cracks), in case of the ionic 
implantation, makes them to be the local sources of 
structural defects and play the role of sources (clus-
ters), which arise on a surface of a crystal through the 
strong disordering at the significant doses of the im-
planted ions. The relaxation of such type was observed 
as well during the implantation by other sources and 
at an oxidizing process as well. 

We have carried out the temperature studies of en-
ergy losses of the mechanical oscillations Q-1 but the 
elastic moduli Å of CdTe crystals specify that due of 
the annealing, the background level of IF (Q-1

o) could 
decrease by up to 5 times what demonstrate the formal 
improvement of the defect structure. Thus, after an-
nealing at the temperature Òan2 ≈710 K during t ≈2⋅103 
sec, the relative changes of the defect CdTe structure 
at a room temperature are not observed during time 
range of t ≈2.6⋅106 sec (1 month).

CONCLUSIONS

The experimental results received in this work al-
low to state that the measurement of IF peak depend-
ence in CdTe is sensitive enough as a tool for quality 
monitoring of the local micro-plastic strain concern-
ing fragile semiconducting crystals. However, as data 
on IF generally concern the cumulative influence 
of both local and screw dislocations, the subsequent 
quantitative evaluation is necessary to determine the 
relative input of each dislocations type resulting in IF 
peak dependence. 
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Influence of ultrasonic deformation on temperature dependencies of internal friction and elastic module of CdTe were studied. The 
relaxation process is connected with the changes of number of vacancies in complexs. 
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ÐÅËÀÊÑÀÖÈß ÑÒÐÓÊÒÓÐÍÛÕ ÄÅÔÅÊÒÎÂ ÏÐÈ ÊÎÌÏËÅÊÑÍÎÌ ÒÅÐÌÈ×ÅÑÊÎÌ È ÄÈÍÀÌÈ×ÅÑÊÎÌ 
ÂËÈßÍÈßÕ ÍÀ CdTe

Èçó÷àëîñü âëèÿíèå óëüòðàçâóêîâîé äåôîðìàöèè íà òåìïåðàòóðíå çàâèñèìîñòè âíóòðåííåãî òðåíèÿ è ìîäóëÿ óïðóãîñòè 
CdTe. Ðåëàêñàöèîííûé  ïðîöåññ îáóñëîâëåí, ïî-âèäèìîìó, ñ èçìåíåíèåì ÷èñëà âàêàíñèé â âàêàíñèîííûõ êîìïëåêñàõ.

ÓÄÊ 548: 539.3

O. Â. Ëÿøåíêî, A. Ï. Oíàíêî, Â. Ï. Âåëåùóê, Þ. A. Oíàíêî, È. O. Ëÿøåíêî

ÐÅËÀÊÑÀÖ²ß ÑÒÐÓÊÒÓÐÍÈÕ ÄÅÔÅÊÒ²Â ÏÐÈ ÊÎÌÏËÅÊÑÍÎÌ ÒÅÐÌ²×ÍÎÌÓ ÒÀ ÄÈÍÀÌ²×ÍÎÌÓ ÂÏËÈÂÀÕ 
ÍÀ CdTe

Âèâ÷àâñÿ âïëèâ óëüòðàçâóêîâî¿ äåôîðìàö³¿ íà òåìïåðàòóðí³ çàëåæíîñò³ âíóòð³øíüîãî òåðòÿ ³ ìîäóëÿ ïðóæíîñò³ CdTe. Ðå-
ëàêñàö³éíèé ïðîöåñ çâ’ÿçàíèé, â³ðîã³äíî, ç³ çì³íîþ ÷èñëà âàêàíñ³é ó âàêàíñ³éíèõ êîìïëåêñàõ.
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QUANTUM CALCULATION OF AUGER SPECTRA FOR ATOMS 
AND SEMICONDUCTORS: NEW APPROACH

It is proposed new approach to calculation of characteristics of the Auger decay in the atomic sys-
tems and semiconductors on the basis of the gauge-invariant QED perturbation theory. The cross-sec-
tions of ionization of the  internal shells for a number of atoms (Na,Si) and energies of Auger electron 
transitions in solids (Si,Ge) are calculated. 

INTRODUCTION

In this paper a new calculation method of the 
Auger decay characteristics for complex atomic sys-
tems basing on the gauge-invariant QED perturbation 
theory [7–13] is applied to calculation of those char-
acteristics for atoms and semiconductors. The Auger 
electron spectroscopy is an effective method to study 
the chemical composition of solid surfaces and near-
surface layers [1-8]. When considering the method 
principles, the main attention is given as a rule to the 
models for drawing chemical information from the 
Auger spectra and to the surface composition deter-
mination methods by the Auger spectrum decoding. 
It is just the two-step model that is used most widely 
when calculating the Auger decay characteristics. 
Since the vacancy lifetime in an inner atomic shell 
is rather long (about 10-17 to 10-14s), the atom ioniza-
tion and the Auger emission are considered to be two 
independent processes. In the more correct dynamic 
theory of the Auger effect [1-3] the processes are not 
believed to be independent from one another. The 
fact is taken into account that the relaxation processes 
due to Coulomb interaction between electrons and 
resulting in the electron distribution in the vacancy 
field have no time to be over prior to the transition. 
In fact, a consistent Auger decay theory has to take 
into account correctly a number of correlation effects, 
including the energy dependence of the vacancy mass 
operator, the continuum pressure, spreading of the in-
itial state over a set of configurations etc. [1-7]. Note 
that the effects are not described adequately to date, 
in particular within the Auger decay theory [2]. The 
novel element of our method is  in an using the opti-
mized basis of the electron state functions. The basis 
is derived from the condition that the calibration-non-
invariant contribution of the second order polarization 
diagrams to the imaginary part of the multi-electron 
system energy is minimized already at the first non-
disappearing approximation of the QED perturbation 
theory (PT) [4–11]. The method has been applied to 
calculate the ionization cross-sections of inner shells 
in various atoms and the Auger electron energy in 
semiconductors (Si,Ge).

METHOD FOR CALCULATING THE LINE 
INTENSITIES AND WIDTHS IN THE AUGER 
SPECTRA

Within the frame of QED PT approach [5–10] 
to the Auger effect description, the Auger transition 
probability and, accordingly, the Auger line intensity 
are defined by the square of an electron interaction 
matrix element having the form [12–16]:
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The terms QulQλ  and BrQλ  correspond to subdivision 
of the potential into Coulomb part cos|ω|r12/r12 and 
Breat one, cos|ω|r12α1α2/r12. The real part of the elec-
tron interaction matrix element is determined using 
expansion in terms of Bessel functions:
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where J is the 1st order Bessel function, (λ)=2λ+1. 

The Coulomb part QulQλ
 is expressed in terms of radial 

integrals Rλ , angular coefficients Sλ  [5]:
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As a result, the Auger decay probability is expressed 
in terms of ReQλ(1243) matrix elements: 

( )
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )1 12 2

1 1 2 1 1 3 1 2 2 4 2

Re 1243

.

R

dr r r f r f r f r f r Z r Z r

λ

λ < λ >

=

= ∫∫  (4)

© A. V. Glushkov, O. Yu. Khetselius, L. V. Nikola, 
Yu. V. Dubrovskaya, 2008



15

where f is the large component of radial part of single 
electron state Dirac function and function Z is:
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The angular coefficient is defined by standard way 
[7]. The other items in (3) include small components 
of the Dirac functions; the sign «∼» means that in (3) 
the large radial component fi is to be changed by the 
small gi  one and the moment li is to be changed by 

1i il l= −  for Dirac number ¿1> 0 and li+1 for ¿i<0. 
The Breat interaction is known to change considera-
bly the Auger decay dynamics in some cases (c. f. [5]). 
The Breat part of Q is defined as the sum:
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where the contribution of our interest is determined as:
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The Auger width is obtained from the adiabatic 
Gell-Mann and Low formula for the energy shift [9]. 

The contribution of the Àd =  diagram to 
the Auger level width with a vacancy nαlαjαmα is:
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while contribution of the Àex =  one is:
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The formulas (7),(8) define the full Auger level 

width. The partial items of the kβγ
∑∑

sum answer 
to contributions of α-1→(βγ)-1K channels resulting in 
formation of two new vacancies βγ and one free elec-
tron k: ωk=ωα+ωβ–ωα. The final expression for the 
width in the representation of jj-coupling scheme of 
single-electron moments has the form:
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Here the summation is made over all possible de-
cay channels. The basis of electron state functions was 
defined by the solution of Dirac equation (integrated 
numerically using the Runge-Cutt method). The cal-
culation of radial integrals ReRλ(1243) is reduced to 
the solution of a system of differential equations [5]:
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In addition, ó3(∞)=ReRλ(1243), ó1(∞)=Xλ(13). The 
system of differential equations includes also equations 

for functions f/r|¿|-1, g/r|¿|-1, ( )1 ,Z λ  ( )2 .Z λ  The formulas 
for the auger decay probability include the radial in-
tegrals Rα(αkγβ), where one of the functions describes 
electron in the continuum state. When calculating this 
integral, the correct normalization of the function Ψk is 
a problem. The correctly normalized function should 
have the following asymptotic at r→0
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When integrating the master system, the function 
is calculated simultaneously:
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It can be shown that at r → ∞, N(r)→Nk, where Nk 

is the normalization of functions fk, gk of continuous 
spectrum satisfying the condition (11).

The energy of an electron formed due to a transi-
tion  jkl  is defined by the difference between energies 
of an atom with a hole at the j level and double-ion-
ized atom at kl levels in the final state:
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To single out the above-mentioned correlation ef-
fects, the equation (12) can be presented as:
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where the item Δ takes into account the dynamic 
correlation effects (relaxation due to hole screening  
with electrons etc.) To take these effects into account, 
the set of procedures elaborated in the atomic  theory 
[2–5] is used. For solid phase, the more precise form 
of equation (13) is [1]:
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where ΔEs is a correction for the binding energy change 
in the solid; Rrel, the same for out-of-atom relaxation; 
eΦ takes into account the work of exit. 

CALCULATION RESULTS AND 
CONCLUSIONS

An exit probability of Auger electrons from an atom 
via different channels associated with ionization from 
a core level is defined by the matrix element (1). In 
addition, the proportionality coefficient in the equa-
tion coincides with the electron impact ionization 
cross-section σj of the level j. Of course, two aspects 
are to be considered when determining the exit prob-
ability of Auger electrons from an atom, namely, the 
radiative transition under neutralization of a hole at 
the level j and the possibility of a considerable change 
in the initial hole distribution at the core levels at the 
Auger decay via the radiative channel jkl associated as 
a rule with a considerable distinctions in the non-ra-
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diative transition probabilities. For definiteness sake, 
let the ionization of L levels in a multi-electron atom  
be considered. The probability of the Auger electron 
emission from the atom via the channel L3Kl (taken as 
an example) is defined by the ionization cross-section 
of the level L3 as well as by a certain effective cross-
section depending on the ionization cross-sections 
of the levels L1,L2. The Auger line intensity is defined 
by three atomic constants: Àjkl=σjfjajkl, where àjkl is the 
non-radiative transition probability; fi is the Korster-
Kronig coefficient; σj , the ionization cross-section 
defined by the matrix element (1) calculated for wave 
functions of bound state and continuum one.  In the 
table 1 presented are the ionization cross-sections 
(cm2) calculated for inner shells of some atoms basing 
on the method proposed in this paper as well as the 
experiment data available [1]. Note that, unlike the 
widely used calculation method of the cross-sections 
within the frame of Born approximation (c.f.[2,3]) our 
approach is more correct theoretically, thus resulting 
in a good agreement between theory and experiment. 
The important moment is connected with an accurate 
account for inter-electron correlations. More accu-
rate account of the complicated many-body correla-
tions improves earlier obtained data [16]. 

Table 1
Inner shell ionization cross-sections for some atoms
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0,7⋅10-20

6,15⋅10-19
0,74⋅10-20

6,26⋅10-19

Table 2 gives the data on the Auger electron energy 
for some solids calculated using our method and the 
semi-empirical method with Larkins’ equivalent core 
approximation [2] as well as experimental data. The 
calculation accuracy using method [2] is within about 
2 eV as an average. Our approach provides more accu-
rate results that is due to a considerable extent to more 
correct accounting for complex electron interaction. 
To conclude, note that the use of the Auger electron 
spectroscopy in analysis of the surface chemical com-
position requires consideration of Auger spectra and 
the corresponding characteristics of the Auger tran-
sitions, interpretation of effects like the shape trans-
formations of the valence Auger spectra due to ap-
pearance of new lines, position and intensity changes 
of individual lines caused by the redistribution in the 
electron state density of the valence band. 

Table 2
Experimental data for Auger electron energy for solids and 

calculated values 
(À, semi-empirical method [2]; B, [16]; C, this work)
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Ðàçâèò íîâûé ïîäõîä ê ðàñ÷åòó õàðàêòåðèñòèê Îæå ðàñïàäà  â àòîìíûõ ñèñòåìàõ è ïîëóïðîâîäíèêàõ íà îñíîâå êàëèáðî-
âî÷íî-èíâàðèàíòíîé ÊÝÄ òåîðèè âîçìóùåíèé. Ðàññ÷èòàíû ñå÷åíèÿ èîíèçàöèè âíóòðåííèõ îáîëî÷åê ðÿäà àòîìîâ (Na,Si) è 
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SPECTROSCOPIC METHODS OF ACTIVE SRS PHOTONICS DEVICES 
MODELING FOR TELECOMMUNICATION SYSTEMS WITH TERBYTE 
VELOCITY 

Present paper is devoted to the SRS amplification profile modeling in single-mode fibers which 
are used widely in modern SRS lasers and amplifiers. The spectroscopic model of RS spectrum 
decomposition in a random single-mode fiber with numerous oscillating modes which could be 
considered as the further generalization of the actual band model developed before. The modeling 
results are presented using the sample of the SRS amplification spectra restoration in some extended 
fibers made of melted quartz. The use of the RS amplification profile non-linear approximation 
procedure according to the method of Levenberg-Markwardt allows to obtain the practically precise 
approximation of the registered RS amplification spectrum in quartz fibers. The integral intensity 
of the model spectrum coincides with the experimental one as precisely as < 0.3%. The optimal set 
of the amplification parameters is introduced into analytical expressions which be differentiated and 
integrated in analytical form and which could be calculated easily in digital way. The results of the 
basic set of fiber RS amplifiers modeling are presented by: amplification non-regularity, amplified 
frequencies range, group delay as well as the noise parameters. The model could be applied to the 
analysis of RS amplifiers functioning in the fibers with known SRS spectrum of random complexity. 

INTRODUCTION

Physical details of the stimulated Raman scatter-
ing (SRS) convert the optical fiber into active medium 
for lasers and optical amplifiers. Creation of SRS la-
sers could be attributed to the brightest achievements 
of modern laser physics and the use of the fiber RS 
amplifiers (FRSA) in the contemporary far and su-
per-far systems of information transfer has become 
almost necessary [1–3]. 

The fiber RS amplifiers with multi-wavelengths 
pumping (MWP-FRSA) allow to cover all the fre-
quency band of C+L ranges [3, 4] and to widen the 
amplification band up to the theoretical border what 
equals approximately to 12 ÒHz. Despite the simplic-
ity of the RS amplifier structure, the direct calcula-
tions of the amplification profile made with the use of 
the standard chain equations cause a lot of difficulties 
[4–5, 12], which induced by the SRS spectra com-
plexity registered in fibers. That’s why, the creation 
of the more or less precise theoretical model for the 
SRS in fibers description is the object of the intensive 
research. The spectroscopic classification, SRS spec-
tra decomposition to some oscillating modes as well 
their interpretation was presented in paper [6]. After 
the RS spectrum was restored from the experimental 
SRS spectrum [7, 8], the RS amplification profile de-
composition to some oscillating modes with the use of 
the intermediate widening model [9].

The results of the RS amplification coefficient 
theoretical analysis under the pumping with one 
wavelength and its dependence on the pumping wave-
length, modes’ overlapping and on the material com-
position of the fiber are presented in the paper [10].  
We have proposed already [15] the spectroscopic 
model of actual band for the MWP-FRSA design what 
allows to realize the optimal choice of the pumping 
wavelengths for the given amplification band as well 
as for the amplification regularity. 

The spectroscopic model of RS spectrum analysis 
is presented and is extended herewith for the case of 
numerous oscillating modes as well as its application 
to MWP-FRSA design.

THEORY OF RS AMPLIFICATION AND 
ACTUAL MODE MODEL 

In the framework of semi-classical SRS discussion 
[10], the connection between the molecular differen-
tial polarization (∂αij/∂qn) and the non-linear perme-
ability χ(3):

( )
*
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2 2
0

1
( ) ,

12
ij kl

ijkl
n n nv

N

m V q qi

∂α ⎛ ⎞∂α
χ ω = ⋅ ⎜ ⎟ε ∂ ∂ω − ω + ωΓ ⎝ ⎠
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where ωv – the resonant frequency of the phonon, 
ω – angular phonon frequency, Γ – phonon decay 
constant, qk – normal coordinate, describing the lo-
cal shifts, m – mass connected with the oscillation, 
N — number of oscillators in the volume of the inter-
action V, ε0 – dielectric constant.

As the tensor of the fourth range χ(3) is the isotrop-
ic one, the RS amplification coefficient at the Stokes 
frequency ωs= ωp – ωv could be presented in the form 
[10]:

(3) (3)

2
0

Im[ ( ) ( )]3
( ) ,

2
iiii ijjis

R

p s eff

g
c n n A

χ ω + χ ωω
ω = −

ε
 (2)

where Aeff – the effective area of the pumping beam. 
The amplification coefficient gR depends linearly on 
the Stokes wave frequency and the intrinsic frequency 
dependence is determined by the imaginary part of 
the non-linear polarization χ(3), which has the reso-
nant denominator as for the phonon harmonic oscil-
lator (see, please, the relationship (1)).

© G. S. Felynskyi, 2008



19

The SRS normalized amplification line-form S (v) 
on a single harmonic phonon oscillator should be 
presented, taking into account the relationships (1) òà 
(2), in the form:

2
0

2 2 2 2 2
0

( ) ,
( )R

v v
S v

v v v

γ
=

− + γ  (3)

where v – õâèëüîâ³ ÷èñëà (ν0 = ων/2πc, ν = ω/2πc 
and γ = Γ/2πc), and γ approximately equals to the 
line’s full width at the half of its height (FWHM) for 
function S(v). The relationship (3) is the basis of the 
actual band model [15]. But, the complicated enough 
spectra modeling needs the use of the model with mul-
tiple oscillating modes through the inclusion of the 
corresponding set of the approximation functions. 

SPECTROSCOPIC MODEL OF 
RS AMPLIFICATION SPECTRUM 
MULTI-MODE DECOMPOSITION 

RS amplification spectrum includes the significant 
number of oscillating modes [8], and in the preceding 
paper [6] the analytic methodology of the spontane-
ous RS quartz fiber amplification spectrum decom-
position into the set of Gauss components. The result 
of the decomposition could be presented as a set of 
relative amplitudes along with the widths of the used 
components. It was shown that using only 10 compo-
nents located between 0 and 900 ñm-1, one could ap-
proximate the experimental results with the precise-
ness better than 1%. 

Some of the seven maxima of RS spectrum in the 
standard fiber are so asymmetric that they could cor-
respond to the resulting line for 10–15 oscillating 
modes. Such a spectrum couldn’t be described with 
one simple function while the problem of spectrum 
modeling requests the use of decomposition into sev-
eral oscillating modes.  

Each oscillating mode in melted quartz fiber is 
extremely wide and could have Gauss profile in the 
case of non-monotonous widening or to remain in the 
line which is typical for the oscillator (Lorentz-type) 
in the case of monotonous widening. Model analysis 
of RS spectrum with the use of Gauss line profiles is 
being based on the following expression:
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ω = − ω − ω Γ∑  (4)

where Nm – the number of decomposition modes, 
ωv,i — central frequency of i-th Gaussian profile, pa-
rameter Γi = FWHMi  /(2√ln2) ≈0.6 ∙ FWHMi, where 
FWHMi – full line-width at the maximum half. The 
values Ai along with ωv,i and Γi are the parameters for 
non-linear approximation.

In the case of monotonous widening of the oscil-
lating frequencies chosen for the spectrum decompo-
sition, we propose to use the set of normalized func-
tions of phonon oscillator according to (3):
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It should be noted that the use of decomposition 
procedure has, at least, two aspects.

Firstly, it is the spectroscopic aspect when decom-
position is the method of the states density function 
division into the parts provided before.

Secondly, the applied aspect of decomposition ex-
ists when the maximal preciseness of RS amplifica-
tion profile gR(ω) by simplest functions (4) and (5) is 
the principal scope. Being concentrated at the second 
aspect in the present paper, we have used the program-
ming procedure of non-linear approximation accord-
ing to Levenberg-Marquardt method.

MODELING RESULTS AND APPLICATIONS

At Fig. 1 the results of SRS amplification non-lin-
ear approximation are presented for the fibers based 
on fused quartz fibers: (a) - pure quartz; (b) – fiber of 
True Wave RSTM type; (c) – fiber with compensated 
dispersion (DCF); (d) – RS fiber containing ~20% 
GeO2. The experimental data were taken from the 
paper [7]. The integral intensities of the model and 
experimental spectra coincide with the precision bet-
ter than 0.3%.

Taking into account the preciseness of the mode-
ling results presented at Fig. 1, it should be mentioned 
that extreme complexity of the model of intermediate 
widening [9], as to our opinion, shouldn’t be consid-
ered as the proper. Vice versa, the high precision along 
with the relatively simple analytical expressions (4) or 
(5) for the RS amplification profile could be proven 
in the case of non-linear approximation. The param-
eters, which are the result of the non-linear approxi-
mation, are presented at Table 1 for the case of Gauss 
decomposition of the experimental RS profiles for all 
fibers presented at Fig. 1.

Fig. 1. The results of SRS amplification profile non-linear 
approximation for the fused silica fibers: (a) — pure quartz 
fiber; (b) — fiber of True Wave RSTM type; (c) — fiber with the 
compensated dispersion (DCF); (d) – RS fiber with ~20% GeO2 

Experimental data are taken from the paper [7]

The spectroscopic model of RS amplification al-
lows to calculate the spectrum of amplified spontane-
ous radiation (ASR). The results of the ASR spectrum 
for the amplifier with 6 pumping sources are presented 
at Fig. 2 for two modeling methods – the model with 
some oscillating modes (full line) and the model of 
one actual mode (dotted line). The color dotes repre-
sent the data for effective noise coefficient taken from 
the paper 11]. 6 experimental wavelengths were used 
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as follows: 1428, 1445, 1466, 1480, 1494 and 1508 nm, 
while the pumping powers were equaled to 338, 215, 
83, 30, 19 and 39 mW. 

During the amplification coefficient equalizing, 
the significant (almost 7 dB) amplification decrease 
emerges in the noise coefficient distribution. This 
decrease is determined by the pumping power non-
regular distribution over the wavelengths’ range.  Both 
models, as it is seen from Fig.2, give almost the same 
values of SRS coefficient with almost equal decrease 
value in the wavelengths range of interest. 

It should be mentioned that the experimental data 
exposed at Fig. 2, are obtained in RS amplifier using 
the fiber of True-Wave RS type [11]. For such a fiber, 
the RS amplification profile approximation’ preci-
sion, obtained with the use of only one oscillating 
mode, couldn’t be considered as satisfactory. But, the 
similarity of the results for both numerical calcula-
tions of the SRS amplification coefficient’s tendency 
as well as the registered correlation of its inclination 
and the results of the noise coefficient’s direct meas-
urement for the real amplifier do support the fact that 
the framework of the actual model is somewhat wider 
than those expected before, and it could be applied, in 
certain borders, to the SRS noise parameters’ evalua-
tion and to the engineering design realization.

Fig. 2. Calculated SRS spectrum for FRSA with the scheme of 
some pumpings from the model of some oscillating modes (full 
line) and from the model of actual band (dotted line). The points 
correspond to the direct measurement of noise coefficient for RS 

amplifier with 6-wavelengths pumping [11]

In other cases, for example for the SFRSA disper-
sion parameters’ modeling, the actual mode model 
is not applicable. The right approach to the specific 
non-regularities of RS amplification at the place of 
maximum description for real fibers could be realized 
with the use of some oscillating modes model only.

The RS amplification dispersive parameters for 
amplifier with one pumping source are presented at 
Fig. 3, where the amplifier’s group delay dependence 
on the RS frequency drift in THz is presented in the 
amplification range of 3 dB.

The advantage of the method proposed is due to 
the fact that all the derivatives of the spectral function 
could be obtained both in the analytical and in digital 
form. The last peculiarity could be very useful for the 

FRSA with multi-wavelengths pumping group delay 
optimization as well as for the correction devices’ de-
sign.

Fig. 3. Dispersion parameters for RS amplification in fused silica, 
calculated according to the functions for the profile with some 

oscillating modes

Both approximations, as obtained in Gauss’ way as 
well as with the use of phonon oscillator’s functions, 
give very close dependencies of group delay time on 
the frequency. This is the result of good approxima-
tion of the output RS amplification profile, which, 
along with simple analytical view of the approxima-
tion functions (4) or (5), is a significant

At Fig. 4 the optical noise spectral densities (both 
for Stokes and anti-Stokes SRS) generated by the 
signal at 1.56-micron at 300 K. In our calculations 
of Stokes and anti-Stokes SRS spectra the maximal 
value was chosen as gR = 0.5 (W⋅km)-1. It should be 
mentioned that the Stokes and anti-Stokes SRS com-
ponents is being caused by different dependencies on 
phonons’ temperature density nv (ω). The results of 
our modeling presented at Fig. 4, are in full concord-
ance to those measured directly for the spectral den-
sity of the amplified SRS radiation [5].

Fig. 4. Spectral density of the optical noise (Stokes and anti-
Stokes SRS) generated by the signal 1.56 micron at 300 K. Peak 

RS amplification is gR = 0.5 (W⋅km)-1
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Table 1
Output parameters of Gauss approximation according to Levenberg-Marquardt method

Mode

Quartz fiber
 gRmax = 0.4 (W ∙ km)-1

True Wave RS TM
gRmax= 0.74 (W ∙ km)-1

DCF
gRmax = 3.1 (W ∙ km)-1

Raman fiber
gRmax = 6.3 (W ∙ km)-1

Ai
ωi

[ñm-1]
Γi

[ñm-1] Ai

ωi

[ñm-1]
Γi

[ñm-1] Ai

ωi

[ñm-1]
Γi

[ñm-1] Ai

ωi

[ñm-1]
Γi

[ñm-1]

1 0.11 77.3 48.8 0.11 72.5 41.2 0.06 56.7 28.9 0.06 55.6 33.8
2 0.23 162.8 81.4 0.19 133.4 70.4 0.16 103.4 61.5 0.15 104.7 65.6
3 0.44 295.1 89.9 0.45 298.5 123.2 0.30 235.6 124.6 0.20 217.2 93.4
4 0.75 418.4 90.3 0.56 418.5 85.7 0.65 401.3 106.3 0.42 355.1 94.3
5 0.25 465.0 36.2 0.28 465.3 47.5 0.42 464.2 70.6 0.57 427.8 62.5
6 0.35 494.7 13.9 0.24 496.9 19.1 0.09 489.5 22.0 0.22 477.0 36.0
7 0.17 603.8 24.7 0.13 603.3 21.3 0.16 584.9 39.4 -0.21 628.6 47.0
8 0.14 542.0 190.5 0.25 544.2 146.3 0.18 708.8 206.4 0.44 601.7 172.1
9 0.13 809.6 50.6 -0.63 804.8 57.5 1.22 805.1 45.2 1.11 808.6 68.3

10 -0.01 858.5 30.3 0.05 858.8 29.9 0.11 858.8 29.9 0.06 858.8 29.9

// IEEE Photonics Technology Letters, 11(5). — P. 530–532 
(1999).

5. Mandelbaum I., Bolshtyansky M. Raman Amplifier Model in 
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CONCLUSIONS

1. As the result of the model discussion and applica-
tion, we have demonstrated the possibilities of the 
SRS signal spectroscopic analysis and their influ-
ence on the SRS lasers with single mode fibers de-
sign and technology as well as the review of the SRS 
amplification oscillating decomposition original 
methods in fibers of different type.

2. The model of actual band along with the method of 
multi-mode SRS amplification spectrum decom-
position with the spectrum’s approximation pre-
cision of 0.3%. The results are presented for some 
widely used fibers.

3. It was shown that the spectroscopic model allows 
to obtain in a simple and direct way the whole set 
of RS amplifiers, including: the amplification band 
and its non-regularity, group delay time and ampli-
fier’s noise parameters.
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SPECTROSCOPIC METHODS OF ACTIVE SRS PHOTONICS DEVICES MODELING FOR TELECOMMUNICATION 
SYSTEMS WITH TERBYTE VELOCITY

The simulation method of the Raman gain profile in single mode fibers which is put in the base of modern Raman lasers and fiber 
Raman amplifiers (FRA) is considered in this work. The spectroscopic model for the Raman gain spectrum decomposition in arbitrary 
optical fiber using multiple oscillating modes is presented. Modeling results is given for examples of development of stimulated Raman 
gain spectra in several wide-spread fibers on fused silica base. Nonlinear fitting procedure with Levenberg-Marquardt method of Raman 
gain profile was applied and it gives practically exact approximation of the observed Raman gain spectrum in silica fiber. The integrated 
intensities of model spectra are coincided with experimental spectrum within < 0.3 %. The optimal set of Raman gain parameters is 
compiled to simple analytical expressions that can be integrated and differentiated in symbolic form and are easy to evaluate numerically. 
Modeling results on the set of basic Raman amplifier characteristics such us: gain ripple, bandwidth, group delay, and noise performance 
is presented. Model is applicable to FRA design in fiber materials with known SRS spectra of any complexity.
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ÓÄÊ 532

Ã. Ñ. Ôåë³íñüêèé

ÑÏÅÊÒÐÎÑÊÎÏ²×Í² ÌÅÒÎÄÈ ÌÎÄÅËÞÂÀÍÈß ÀÊÒÈÂÍÈÕ ÂÊÐ ÏÐÈÑÒÐÎ¯Â ÔÎÒÎÍ²ÊÈ ÄËß ÒÅËÅÊÎ-
ÌÓÍ²ÊÀÖ²ÉÍÈÕ ÑÈÑÒÅÌ Ç ÒÅÐÀÁ²ÒÍÎÞ ØÂÈÄÊ²ÑÒÞ

Â çàïðîïîíîâàí³é ðîáîò³ âèâ÷àºòüñÿ ìåòîäèêà ìîäåëþâàííÿÿ ïðîô³ëÿ ÂÊÐ ï³äñèëåííÿ â îäíîìîäîâèõ âîëîêíàõ, ÿê³ 
ñêëàäàþòü îñíîâó ñó÷àñíèõ ÂÊÐ ëàçåð³â ³ ï³äñèëþâà÷³â. Ðîçãëÿÿíóòà ñïåêòðîñêîï³÷íà ìîäåëü äåêîìïîçèö³¿ ñïåêòðó ÊÐ ï³ä-
ñèëåííÿ ó îäíîìîäîâîì âîëîêí³ ç áàãàòüìà êîëèâíèìè ìîäàìè, ÿêà ÿâëÿºòüñÿ óçàãàëüíåííÿì ðàíå³øå ðîçðîáëåíî¿ ìîäåë³ 
ïîëîñè. Ðåçóëüòàò ìîäåëþâàííÿ âèêëàäàºòüñÿ íà ïðèêëàä³ â³äáóäîâè ñïåêòðà ïðèìóñîâîãî ÊÐ ï³äñèëåííÿ â äåê³ëüêîõ ðîç-
ïîâñþäæåíèõ âîëîêíàõ ç ðîçïëàâëåíîãî êâàðöó Çàñòîñóâàííÿ íåë³íåéíî¿ àïðîêñèìàö³¿ ïðîô³ëÿ ÊÐ ï³äñèëåíèÿ çà ìåòîäîì 
Ëåâåíáåðãà-Ìàðêâàðäòà äîçâîëÿº îäåðæóâàòè ïðàêòè÷î òî÷íó àïðîêñèìàö³þ ñïîñòåðåæåíîãî ñïåêòðà ÊÐ ï³äñèëåííÿ ó êâàð-
öåâèõ âîëîêíàõ. ²íòåãðàëüíà ³íòåíñèâí³ñòü ìîäåëüíîãî ñïåêòðà ñï³âïàäàº ç åêñïåðèìåíòàëüíèì ñïåêòðîì ç òî÷í³ñòþ < 0,3%. 
Îïòèìàëüíèé íàá³ð ïàðàìåòð³â ñïåêòðà ï³äñèëåííÿ âõîäèòü ó ïðîñò³ àíàë³òè÷í³ ôîðìóëè, ÿê³ ìîæóòü áóòè ïðîäèôåðåíöüî-
âàí³ ³ èíòåãðîâàí³ àíàë³òè÷íî ³ ëåãêî îá÷èñëþþòüñÿ .Çàïðîïîíîâàíî ðåçóëüòàòè ìîäåëþâàííÿ áàçîâîãî íàáîðó ïàðàìåòð³â 
âîëîêîííèõ ÊÐ ï³äñèëþâà÷³â: íåð³âíîì³ðí³ñòü ï³äñèëåííÿ, ïîëîñà ï³äñèëþâàíèõ ÷àñòîò, ãðóïîâà çàòðèìêà à òàêîæ øóìîâ³ 
ïàðàìåòðè. Ìîäåëü ìîæíà çàñòîñóâàòè äî àíàë³çó ôóíêö³îíóâàííÿ ÊÐ ï³äñèëþâà÷³â ó âîëîêíàõ ç â³äîìèì ñïåêòðîì ÂÊÐ 
ð³çíî¿ ñêëàäíîñò³.

ÓÄÊ 532

Ã. Ñ. ÔÅËÈÍÑÊÈÉ

ÑÏÅÊÒÐÎÑÊÎÏÈ×ÅÑÊÈÅ ÌÅÒÎÄÛ ÌÎÄÅËÈÐÎÂÀÍÈß ÀÊÒÈÂÍÛÕ ÂÊÐ ÓÑÒÐÎÉÑÒÂ ÔÎÒÎÍÈÊÈ 
ÄËß ÒÅËÅÊÎÌÌÓÍÈÊÀÖÈÎÍÍÛÕ ÑÈÑÒÅÌ Ñ ÒÅÐÀÁÈÒÍÎÉ ÑÊÎÐÎÑÒÜÞ

Â íàñòîÿùåé ðàáîòå ðàññìàòðèâàåòñÿ ìåòîäèêà ìîäåëèðîâàíèÿ ïðîôèëÿ ÂÊÐ óñèëåíèÿ â îäíîìîäîâûõ âîëîêíàõ, ñîñòàâ-
ëÿþùèõ îñíîâó ñîâðåìåííûõ ÂÊÐ ëàçåðîâ è óñèëèòåëåé. Ïðåäñòàâëåíà ñïåêòðîñêîïè÷åñêàÿ ìîäåëü äåêîìïîçèöèè ñïåêòðà 
ÊÐ óñèëåíèÿ â ïðîèçâîëüíîì îäíîìîäîâîì âîëîêíå ñî ìíîãèìè êîëåáàòåëüíûìè ìîäàìè, êîòîðàÿ ÿâëÿåòñÿ îáîáùåíèåì 
ðàíåå ðàçðàáîòàííîé ìîäåëè àêòóàëüíîé ïîëîñû. Ðåçóëüòàòû ìîäåëèðîâàíèÿ èçëàãàþòñÿ íà ïðèìåðå âîññòàíîâëåíèÿ ñïåêòðà 
âûíóæäåííîãî ÊÐ óñèëåíèÿ â íåñêîëüêèõ ðàñïðîñòðàíåííûõ âîëîêíàõ èç ïëàâëåíîãî êâàðöà. Ïðèìåíåíèå ïðîöåäóðû íåëè-
íåéíîé àïïðîêñèìàöèè ïðîôèëÿ ÊÐ óñèëåíèÿ ïî ìåòîäó Ëåâåíáåðãà-Ìàðêâàðäòà ïîçâîëÿåò ïîëó÷èòü ïðàêòè÷åñêè òî÷íóþ 
àïïðîêñèìàöèþ íàáëþäàåìîãî ñïåêòðà ÊÐ óñèëåíèÿ â êâàðöåâûõ âîëîêíàõ. Èíòåãðàëüíàÿ èíòåíñèâíîñòü ìîäåëüíîãî ñïåê-
òðà ñîâïàäàåò ñ ýêñïåðèìåíòàëüíûì ñïåêòðîì ñ òî÷íîñòüþ < 0,3%. Îïòèìàëüíûé íàáîð ïàðàìåòðîâ ñïåêòðà óñèëåíèÿ âõîäèò 
â ïðîñòûå àíàëèòè÷åñêèå âûðàæåíèÿ, êîòîðûå ìîãóò áûòü ïðîäèôôåðåíöèðîâàíû è èíòåãðèðîâàíû àíàëèòè÷åñêè è ëåãêî 
âû÷èñëÿþòñÿ â ÷èñëåííîì âèäå. Ïðåäñòàâëåíû ðåçóëüòàòû ìîäåëèðîâàíèÿ áàçîâîãî íàáîðà ïàðàìåòðîâ âîëîêîííûõ ÊÐ óñè-
ëèòåëåé: íåðàâíîìåðíîñòü óñèëåíèÿ, ïîëîñà óñèëèâàåìûõ ÷àñòîò, ãðóïïîâàÿ çàäåðæêà, à òàêæå øóìîâûå ïàðàìåòðû. Ìîäåëü 
ïðèìåíèìà ê àíàëèçó ôóíêöèîíèðîâàíèÿ ÊÐ óñèëèòåëåé â âîëîêíàõ ñ èçâåñòíûì ñïåêòðîì ÂÊÐ ïðîèçâîëüíîé ñëîæíîñòè. 
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EXTERNAL BIAS INFLUENCE ON TRANSMISSION PROCESSES IN 
NONIDEAL HETEROJUNCTION

Optimum conditions for nonequilibrium positive charge accumulation and storages are determined. 
The maximal charge accumulation speed for a sample, which bas³ñ cadmium sulfide layer is obtained 
by liquid electrohydrodynamical spraying  (LEHDS) method in the air, is achieved at small negative 
biases (-0.3 V), and for a sample obtained by vacuum deposition method - at any negative or zero 
bias. The speed reduction of nonequilibrium charge ejection (optimum storage conditions) located on 
capture centers in RSC for a case when sensor obtained by LEHDS method in the air realizes at any 
negative bias, and for a sample obtained by vacuum deposition — at V = –0,4V.

For a long time the attention of the researchers was 
given to studying CdS-Cu2S nonideal heterojunction 
which can be applied for original effective converters 
of the optical and X-ray image into an electric sig-
nal creation, as it was convincingly shown [1]. At the 
same time, processes of emission and accumulation 
of nonequilibrium charge which determine the basic 
characteristics of converter in such structure are in-
vestigated insufficiently.

 A lot of the phenomena in CdS-Cu2S heterojunc-
tion are anyhow determined by the form of potential 
barrier on heteroboundary. In this connection it is ex-
pedient to investigate processes in accumulation and 
emission of nonequilibrium charge under the influ-
ence of external bias applied to heterojunction.

Let’s consider the influence of external bias on the 
character of the photoconverter signal (jsc) increase. 
The signal increase processes were investigated at 
continuous sensor excitation by light source with 
λ = 520 nm. At the investigation in character of the 
signal recession, the sample was initially illuminat-
ed by powerful flash of white light (without external 
bias). The signal registration was made on the pulse 
values at the oscillograph screen under illumination 
of converter by light-emitting diode IR-pulses. Pulses 
registration was made without external bias.

Simultaneously with investigation of the samples 
obtained by liquid electrohydrodynamical spraying 
(LEHDS) method in the air (samples of group No 1), 
the samples obtained by vacuum evaporation method 
(samples of group No 2) were investigated too. 

The measurements experimental results are sub-
mitted in fig. 1 and 2.

Figures show the curves for signal increase under 
samples excitation by light with λ = 520 nm at dif-
ferent applied bias for typical samples of groups No 
1 and No 2 , accordingly. It is seen, that various sta-
tionary values of short circuit current, and, hence, the 
different accumulated stationary hole charge on traps 
in RSC (fig. 1–2) correspond to different applied bi-
ases.

On the basis of fig. 1 and 2 we constructed the de-
pendence of charge accumulation speed on value of 
external bias (fig. 3). The analysis of the curves ob-
tained show, that charge accumulation speed decreas-
es sharply in the region of positive biases and on the 

abscissa cuts off the voltage about 1 V, that approxi-
mately corresponds to barrier height ϕ0 in CdS-Cu2S 
heterojunction. For the samples obtained by LEHDS 
method the cutoff voltage is some less that can be 
caused by the greater degree of structure imperfection 
in comparison with the samples obtained by vacuum 
evaporation method.

Fig. 1. The curves of (jsc) signal dependence on time of samples 
excitation by light with λ = 520 nm at different values of applied 
external bias. The sample was obtained by LEHDS method in the 
air (group No 1): 1 (+1 V), 2 (+0,6 V), 3 (+0,3 V), 4 (-0,3 V), 5 

(-0,5 V), 6 (-0,9 V)

Fig. 2. The curves of (jsc) signal dependence on time of samples 
excitation by light with λ = 520 nm at different values of applied 
external bias. The sample was obtained by vacuum evaporation 
method (group No 2): 1 (+0,9 V), 2 (+0,6 V), 3 (+0,3 V), 4 (+0,1 

V), 5 (-0, I V), 6 (-0,4 V), 7 (-0,9 V)

© V. A. Smyntyna, V. A. Borschak, M. I. Kutalova, 
N. P. Zatovskaya, A. P. Balaban, 2008
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Let’s pay attention to the fact that with reduc-
tion of positive bias the value of signal increase speed 
raises, reaches the maximal values at small negative 
biases, and decreases again at high values of negative 
bias (fig. 3).

Fig. 3. Dependence of the charge accumulation speed (a derivative 
jsc on time) on voltage of external bias for samples of groups No 1 

- (a) and No 2 - (b)

Let’s observe the influence of external bias value 
on accumulation, and, hence, on current transfer of 
charge in RSC of CdS-Cu2S heterojunction.

Conditions of current transfer and recombination 
on CdS-Cu2S heterojunction heteroboundary are de-
termined by a kind of ϕ(x) function which describes 
the behavior of potential barrier in heterojunction 
RSC. As it was already noted, this is connected with, 
the fact that the short circuit current (jsc) generated by 
IR-light in Cu2S is determined not only by the inten-
sity of illumination, the quantum yield and the col-
lecting factor in Cu2S but also by the ratio between 
speed of surface recombination for free electron  be-
ing generated by light in Cu2S, and their drift speed in 
heteroboundary (formula 1).
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For unlighted heterojunction, the potential φ(x) 
depends only on bias V and is expressed by the for-
mula

( ) ( )( )2

0 01 ,xx qV qV FWϕ = ϕ − − + + Δ
 (2)

where φ0 – heterojunction barrier height, W – RSC 
width,
ΔF0 — depth of occurrence for Fermi level in cad-

mium sulfide quasi-neutral region.
When heterojunction is illuminated, minor carri-

ers (holes) generated in wideband cadmium sulfide 
are captured in RSC on the traps there which con-
centration is equal Nt. Because of zones curvature in 
RSC, distribution of the localized charge along axis x 
is determined by expression (3).

( ) 0
0 exp .

W x
p x p

kT W

ϕ⎡ ⎤−⎛ ⎞Δ = Δ ⎜ ⎟⎢ ⎥
⎝ ⎠⎣ ⎦  (3)

The solving of Poisson equation (4)
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where
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d
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at external bias in view of expression (3) and (5) allows 
to receive dependence of potential barrier for illumi-
nated heterojunction on coordinate:
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where 

0 .
qV

kT

ϕ −
α =

Expressions (2) and (6) show that external bias qV 
influences essentially on the form of potential barri-

er and, hence on the value 
0x

d

dx =

ϕ
 which determines 

short circuit current.
It is obvious, that current transfer in investigated 

structure is determined by concentration of nonequi-
librium charge located in RSC. We shall consider 
the current dynamics at different external biases. As 
at heterojunction illumination simultaneously with 
charge accumulation emission takes place, for the 
simplicity let’s observe the case of decay relaxation 
(when stimulating light is cut off).

Experimental curves for current value dependence 
on time, passed after end of sensor excitation by flash 
of white light and the speed of current decrease (a de-

rivative 
10

sc

t s

dj

dt =
) are given in fig. 4 and 5, accordingly, 

at different values of external bias.
Thermal ejection (fig. 6, transition 1) does not de-

pend on bias V. Direct tunneling (transition 2) weakly 
depends on V, but two-level tunneling process with the 
subsequent recombination (transition 3) and tunnel-
jumping recombination process (transition 4) depend 
on the applied external bias. At V → ϕ0/q the recombi-
nation in the way 3 becomes considerable, that results 
in high jsc drop speed for a typical sample of group No 
1 (fig. 4, and fig. 5, a). In this sample cadmium sulfide 
was obtained by LEHDS method with the subsequent 
pyrolysis in the air that results in strongly developed 
surface and the crystallite sizes being smaller than 0,5 
microns. 

Cadmium sulfide for samples of group No 2 was 
obtained by vacuum dispersion method. Its crystallite 
size is the order more, but the  density defects is much 
lower. This causes low speed of signal drop (fig. 4, b), 
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and can be connected with the fact that process (4) 
does not contribute essentially the recombination.

Fig. 4. Dependence of signal jsc value on time after sample excita-
tion by white light pulse at different bias values. For typical sample 
of group No 1 — a and for  sample of group No 2 — b: 1 (+0,9 V), 

2 (+0,5 V), 3 (+0,2 V), 4 (-0,2 V), 5 (-0,5 V), 6 (-0,9 V)

Fig. 5. Dependence for relaxation speed of charge decrease 
(current jsc derivative in time) for various bias values on bias value 

for samples of group No 1 — a and No 2 — b

Let’s observe the influence of external bias on hole 
emission mechanisms (fig. 6). 

Fig. 6. Mechanisms to remove holes captured on traps out of CdS-
Cu2S heterojunction RSC. 1 — thermal emission into the valence 
band; 2 — direct hole tunneling from trap centers into Cu2S 
valenñe band; 3 — free electron two-level tunneling from CdS 
quasi-neutral region into RSC and the subsequent recombination 

with nonequilibrium hole; 4 — tunnel-jumping recombination

In homogeneous materials tunnel-jumping mecha-
nism on the located states is usually observed at rather 
low temperatures [2]. At the same time, for barrier 
structures, concentration of free carriers which de-
termines thermal activation current, at small biases 
(V << ϕ0/q) is too small, that makes jumping con-
ductivity mechanism the basic one even at rather high 
temperatures. Cadmium sulfide obtaining by LEHDS 
method and formation of CdS-Cu2S heterojunction 
by vacuum deposition method, results in formation of 
significant amount of defects in transient region. At 
defects concentration 1018-1021 sm-3  quasi-continu-
ous density of states N(E) appears in RSC by which 
current transfer can be carried out.

With the increase of positive bias, the energy posi-
tion of Fermi level EF (x) in all points х is increased, 
hence, the states density, near the Fermi level N (EF) 
increases, and tunnel-jumping recombination speed 
in a way 4 raises. However, as it was earlier mentioned, 
for a sample obtained by vacuum deposition method, 
the absolute values N(EF) are lower, that’s why this 
process cleared weakly. At high negative biases, be-
cause of barrier form changing for the sample of group 
No 2 hole tunneling into Cu2S V-zone increase, but 
for sample of group No 1 this effect is less noticeable, 
this can be connected with high barrier width, or the 
presence of deep centers (fig. 5, à, b).

Let’s turn back now to the process of current sig-
nal increase in heterojunction at photoexcitation. The 
rate of nonequilibrium charge increase in heterojunc-
tion RSC will be determined by expression (7):
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|
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t t
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t nt t nr F

dp E
f p vS P p vS P D x

dt kT

p vS n D x p v S N E

⎡ ⎤= − − − −⎢ ⎥⎣ ⎦

− −
 (7)

where f — the generation function that has constant 
value; v′  — average thermal speed of carriers; Spt and 
Snt — holes and electrons capture cross section; Pν — 
effective state density in CdS valence band; n0 — free 
electrons concentration in quasineutral CdS region; 
Snr — capture cross section of electron by recombina-
tion center on interface boundary; N(EF) state density 
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in vicinity of Fermi level; D1(x), D2(x) – transpar-
ency factors of barriers corresponded to direct hole 
tunneling from traps centers into Cu2S valence band 
and two-level free electron tunneling from CdS quasi-
neutral region into RSC with subsequent recombina-
tion with nonequilibrium hole; v′  — effective thermal 
speed of carriers at jumping conductivity ( v R w′ ′= , 
where w — probability of a jump for the most prob-
able length R′ ).

Generation function f and thermal ejection do not 
depend on voltage bias. At the high positive biases, as 
in the case of excitation absence, charge accumula-
tion speed decreases essentially because of two-level 
recombination intensity growth (transition 3) and tun-
nel-jumping recombination (transition 4). Therefore, 
according to the formula (3.1), dpt/dt thus decreases, 

that results in experimentally observed 
10

sc

t s

dj

dt =
 re-

duction (fig. 3). At V → ϕ0/e recombination barrier 
for process (2) disappears and recombination in this 
way becomes so high, that charge accumulation on 
centers Nt practically does not occur, i. e. Δp = 0 and 
the profile ϕ(x) does not change, and hence js current 
value does not change too. However, at V → ϕ0/e the 
part of voltage decays on series resistance of cadmium 
sulfide layer. 

From above-stated follows, that for the optimiza-
tion of accumulation information process (the maxi-
mal charge accumulation speed) for sample of group 
No 1 (cadmium sulfide obtained in the air) it is possi-
ble to apply low negative bias, and for sample of group 
No 2 (cadmium sulfide obtained in vacuum) — any 
negative or zero biases (fig. 3). The optimum condi-
tions for information storage (located nonequilibrium 
charge ejection minimal speed) realize at any negative 

biases for sample of group No 1, and for sample of 
group No 2 at V = –0,4V (fig. 5). Process of the ac-
celerated informative charge ejection from RSC (for 
both variants to produce heterojunction), can be car-
ried out by applying positive bias at value of about 1 
V.

CONCLUSION

Optimum conditions for nonequilibrium positive 
charge accumulation and storages are determined. 
The maximal charge accumulation speed for a sample, 
which bas³ñ cadmium sulfide layer is obtained by liq-
uid electrohydrodynamical spraying  (LEHDS) meth-
od in the air, is achieved at small negative biases (-0.3 
V), and for a sample obtained by vacuum deposition 
method - at any negative or zero bias. The speed re-
duction of nonequilibrium charge ejection (optimum 
storage conditions) located on capture centers in RSC 
for a case when sensor obtained by LEHDS method in 
the air realizes at any negative bias, and for a sample 
obtained by vacuum deposition — at V = –0,4V.
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ÂÏËÈÂ ÇÎÂÍ²ØÍÜÎÃÎ ÇÌ²ÙÅÍÍß ÍÀ ÏÅÐÅÕ²ÄÍ² ÏÐÎÖÅÑÈ Â ÍÅ²ÄÅÀËÜÍÎÌÓ ÃÅÒÅÐÎÏÅÐÅÕÎÄ²

Âèçíà÷åíî îïòèìàëüí³ óìîâè äëÿ íàãðîìàäæåííÿ ³ çáåðåæåííÿ íåð³âíîâàæíîãî ïîçèòèâíîãî çàðÿäó. Ìàêñèìàëüíà øâèä-
ê³ñòü íàãðîìàäæåííÿ çàðÿäó äëÿ çðàçêà, áàçîâèé øàð ñóëüô³äó êàäì³þ ÿêîãî îòðèìàíèé ìåòîäîì åëåêòðîã³äðîäèíàì³÷íîãî 
ðîçïèëåííÿ ð³äèíè (ÅÃÄÐÐ) ó ïîâ³òð³, äîñÿãàºòüñÿ ïðè íåâåëèêèõ íåãàòèâíèõ çñóâàõ (–0.3 Â), à äëÿ çðàçêà, îòðèìàíîãî âà-
êóóìíèì îñàäæåííÿì — ïðè áóäü-ÿêèõ íåãàòèâíèõ çñóâàõàáî íóëüîâîìó çñóâ³. Çìåíøåííÿ øâèäêîñò³ âèêèäó ëîêàë³çîâàíîãî 
íà öåíòðàõ çàõîïëåííÿ â ÎÏÇ íåð³âíîâàãîãî çàðÿäó (îïòèìàëüí³ óìîâè çáåðåæåííÿ) äëÿ âèïàäêó îäåðæàííÿ ñåíñîðà ìåòîäîì 
ÅÃÄÐÐ ó ïîâ³òð³ çä³éñíþºòüñÿ ïðè áóäü-ÿêèõ íåãàòèâíèõ çñóâàõ, à äëÿ çðàçêà, îòðèìàíîãî âàêóóìíèì îñàäæåííÿì — ïðè 
V = –0,4V.
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Îïðåäåëåíû îïòèìàëüíûå óñëîâèÿ äëÿ íàêîïëåíèÿ è õðàíåíèÿ íåðàâíîâåñíîãî ïîëîæèòåëüíîãî çàðÿäà. Ìàêñèìàëüíàÿ 
ñêîðîñòü íàêîïëåíèÿ çàðÿäà äëÿ îáðàçöà, áàçîâûé ñëîé ñóëüôèäà êàäìèÿ êîòîðîãî ïîëó÷åí ìåòîäîì ýëåêòðîãèäðîäèíàìè-
÷åñêîãî ðàñïûëåíèÿ æèä êîñòè (ÝÃÄÐÆ) íà âîçäóõå, äîñòèãàåòñÿ ïðè íåáîëüøèõ îòðèöàòåëüíûõ ñìåùåíèÿõ (–0.3 Â), à äëÿ 
îáðàçöà, ïîëó÷åííîãî âàêóóìíûì îñàæäåíèåì – ïðè ëþáûõ îòðèöàòåëüíûõ èëè íóëåâîì ñìåùåíèè. Óìåíüøåíèå ñêîðîñòè 
âûáðîñà ëîêàëèçîâàííîãî íà öåíòðàõ çàõâàòà â ÎÏÇ íåðàâíîâåñíîãî çàðÿäà (îïòèìàëüíûå óñëîâèÿ õðàíåíèÿ) äëÿ ñëó÷àÿ 
ïîëó÷åíèÿ ñåíñîðà ìåòîäîì ÝÃÄÐÆ íà âîçäóõå îñóùåñòâëÿåòñÿ ïðè ëþáûõ îòðèöàòåëüíûõ ñìåùåíèÿõ, à äëÿ îáðàçöà, ïîëó-
÷åííîãî âàêóóìíûì îñàæäåíèåì – ïðè V = –0,4V.
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THE GROUND STATE LAMB SHIFT IN HYDROGENIC GERMANIUM 
WITHIN THE QED THEORY

Calculating the 1s-2p Lyman α transitions in the hydrogenic germanium has been carried out on 
the basis of gauge-invariant quantum electrodynamics (QED) theory with an account of relativistic, 
nuclear and radiative (Lamb shift)  effects

1. INTRODUCTION

At present time a studying the spectra of heavy 
and super heavy atoms and ions is of a  great interest 
(c.f.[1-26]). It is provided by necessity of further de-
veloping the modern atomic spectra theory. Besides, 
such studying is stimulated by the great progress in 
experimental technique, connected with using new 
powerful lasers and accelerators [1–5]. One of the ad-
vanced experimental technique for making measure-
ments of the atomic spectra is developed in the GSI 
(Germany) centre [1–3]. In particular, the hydrogen-
ic germanium, bismuth. Uranium and lithium-like 
same elements have been the objects of the especial 
interest. From the other side, similar experiments rep-
resent a great challenge to a modern atomic spectra 
theory. More over, the precise experiment stimulates 
also a developing more consistent and precise theories 
for taking into account of the radiative, QED effects, 
in particular, the Lamb shift.  In calculations of the 
heavy ions, the well-known Dirac or multi-configura-
tion Dirac-Fock (for multielectron systems) approach 
is widely used. It provides the most reliable version 
of calculation for atomic systems. Nevertheless, as a 
rule, detailed description of the method for studying 
role of the nucleus finite size effect is lacking. Besides, 
hitherto absolutely advanced, comprehensive theory 
of the Lamb shift is absent. As result there many at-
tempts to achieve the corresponding theory. One could 
mention here the perturbation theory (PT) formalism 
on parameters 1/Z, αZ (α is a fine structure constant). 
It permits evaluations of the relative contributions of 
different expansion energy terms: non-relativistic, 
relativistic ones, as the functions of Z. But, the seri-
ous problems are connected with correct definition of 
the QED corrections: the Lamb shift, the Lamb shift 
self-energy part, vacuum polarization, the nuclear fi-
nite size correction etc. Very effective consistent QED 
perturbation theory method has been developed in the 
series of papers [10–18]. The further improvement of 
the  method was connected with using the gauge in-
variant procedures of generating relativistic orbitals 
basis’s and developing principally new QED approach 
of  treating the nuclear and QED effects. In refs. [19-
26]  it has been developed a new ab initio approach to 
calculating spectra of heavy systems with account of 
relativistic, correlation, nuclear, QED effects, based 
on the gauge-invariant QED PT [13] and new effec-
tive procedures for accounting the nuclear and radia-
tive corrections. It has been earlier used for calculat-

ing energy spectra, QED corrections, the hyperfine 
structure parameters for heavy and super heavy atoms 
and ions and also for positronium. In this paper cal-
culating the 1s-2p Lyman α transitions in the hydro-
genic germanium has been carried out on the basis of 
gauge-invariant (QED) theory and compared with the 
precise GSI experiment as an important test. 

2. METHOD OF CALCULATION

As the detailed description of basis’s for new QED 
perturbation theory approach has been given in the 
earlier papers [10–14] and new procedures for cor-
rect accounting of the correlation, nuclear and radia-
tive effects are described in papers [15–26], further let 
us present describe in brief the important moments of 
our calculation method. 

The wave functions zeroth basis is found from the 
Dirac equation solution with potential, which includes 
ab initio electric, vacuum-polarization potentials of 
nucleus (the gaussian form for charge distribution in 
the nucleus is used). We set the charge distribution in 
the nucleus by the Gaussian function: 

( ) ( ) ( )3 2 24 exp .r R rρ = γ π −γ
 (1)

Here γ = 4/πR2; R is an effective nucleus radius, 
defined as: R = 1.60 × 10–13z1/3 (cm). The Coulomb po-
tential for spherically symmetric density ρ(r/R) is:

( ) (( ) ( ) ( )' ' 2 ' ' ' '
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V r R r dr r r R dr r r R
∞

= − ρ + ρ∫ ∫
 (2)

Further one can write the one-electron bi-spinor 
Dirac-like equation for hydrogenic germanium. For-
mally it falls into one-electron Dirac equations for 
the orbitals 1s,nlj with potential V(r). This potential 
includes the electrical and vacuum-polarization po-
tentials of the nucleus. The corresponding basis of 
relativistic orbitals is further checked and corrected 
according to the gauge invariant QED procedure [12]. 
The VP part is usually accounted in the first PT order 
by using the Uehling potential (c. f. [12, 18–23]): 
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In our scheme this potential is approximated by 
quite precise analytical function [9, 14, 21]

( ) ( ) ( ) ( ) ( )( )1 2 1 2/ ,C g C g C g C g C g= +

( ) ( ) ( )2 2 ,C g C g f g=

( ) ( ) 3 2
2 1.8800exp ,C g g g= − −

( ) ( )1 ln 2 1.410548 1.037845 ,C g g g= + −

( ) )(( )1.1022 1.3362 0.8028 .f g g g= − +
 (4)

The using this formula permits one to decrease the 
calculation errors for this term down to ~0.1%. Error 
of usual calculation scheme is~10%. The procedure 
of calculating the SE correction is based on the idea 
that radiative shift and relativistic part of atomic en-
ergy are, in principle, defined by the same physical 
field [9]. This version with different approximations 
has been realized in ref. [9,10,13]. We call it as QED-
PT-1. In ref.[19-26] it was developed principally new 
approach to calculating the SE part of the Lamb shift, 
which is based on the gauge-invariant Green’s func-
tion method. The calculation of the self-energy cor-
rection is carried out on the basis of the Mohr cov-
ariant regularization of the Feyman S-matrice. As 
usually, we start from the operator perturbation theory 
approach for Dirac equation. The self-energy correc-
tion is expressed through Feynman S-matrix elements 
and has the Mohr form [19, 24, 25]:

( ) 21 3 3
ln , .

2 8L HE E E
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⎛ ⎞= + Λ − Λα + β Λ → ∞⎜ ⎟απ ⎝ ⎠  (5)

The high-energy part is as follows: 
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all notations are standard [5, 21, 25]. We call it as 
QED-PT-2. It should be noted that these approaches 
are more justified than using the expansions by the 
parameter αZ [5–9]. Below we use the QED-PT-2 
algorythm [1, 9, 21, 25].

3. RESULTS AND DISCUSSION

The precise experiment with hydrogenic germa-
nium has been fulfilled in the GSI [1]. A beam of 
bare germanium nuclei at an energy of 1,108 GeV 
(15MeV/amu, beta=0,1772, where beta is the ion 
velocity divided by the speed of light) from Gesells-
chaft fur Schwerionenforschung (GSI) UNILAC was 
passed through a thin carbon foil. Some of the nuclei 
capture an electron in the foil and one can find that 

under these excitation conditions lines in the Balmer 
series are clearly seen for upper level principal quan-
tum numbers n to about n=7. In particular, there is 
a good probability for the production of the n=4 to 
n=2 hydrogenic transitions. The spectrometer used 
was a dual-arm Johann curved crystal spectrometer 
developed by the Lawrence Livermore National Lab-
oratory (c.f.[1-4]). The dispersing crystal used in the 
experiment was Si 111, with a 2d spacing of 6,271 A. 
The detailed spectra wee recorded for hydrogenic ger-
manium [1] and the corresponding data are presented 
in the table.

We carried out the calculation of the Lyman α 
1s2S1/2-2p2P3/2, 1s2S1/2-2p2P1/2 transitions wavelengths 
in the hydrogenic germanium on the basis of our QED 
perturbation theory method and compared the ob-
tained results with data of the precise experiment [1].  
One of the main purposes of calculation was to check 
an accuracy of the new QED approach in the theory 
of atomic spectra. In table 1 we present our calculation 
results for the Lyman α 1s2S1/2-2p2P3/2, 1s2S1/2-2p2P1/2 

transitions wavelengths in the hydrogenic germanium. 
In whole, one could note that an agreement between 
the obtained theoretical data and experimental results  
is excellent. The same conclusion is naturally right for 
the Lamb shift value.  

Table 1
Lyman α transition wavelengths (in A ): precise experiment 

[1]) and QED perturbation theory calculation (present work)

Contribution Experiment [1] Present 
theory

1s2S1/2-2p2P3/2
1,166882±0,000016
1,166858±0,000016
1,166854±0,000017

1,166868

1s2S1/2-2p2P1/2
1,172326±0,000015
1,172296±0,000020
1,172327±0,000016

1,172321

There are several reasons, which explain an excel-
lent agreement between our theory and the precise 
experiment. First of all, we use in the QED perturba-
tion theory zeroth approximation the gauge-invariant 
basises of the relativistic orbitals, checked according 
to the consistent QED procedure. Secondly, we are 
carrying out the precise modeling the nuclear finite 
size effects. Thirdly, we have used the principally new 
approach to estimating the radiative QED effects, in 
particular, the Lamb shift correction, which is not out 
the usual schemes of the 1/αZ etc expansions. As the 
QED theory used is absolutely ab initio approach, it 
easily understand that it could be usefully applied to 
calculation of the corre4sponding properties for at-
oms and multicharged ions when any experimental 
or theoretical data are absent. Especially, it can be re-
garding the heavy and superheavy relativistic atomic 
systems.
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THE GROUND STATE LAMB SHIFT IN HYDROGENIC GERMANIUM WITHIN THE QED THEORY

Calculating the 1s-2p Lyman α transitions in the hydrogenic germanium has been carried out on the basis of gauge-invariant quantum 
electrodynamics (QED) theory with an account of relativistic, nuclear and radiative (Lamb shift)  effects.
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ýôôåêòîâ.
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THE RESEARCH OF PHOTORESPONSE SPECTRAL INSTABILITY 
OF THE CdZnTe CRYSTALS

For the research and analysis of thin features of the CdZnTe crystals spectral instability the diagrams 
dI/dv = f(I), built on the basis of photocurrent spectral dependences, and wavelet-spectrograms of 
spectra I(hν), are offered. It is shown, that these methods mutually complement each other and expose 
the evolution character of the interconnections between structural inhomogeneities of sensor materials 
different by scale.

The nonequilibrium conditions of the CdZnTe 
crystals growing not only are origin of structural de-
fects variety (dislocations, twins, defects of packing, 
blocks, sliding strips and others) but also result in to 
self-organization of them in structural inhomogene-
ities (SI) at different scale level. They form the char-
acter of distributing of the interconnected internal 
elastic and electric fields individual for every crystal. 
In extreme conditions (strong fields, high energies of 
ionizing or laser radiation and etc.) of exploitation 
here is interconsistency alteration of the internal elas-
tic and electric fields, the character of which specifies 
on transformation the structures of interconnections 
between SI. Disparity of the dynamics of internal and 
external factors changes, different pliability of the 
electric fields SI to external influences result in insta-
bility of detectors and spectrometers photoresponse, 
which stipulates the ambiguity of information, spec-
tral artifacts and is the one of reasons of the monitor-
ing systems failures  [1]. Therefore the search of new 
methods of revealing and analysis of spectral instability 
of sensor characteristics of the CdZnTe crystals is an 
actual task, that and was the purpose of this article.

RESULTS AND DISCUSSION

We studied the steady-state photocurrent I as a 
function of the radiation frequency ν of Cd1-xZnxTe 
(x = 0.05–0.2) crystals with resistivity ρ~1010÷1011 

Ω ∙ cm, grown from the melt by vertical solidification 
under various conditions. The shape of the crystalli-
zation front was monitored by examining the shape 
of the Zn isoconcentration curve. The growth defects 
were studied by optical, dielectric, and acoustic meth-
ods [2]. The In–Ga and Au contacts were deposited 
onto the opposite faces of the parallelepiped-shaped 
samples with the sizes 5 × 5 ×2 mm and 11 ×11 ×2 mm. 
The steady-state photocurrent was measured in the 
field with the strength 100–500 V/cm with automated 
scanning of the spectrum. The signal was converted 
to a digital form and computer-processed in Matlab 
package. All the samples studied that were cut from 
ingots of a diameter 50 mm, can be conventionally di-
vided into two groups. The first group involves crystals 
that are most optically uniform and have an insignifi-
cant concentration of small voids and inclusions. The 

samples of the second-group, which were cut from the 
ingots grown with a higher curvature of the crystal-
lization front contain various boundaries formed by 
two-dimensional structural defects, namely, twins, 
blocks, slip bands, etc.

A typical photocurrent spectra I(hν) for the first 
group are virtually identical and independent of the 
direction of scanning the spectrum over the scale of 
wavelengths (photon energies hν) and scanning time. 
However, the photocurrent spectra for the second-
group samples cover a wider spectral region. They are 
not only different from each other but depend on the 
scanning direction over the wavelength scale (Fig. 1, 
a, curves 2, 3).

It turned out that these spectra also depend on the 
rate of variation in the frequency (photon energy hν) 
or scanning time of the spectrum. This circumstance 
is associated with the fact that the photocurrent ki-
netics depend on the photoexcitation frequencies and 
the spectrum, while kinetics depend on photoactive or 
electrical history, i. e., on the optical or electric-field 
exposure time of the samples. It is natural to attribute 
the features of spectrum and kinetics of photocur-
rent to the multimode dynamics of processes of the 
crystal’s internal fields alteration. This circumstance 
is confirmed by the features of the variation in the 
kinetics as the intensity of photoexcitation increases 
and by the dependence of the photocurrent spectrum 
on its scanning time, i. e., on the rate of varying the 
wavelength. Almost imperceptible kinks in the photo-
current spectrum emerge in this case. These kinks are 
transformed into the extrema of the differential spec-
trum dI/dν = f(ν) (Fig. 1, b) via computer processing 
of the results of measurements by averaging the slope 
in two neighboring points.

In this case, the response ambiguity increases, i.e., 
more than two frequencies can correspond to a defi-
nite value of dI/dν. It is noteworthy that the number 
of extrema is as a rule larger in the short-wavelength 
spectral region than in the long-wavelength region for 
all the samples studied. To examine and analyze the 
resistance of the photoresponse of a specific detector 
to external effects, we suggested the diagrams dI/dν = 
f(I) (Fig. 2).

© A. S. Phomin, V. P. Mygal, A. V. But, 2008
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Fig. 2. Diagrams for second group Cd1-xZnxTe samples: 1, 2 – at 
levels of intensity of photoexcitation F1 and F2 = 1F1, accordingly; 
3, 4 – level of intensity of photoexcitation F3 = 3F1 at reduction 

and increase in radiation frequency, accordingly

They represent the photocurrent spectra in a para-
metric form [1]. For all investigated samples of the 
second group such diagrams are individual and al-
low revealing spectral ranges of the unstable photore-
sponse by measuring sequentially the spectrum of the 
same sample under identical conditions in which lo-
cal degradation of diagrams is observed.

The photocurrent spectrum is influenced also by 
photoactive history (preliminary photoexcitation, 
etc.) or variation of scanning time of a spectrum. It is 
reasonable to analyze the revealed features of the dia-
grams dI/dν = f(I) (Fig. 2), namely, the dependence 
on prehistory and the direction and scanning time of 
the spectrum, as well as their significant reconstruc-
tion with an increase in photoexcitation intensity, 
within the limits of generalized relaxation models [2]. 

In particular, the dI/dν = f(I) diagram can be 
considered as set of the induced dynamic conditions 
which displays influence SI on dynamics of electronic, 
elastic and electric subsystems interaction of a crystal. 
Obviously, its geometrical configuration is defined by 
the organization of structure of interrelations between 

crystals SI. The specific features connected with 
change of the spectrum scanning direction is confirm 
this assumption (Fig. 2, curves 3, 4).

Therefore natural local changes in sequence of 
such diagrams received at repeated scanning of the 
photocurrent spectrums, is a source of the informa-
tion of the interrelations stability between SI. Really, 
for samples of the second group with photoelectric 
history, i.e. exposed to preliminary simultaneous in-
fluence of radiation and strong electric field on the dI/
dν = f(I) diagrams at repeated scanning the directed 
change of scale and curvature of separate bow-shaped 
parts towards their increase or reduction has been re-
vealed.

And for some samples scale reduction of instabili-
ties of the separate ranges of a spectrum occurred to 
rather high speed up to occurrence of peak in spec-
trum I(hν) which, however, not always were repro-
duced. It has complicated the analysis of alteration 
of the photocurrent spectrums by means of the dI/dν 
= f(I) diagrams and has caused necessity of search of 
other ways of the CdZnTe crystals spectral photore-
sponse features revealing. Results of research of the 
photoresponse dynamics also testify to difficult char-
acter of transition from stability to instability at peri-
odic photoexcitation of detectors by Ï-shaped mono-
chromatic pulses [3]. So, it has been established, that 
only samples of the first group possess the stable pho-
toresponse which on a phase level dI/dν = f(I) is re-
vealed as attractor. Phase portraits of the photocurrent 
kinetics of samples of the second group in one spec-
tral ranges are stable, and in others – are not present. 
Considering a phase portrait of the photoresponse as 
the subset of the photoinduced states can be offered 
an indicator of spectral stability Kν which is defined 
through operation of the subsets relation Kν = ΔSRSn 
where 1 2 nS S S SΔ = ∩ ∩…∩  — capacity of subsets 
product of the photoinduced conditions of a crystal 
which is graphically displayed by crossing of the dia-
grams areas dI/dν = f(I) received at repeated scanning 
of I(hν) spectrums, and 1 2n nS S S S= ∪ ∪…∪  — ca-

Fig. 1. A photocurrent spectrum of Cd1-xZnxTe crystals and a differential spectra of the two second group samples different by structural 
perfection. 1 – the first group sample; 2, 3 – the second group sample. A dashed line – spectrum scanning at frequency increasing, dash-

dot – spectrum scanning at frequency reduction
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pacity of the subsets sum of the crystal photoinduced 
conditions (Table 1).

Table 1
The comparative analysis of spectral characteristics stability 

for two groups of CdZnTe crystals 

Characteristics
Crystals groups

1-st group 2-nd group
Coefficient of spectral 

stability Kν, arb. units 0,9 … 0,99 0,4 … 0,9

Number spectral 
unstable ranges No more than 1 To 8

Presence loop-like 
sites on the diagrams 

No

Are pre sent 
on I(ν) 
spectrums 
of the 
certain 
samples

Obviously, Kν displays integrally the degree of 
structure stability of interrelations between structural 
inhomogeneties at various scale levels. However such 
approach to revealing and the analysis of spectral sta-
bility and other characteristics is work contently and 
is not always unequivocal. 

In [4] it is shown, that an effective method capa-
ble of recognizing very slight individual features in the 
photocurrent spectra I(hν) is offered by wavelet trans-
form analysis, which as a matter of fact is the spectral 
analysis of local agitation.

The wavelet transform provides a projection of the 
one-dimensional photoresponse I(hν) onto the scale 
N (wavelet coefficient number) versus photon energy 
plane (N-hν diagram), which is called the wavelet 
spectrogram. The bottom part of such a spectrogram 
represents the set of wavelet coefficients with small 
numbers (corresponding to higher frequencies), which 
characterize fast variations of the photoresponse as a 
function of ν. The top part of the spectrogram repre-
sents the set of wavelet coefficients with large num-
bers, which provide a rough pattern of the signal and 
correspond to lower frequencies (i. –e., slow photo-
current variations with the wavelength).

For transformation of PhC spectrum we are used 
Dobeshy, Haar and Morlet wavelets. The biggest 
values of wavelet coefficient have been received for 
Haar wavelet that specifies in high conformity pho-
toresponse signal envelope and wavelet in the lo-
cal spectral ranges. The typical wavelet spectrogram 
constructed for one of the CdZnTe crystals studied is 
presented in the inset to Fig. 3. As can be seen, the 
photocurrent spectrum can be divided into two parts, 
which correspond to the low- and high-frequency re-
gions. By virtue of the Haar wavelet properties [5], the 
envelopes of the subsets of wavelet coefficients in fact 
represent the derivatives of the photocurrent spectrum 
with respect to the wavelength which is confirmed 
by their similarity to the dI/dν = f(ν) diagrams con-
structed using direct numerical differentiation of the 
spectra I(hν) [1].

That is the wavelet-spectrogram represents set of 
the dI/dν = f(ν) diagrams received at various steps of 
averaging the slope in two neighboring points, which 
allows to reveal simultaneously evolution of internal 
fields at various scale levels.

Really, the wavelet spectrogram in Fig. 3 reveals 
two peaks in the photon energy interval 1.55–1.7 eV, 
which are not resolved in the photocurrent spectrum 
(region 2). It is characteristic, that the correspond-
ing area on the wavelet-spectrogram has the highest 
brightness and crosses all bending around subsets. It 
specifies in multiscale of the spectral instability devel-
opment character and testifies to complementarities 
of the spectrum analysis ways by means of dI/dν = 
f(ν) diagrams and wavelet-spectrograms. On the other 
hand, set of the dI/dν = f(ν) diagrams received at re-
peated scanning of a spectrum allows to trace evolu-
tion of the structure interrelations organization and to 
reveal the latent instability. As a matter of fact, sets of 
dI/dν = f(ν) diagrams and the wavelet-spectrograms 
of the corresponding spectrums are complementary 
ways of revealing of dynamic features of the crystal 
photoresponse. 

An increase in the velocity of scanning leads to 
the disappearance of separate peaks and arc-shaped 
segments in the envelopes of subsets of wavelet coef-
ficients on the spectrograms. This behavior is prob-
ably indicative of the transformation of internal fields, 
which corresponds to a certain frequency interval in 
the wavelet spectrogram. At the same time, this is also 
evidenced by features observed in the photoresponse 
spectrum, which fall within a frequency interval of 
8.5–10.5 kHz.

For this reason, it was of interest to study the spectra 
of photocurrent in the presence of an additional modu-
lation field with a frequency in this and a broader range. 
As expected, only the modulation field with frequen-
cies 8.5–10.5 kHz induced a change in the shape of 
the spectrum. The pattern was also dependent on the 
voltage polarity: positive Ï-shaped pulses led to the ap-
pearance of two peaks at 1.58 eV and 1.65 eV instead of 
the region of spectral instability at 1.55–1.7 eV (Fig. 3, 
region 2), whereas negative modulation pulses favored 
an increase in the reproducibility of a peak at hν = 1.19 
eV and a decrease in the photosensitivity in the energy 
interval 1.18–1.20 eV (Fig. 3, region 1).

Fig. 3. I = f(hν) dependence of the Cd0.9Zn0.1Te sample and its 

wavelet-spectrogram (insert). Eb = 300 V/cm
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THE CONCLUSION

Thus, spectral instability of the photoresponse has 
thin dynamic features which can be revealed and ana-
lyzed as by means of photocurrent spectra in a para-
metrical form, and by means of wavelet-spectrogram 
of the I(hν) spectrums. These methods mutually sup-
plement each other and can be used for the control 
of irreversible changes of spectral characteristics of 
the crystals caused by technological processing or ex-
treme conditions of operation.
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ÅFFECT OF SULPHUR ATOMS ON SURFACE CURRENT IN GAAS P-N 
JUNCTIONS 

Sulphur atoms passivation of GaAs surface and its influence on I-V characteristics of forward 
and reverse currents, photocurrent spectrum, and sensitivity of GaAs p-n structures as gas sensors 
were studied. The passivation reduces the excess forward current and reverse current in p-n junctions, 
enhances the photosensitivity in the spectral region of strong absorption, substantially increases the 
sensitivity to ammonia vapors. All these effects are explained, taking into account lowering of the 
surface states density as a result of sulphur atoms deposition.

1. INTRODUCTION

Gas sensors on p-n junctions [1, 2] have some ad-
vantages in comparison with these, based on oxide 
polycrystalline films [3] and Shottky diodes [4, 5]. P-
n junctions on wide-band semiconductors have high 
potential barriers for current carriers, which results in 
low background currents. Sensors on p-n junctions [1, 
2] have crystal structure, high sensitivity at room tem-
perature, selectivity to the gas components, and can 
be manufactured in microelectronic technology. The 
ammonia sensitivity of these sensors is due to forming 
of a surface conducting channel in the electric field 
induced by the ammonia ions adsorbed on the surface 
of the natural oxide layer [`1, 2]. The surface current 
induced by adsorption of NH3 molecules in p-n struc-
tures on GaAs linearly depends on the applied voltage 
(at low biases) and on the ammonia partial pressure 
(in some range depending on device parameters).

The threshold NH3 partial pressure of a sensor on 
p-n junction depends on the surface states density in 
the semiconductor [6]. The results of calculations [6] 
predict rise of the sensitivity to low concentrations of 
a donor gas when the surface states density in the p-
n junction is diminished. The surface states density 
in GaAs can be lowered by sulphur atoms deposition 
from some solutions [7].

The purpose of this work is a study of the influ-
ence of sulphur atoms on surface currents in GaAs p-
n junctions, as well as on their parameters as ammonia 
vapors sensors. Effect of sulphur-atoms passivation on 
I-V characteristics of forward and reverse currents, 
photocurrent spectrum, and gas sensitivity of GaAs 
p-n structures was studied. 

2. EXPERIMENT

I-V measurements were carried out on GaAs p-
n junctions with the structure described in previous 
works [1, 2]. The effect of saturated ammonia vapors 
over water solutions of several NH3 concentrations 
was studied on stationary I-V characteristics, as well 
as on kinetics of surface current in p-n junctions.

The sulphur atoms deposition (passivation) was car-
ried out by a treatment of different durations in 30% wa-
ter solutions of Na2S. H2O. 

I-V characteristic of the forward current in a typi-
cal p-n structure is presented as curve 1 in Fig. 1. Over 
the current range between 1μA and 1ma the I–V curve 
can be described with the expression 

I(V) = I0exp(qV/nkT), (1)

where I0 is a constant; q is the electron charge; V de-
notes bias voltage; k is the Boltzmann constant; T is 
temperature; n ≈2 is the ideality constant. Such I-V 
curves can be ascribed to recombination on deep lev-
els in p-n junction and (or) at the surface [8]. And the 
corresponding current is known as a recombination 
current.

Fig. 1. Forward branches of I-V characteristics of a p-n structure: 
1 – initial; 2 – after passivation during 20s

At lower biases curve 1 has a section of an excess 
current, which has an ideality constant n > 2 and cor-
responds to the phonon-assisted tunnel recombina-
tion at deep centers [8]. This recombination is located 
at the p-n junction non-homogeneities, which cause 
local increase of the electric field [8].

Curve 2 in Fig. 1 was measured after p-n junction 
passivation during 20s. It is evident that passivation does 
not affect the recombination current (at I > 1μA) and 
remarkably lowers the excess current. This means that 
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passivation during 20s reduces the surface states density 
only in surface non-homogeneities, which are respon-
sible for the excess current. 

Fig. 2 depicts the reverse branches of the I–V char-
acteristic of the same sample, obtained before (curve 1) 
and after passivation (curve 2). It is seen that sulphur at-
oms deposition substantially reduces the reverse current 
in a GaAs p-n junction. This indicates that the reverse 
current is due to the same surface non-homogeneities in 
the studied p-n junctions as the excess forward current.

Fig. 2. Reverse branches of I-V characteristics of a p-n structure: 
1 – initial; 2 – after passivation during 20s

Curve 1 in Fig. 3 depicts the photocurrent spectrum 
in one of the studied samples. The photocurrent strong-
ly falls off at the photons energies hν>Eg, where the 
electron-hole pares are generated in a thin layer at the 
surface. It indicates that the lifetime (and the effective 
diffusion coefficient) of current carriers at the surface is 
much lower at the surface, than in the bulk. Curve 2 in 
Fig. 3, measured after 20s passivation, practically coin-
cides with curve 1, which means that this treatment does 
practically not change the surface recombination veloc-
ity and consequently, does not lower the deep states den-
sity on much of the GaAs surface. It is in an agreement 
with the fact that the 20s-passivation does not lower the 
recombination current component.

Curve 3 in Fig. 3, measured after passivation for 60s, 
has a high-energy shoulder, which argues that this treat-
ment is sufficient for a substantial reducing of the sur-
face recombination states density.

Fig. 4 illustrates the effect of the sulphur passiva-
tion on the sensitivity of GaAs p-n junctions as gas 
sensors. Curves 1 and 2 are measured in air and in am-
monia vapors at a NH3 partial pressure of 4000 Pa, 
respectively. The curves practically coincide, which 
means that the surface current in this p-n junction is 
not sensitive to ammonia vapors. Curve 3 is obtained 
on the same sample in ammonia vapors at a NH3 par-
tial pressure of 200 Pa (20 times lower, than curve 2) 
after passivation for 20s. It is seen that placing the 
passivated p-n junction in ammonia vapors strongly 
increases the forward excess current. Similarly be-
haves the reverse current. It indicates that sulphur-at-

oms passivation essentially enhances the sensitivity of 
GaAs p-n junctions as ammonia sensors.

Fig. 3. Photocurrent spectra of a p-n structure: 1 – initial; 2 – 
after passivation during 40s ; 3 – after 60s

Fig. 4. Forward branches of I-V characteristics of a p-n structure: 
1 – in air; 2 – at ammonia partial pressure 4000 Pa; 3 – after 

passivation, at ammonia pressure 200 Pa

3. DISCUSSION

One of mostly interesting questions, which appear 
in the light of presented experimental results, is why 
the low-duration (20s) sulphur passivation substan-
tially reduces the excess current (at I<1μA) and does 
not affect the recombination current (at I >1μA). For 
an explanation of this phenomenon one must take 
into account some features of these two currents. The 
recombination current passes at much of the surface 
and is proportional to the surface recombination ve-
locity, which linearly depends on the surface states 
density. Therefore low decrease in the surface states 
density only slightly lowers the recombination current. 
At the other hand, the excess current is located at the 
non-homogeneities, where the surface depletion layer 
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is thinner than in the average and the electric field is 
stronger. Ideality coefficient of I–V characteristic of 
the excess current n>2, which is due to the depend-
ence of the surface recombination center cross section 
on the field.

The cross section of surface states for current car-
riers capture, due to phonon-assisted tunneling [8], 
can be expressed as

2
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where Ct0 is a constant; Em is the maximum electric 
field on the surface; mt is the effective mass of the tun-
neling carrier. In turn, Em linearly depends on the lo-
cal surface states density. Therefore the surface cent-
ers capture cross section (and the excess current) is 
predicted by this model to exponentially grow with 
the local surface states density. This effect must be ob-
served in electric fields of the order of 105 V/cm.

Thus, the excess current in GaAs p-n junctions 
is much more sensitive to the change in the surface 
states, caused by sulphur atoms deposition, than the 
recombination current, which agrees with a predic-
tion of model calculations [8].

A substantial decrease in the reverse current in p-n 
junctions, due to sulphur-atoms passivation as illus-
trated in Fig. 2, can be explained, taking into account 
that reverse current is located at the same non-homo-
geneities as the forward excess current.

The results of photocurrent measurements pre-
sented in Fig. 3 can be explained taking into account 
that the light was directed along the p-n junction, and 
the photons were directed on the lateral surface. In 
the case 

αd < 1, (3)

where α is the absorption coefficient; d is the p-n 
structure width, for the photocurrent can be written

Iph ~(1 – r)αdLbΦ, (4)

where r is the reflectivity; Lb is the bulk minority-car-
riers diffusion length; Φ is the photon flux. If the in-
equalities are valid 

1/d < α < 1/Lb, (5)

the photocurrent is proportional to Lb as

Iph ~(1 – r)LbΦ, (6)

And in the case of

α < 1/Lb (7)

the photocurrent is proportional to the effective sur-
face diffusion length Ls as

Iph ~(1 – r)LsΦ, (8)
where

/ ,s s sL D w S=
 (9)

Ds is the surface diffusion coefficient for minor-
ity carriers; ws is the effective thickness of the surface 
layer where the carriers are located; S is surface re-
combination velocity.

From the photocurrent spectrum, by using (6) and 
(8), we obtain

/ / ,m M
ph ph s bI I L L≈  (10)

where M
phI  and 

m
phI  are the photocurrent values in the 

spectral maximum and at hν > Eg, respectively.
An analysis of curves 1 an 2 in Fig. 3 by using (10) 

yields Ls/Lb ≈0.06 before passivation and Ls/Lb ≈0.3 after 
the treatment.

The effect of passivation on the ammonia-sensitivity 
of p-n structures can be interpreted by using the model 
[6], schematically depicted in fig 5.

Fig. 5. Schematic of the p-n structure in NH3 vapors: 1 – oxide 
layer; 2 – ions; 3 – depletion layer; 4 – conducting channel; 5 

– surface states

Ionized molecules of NH3 are placed on the ex-
ternal side of the natural oxide layer. The electric field 
of ions bends down c- and v- bands in the crystal. If a 
conducting surface channel is formed, as is depicted 
in Fig. 5, the n-layer surrounds the p-region at the pe-
rimeter and shorts the p-n junction.

The electric field at the semiconductor surface is 
given by 

E = e/(εε0)(Qs + ΔQs), (11)

where ε0 and ε is the permittivity of vacuum and of the 
semiconductor, respectively; ΔQS is the surface den-
sity of the adsorbed ions charge. The density of the 
charge on surface states was calculated as 

Qs = eNs(p – n)/(p + n + 2nc), (12)

where NS is the surface density of these states; p, n are 
the electrons and holes concentrations at the surface; 
n³ is the intrinsic carriers concentration. In NH3 va-
pors, the charge on surface states is negative, and the 
conducting channel is formed only in the case of the 
inequality 

Ni > Ns. (13)

The absence of the ammonia-sensitivity of the 
initial samples, as seen comparing curves 1 and 3 in 
Fig. 4, can be explained, taking into account that the 
surface states density is very high, and the inequality 
(13) cannot be satisfied at NH3 concentrations used. 
A high sensitivity, that arises after passivation, as seen 
comparing curves 1 and 3 in Fig. 4, is the result of the 
reduction of the surface states density due to the treat-
ment.



39

4. CONCLUSIONS

Sulphur atoms deposition (sulphur passivation) 
substantially reduces forward and reverse currents in 
GaAs p-n junctions, increases the photocurrent in 
the spectral region of hν > E. The passivation also en-
hances the sensitivity of GaAs p-n structures as am-
monia sensors.

These effects are due to lowering the surface states 
density as a result of such treatment. Mostly sensitive 
to the passivation is the excess current, which passes 
thru non-homogeneities, where the depletion layer is 
thinned and phonon-assisted tunnel recombination 
occurs.
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INFLUENCE OF Al+ AND Ti+ IMPLANTATION ON RADIATING PROPERTIES 
OF THE NANO-CLUSTER STRUCTURES

Photoluminescence (PL) spectra have been investigated for the SiOx films implanted by Al and 
Ti (dose interval from 2,5.1015 to 2.1016 cm-2 ). It has been shown that after thermal annealing four PL 
bands with maxima at 550 and 850 nanometers were observed. Implantation of Al leads to increase in 
PL intensity due to the origin of nc-Si structures stimulation. Implantation of Ti ions leads to reduction 
of PL intensity in all investigated spectral range. The mechanism of the implanted ions of Al and Ti 
influence on the luminescent properties of SiOx films is being to be based on the results obtained and 
the data of literature.

INTRODUCTION

One of the methods of nano-clusterized silicon (nc-
Si) synthesis is the thermal decomposition of the SiOx 
phase (x <2). SiOx phase starts to dominate on nc-Si 
and SiO2 phases at high-temperature annealing (T > 
1000°C). The size of nano-crystals is defined by quan-
tity of excess silicon in initial SiOx film. Reduction of 
concentration of excess Si results not only in desirable 
shift of a photoluminescence (PL) spectrum to the short 
wavelengths region, but also in reduction of radiation 
intensity [1–3]. The methods stimulating nucleation of 
nc-Si due to introduction of the certain impurities are 
perspective. One of such methods is the introduction of 
impurity that interacts actively with oxygen and could 
stimulate nc-Si formation due to binding both oxygen 
and impurity atoms during annealing.

Being based on this fact, we have investigated the 
influence of implantation of chemically active metals 
Al and Ti into SiOx film on radiating properties of such 
structures. Aluminum and titanium are widely used in 
micro-electronics as the dopants. At the same time,  
they do have essentially different properties in relation 
to chemical interaction with silicon and oxygen, what 
causes our interest to the present research. 

EXPERIMENTAL

SiOõ films synthesized by PECVD were fabricated 
at the temperature of Si substrate of 100°Ñ. Monosi-
lane SiH4 was used as the starting ingredient. A thick-
ness of (d = 326 nm) and a refraction index (n = 1,67) 
of the initial SiOõ films were defined by a method of 
ellipsometry. SiOõ films enriched by silicon  and refer-
ence SiO2 films were implanted by:

1) Al+ ions with energy of 75 keV and doses of 0.10 
to1.15 × 1016 cm-2; 

2) Ò³+ ions with energy of 125 keV and a dose of 
8.5 × 1015 cm-2. 

All samples were annealed at temperature of 
1150°C in argon atmosphere. Time of annealing was 
changed from 1 minute (RTA) to 3 hours.

Elemental composition and impurity depth distri-
bution of the samples were measured by SNMS tech-
nique using the INA-3 system. 

PL spectra were excited by N2 laser (λ = 337 nm) 
and PL spectra were registered — with theuse of pho-
tomultiplier tube. 

RESULTS AND DISCUSSION

Results of the SNMS measurements for sam-
ples, implanted by Al and T³ ions are shown at Fig. 
1. Implanted Al and T³ ions are distributed mainly in 
the SiOx film, with a maximum of distribution near 
150 nm from a film surface, what corresponds to the 
data of theoretical calculations, made by the TRIM 
98 software.

Measurements of PL spectra of annealed SiOõ 
films have shown the existence of PL bands with a 
maximum near 550 nm and 850 nm (Fig. 2). 

PL intensity of the samples implanted by Al+ ions 
was higher in comparison with non- implanted SiOõ 
films. Implantation of Ò³+ ions with the subsequent 
sample annealing has led to decrease in PL intensity 
in the whole of the spectral range.

The type of the implanted impurity has not change 
the spectral position of the PL band maxima in com-
parison with PL spectrum of non-annealed SiOõ 
films.

The shorter wavelength band is the most interesting 
for practical applications, therefore further research is 
concentrated basically on it. The increase of anneal-
ing duration has led to appreciable growth of intensity 
of 550 nm of PL band for the samples implanted by Al 
ions (Fig. 3). The increase of annealing time from 1 
to 20 min has led, also, to appreciable broadening of 
this PL band in the long wavelength area, but without 
changing the spectral position of PL maximum.

Dependence of the 550 nm PL band intensity on 
annealing time is shown at Fig. 4. For the samples, 
implanted by Ti, the intensity of the given PL band 
shows some increase at the change of annealing dura-
tion from 1 to 20 min. The further increase of anneal-
ing time does not change the intensity of PL radia-
tion in contrast to SiOõ films implanted with Al ions. 
For Al-implanted samples the intensity of 550 nm PL 
band increases at increase of annealing duration to 
90 min., then approaches the saturation. Dependence 

© D. Gamov, G. Kalistiy, O. Oberemok, V. Popov, 
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of integrated PL intensity in the investigated range 
of wavelengths on annealing time practically repeats 
dependence of intensity of 550 nm PL band (Fig. 5). 
Only the increase of integrated Pl intensity for all the 
samples is more detectable, and it proceeds after 90 
min of annealing, what could be connected with the 
appearance of a shoulder in the long-wavelength area 
of a spectrum (Fig. 3). Dependence of integrated PL 
intensity (a 550 nm band) on Al implantation doze is 
shown in Fig. 6.
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Fig. 1. SNMS – profiles of Al and Ti implanted samples

400 600 800 1000 1200

0

2

4

6

8

10

P
L
 i
nt

en
s
it

y
, 
a
r
b
. 
u
n.

length of wav e, nm  

1150OC, Ar, 20 m in.
 SiOx+Al+ 
 SiOx

 SiOx+Ti+ 

Fig. 2. PL spectra of the samples annealed at temperature of 
1150°Ñ (20 min) in Ar atmosphere. Doses of Al and Ti — 8,5 × 1015 
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Fig. 4. Dependence of intensity of 550 nm PL band maximum on 
annealing time. Doses of Al and Ti 8.5 × 1015 cm-2
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annealing time. Doses of Al and Ti – 8.5 × 1015 cm-2
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-------without implantation

The influence of Al on Si nano-cluster formation 
during the annealing of SiOx-Si systems could be re-
lated to several factors. Firstly, at high-temperature 
annealing, atoms of aluminum mainly react with oxy-
gen atoms, creating Al-O bonds, and the occurrence 
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of Al-Si bonds is not observed [4]. The given proc-
ess should stimulate decomposition of a SiOx phase to 
SiO2 and excess silicon, and creation of Àl2Î3 phase, 
and, at a high temperature, – to diffusion of Si atoms, 
creation of Si-Si bonds and formation of additional Si 
nano-clusters, or growth of existing ones. 

Really, as the enthalpy of a Al2O3 phase creation has 
the value of ΔÍ ~1675 kJ/mol, what is much greater 
than the value of enthalpy for a SiO2 phase (ΔÍ ~900 
kJ/mol), the presence of Al in a SiOx film leads mainly 
to formation of  Al2O3 phase, and excess silicon caus-
es the nc-Si formation. This process is complicated 
enough, as the important role is played by mecha-
nisms of impurity diffusion at the multiphase system 
formation. The critical parameters are Al concentra-
tion and the õ value.

Furthermore, it is necessary to consider, that  nc-
Si - dielectric film interface contains the same defects 
as the valence dangling bonds [5], which could be the 
centers of non-radiative recombination. Implantation 
of Al could promote the reduction of their concen-
tration. Also, according to some models, which ex-
plain a photoluminescence in nc-Si structures, the 
excitation of charge carriers occurs in nc-Si, and their 
radiating recombination occurs in the  SiOx-Si inter-
face layer, as well as the formation of a Al2O3 phase 
as an intermediate layer between wide-bandgap SiO2 
phase (bandgap is about of 9 eV) and silicon (bandgap 
~1,1 eV) is optimum for formation of the centers of 
radiating recombination in the visible area of a spec-
trum (1.8–3.0 eV) as  Al2O bandgap makes ~3 eV. In 
[6] the possible mechanism of increase intensity of ra-
diating recombination of SiOx films also is offered at 
injection of Al impurity due to formation of defects or 
impurity, which serves as the luminescence centers.

According to our opinion, the first of the consid-
ered mechanisms works, when the drop of PL inten-
sity is not observed during the increase of annealing 
temperature and its duration, while the defects an-
nealing prevails.

Apparently from Fig. 3, the PL intensity increases 
at the increase of annealing time, what is caused by the 
process of aluminum oxidation and formation of addi-
tional nc-Si. Concerning the dynamics of PL intensity 
increase, it is possible to assume, that the significant 
part of aluminum is oxidized at the initial stages of an-
nealing (20 minutes). At following stages the basic role 
is played by the process nc-Si diffusion growth due to 
diffusion of Si atoms. At increase in annealing dura-
tion up to 3 hours, the longer-wave shoulder emerges 
in PL spectrum (fig. 2). As it is known, the shift of 
PL spectrum of nc-Si structures to longer-wave area is 
concerned with increase of crystalittes sizes.

As it could be seen from the dose dependences of 
intensity of the short-wavelength PL peak (Fig. 6), at 
small dozes some reduction of PL intensity in com-
parison to the not-implanted samples occurs. In our 
opinion it is connected with ion-beam disorder of 
nano-inclusions, which exist in the initial (not-im-
planted) sample; quantity of the implanted aluminum 
is not enough for effective stimulation of silicon nano-
cluster growth. With the increase of Al doze, the effect 
of this influence prevails, what leads to the increase of 
PL intensity according to the proposed mechanism.

The PL band with a maximum near to 550 nm 
was observed in samples of sol-gel SiO2, that con-
tained implanted Ti ions (~0.1 mol %) [7]. However, 
the authors [7] do not connect the origin of this PL 
band with nc-Si, specifying their existence, and also 
that such band is characteristic also for a material, 
which did not contain Ti impurity. Reduction of PL 
intensity in our SiOõ samples implanted by Ti testifies 
that mechanisms of Al and Ti interaction with a SiOõ 
matrix are different and dependent on the type of the 
implanted ions. Really, it is shown in [8] that titanium 
actively interacts at annealing temperatures with sili-
con instead of oxygen. Besides, titanium creates the 
deep recombination-active centers in the Si forbidden 
zone which increases non-radiative recombination of 
non-equilibrium charge carriers. Aluminum, as it is 
known, forms the shallow centers with small recom-
bination probability.

Absence of a luminescence signal in studies of im-
planted control SiO2 films could be explained by the 
implanted aluminum doze insufficiency. Having ad-
mitted that all atoms of the implanted aluminum cre-
ate Al-O bonds as a result of annealing of SiO2 films, 
while the quantity of excess silicon in a layer (SiOõ 
– AlyOz – Si) will be less than 1% at. As authors of 
[9] have shown, the substantial increase of speed of  
Si-Si bond formation occurs at dozes of excess silicon 
of > 1% at.

CONCLUSIONS

Studies of the influence of ion implantation of 
chemically active metals Al and Ti to SiOx film on ra-
diating properties of SiOx/Si structures were carried 
out. Application of such approach shows that implan-
tation of impurity, which interact actively with oxygen 
(in our case – aluminum), stimulates nc-Si formation 
and allows to raise the intensity of a photolumines-
cence essentially without change of a spectral position 
of radiation peaks. 

This work was supported by the Ìinistry of Edu-
cation and Science of Ukraine (grant M/175-2007).
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D. Gamov, O. Oberemok, V. Popov, I. Hatshevych

 “INFLUENCE OF Al+ AND Ti+ IMPLANTATION ON RADIATING PROPERTIES OF THE NANOCLUSTER 
STRUCTURES”

Photoluminescence (PL) spectra have been investigated for the SiOx films implanted by aluminum and titan (dose interval of 2,5.1015 
to 2.1016 cm-2 ). It has been shown that after thermal annealing there were observed two PL bands with maxima at 550 and 850 nanometers. 
Implantation of aluminum leads to increase in PL intensity due to stimulation of origin of nc-Si structures. Implantation of ions of the 
titan leads to reduction of PL intensity in all investigated spectral range. The mechanism of influence of the implanted ions of Al and Ti 
on the luminescent properties of SiOx films is proposed basing on the results obtained and data of the literature.
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ÂÏËÈÂ ²ÌÏËÀÍÒÀÖ²¯ Al+ ÒÀ Ti+ ÍÀ ËÞÌ²ÍÅÑÖÅÍÒÍ² ÂËÀÑÒÈÂÎÑÒ² ÍÀÍÎÊËÀÑÒÅÐÍÈÕ ÑÒÐÓÊÒÓÐ

Äîñë³äæåíî ñïåêòðè ôîòîëþì³íåñöåíö³¿ (ÔË) ïë³âîê SiOx ³ìïëàíòîâàíèõ àëþì³í³ºì òà òèòàíîì (â ³íòåðâàë³ äîç â³ä 
2,5.1015 äî 2.1016 ñì-2). Ïîêàçàíî, ùî ï³ñëÿ òåðì³÷íîãî â³äïàëó ñïîñòåð³ãàºòüñÿ äâ³ ñìóãè ÔË ç ìàêñèìóìàìè á³ëÿ 550 íì òà 850 
íì. ²ìïëàíòàö³ÿ àëþì³í³þ ïðèâîäèòü äî çá³ëüøåííÿ ³íòåíñèâíîñò³ ÔË çà ðàõóíîê ñòèìóëþâàííÿ çàðîäæåííÿ êðåìí³ºâèõ 
íàíîêëàñòåð³â. ²ìïëàíòàö³ÿ ³îí³â òèòàíó ïðèâîäèòü äî çìåíøåííÿ ³íòåíñèâíîñò³ ÔË â óñüîìó äîñë³äæóâàíîìó ñïåêòðàëüíîìó 
ä³àïàçîí³. Íà îñíîâ³ îòðèìàíèõ åêñïåðèìåíòàëüíèõ ðåçóëüòàò³â òà äàíèõ ç ë³òåðàòóðè çàïðîïîíîâàíî ìåõàí³çì âïëèâó 
³ìïëàíòàö³¿ ³îí³â Al òà Ti íà ëþì³íåñöåíòí³ âëàñòèâîñò³ ïë³âîê SiOx.
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Èññëåäîâàíî ñïåêòðû ôîòîëþìèíåñöåíöèè (ÔË) ïëåíîê SiOx èìïëàíòèðîâàííûõ àëþìèíèåì è òèòàíîì (â èíòåðâàëå 
äîç îò 2,5.1015 äî 2.1016 ñì-2 ). Ïîêàçàíî, ÷òî ïîñëå òåðìè÷åñêîãî îòæèãà íàáëþäàþòñÿ äâå ïîëîñû ÔË ñ ìàêñèìóìàìè 
âîçëå 550 íì è 850 íì. Èìïëàíòàöèÿ àëþìèíèÿ ïîâûøàåò èíòåíñèâíîñòü ÔË çà ñ÷åò ñòèìóëèðîâàíèÿ çàðîæäåíèÿ 
êðåìíèåâûõ íàíîêëàñòåðîâ. Èìïëàíòàöèÿ èîíîâ òèòàíà óìåíüøàåò èíòåíñèâíîñòü ÔË âî âñåì èññëåäîâàííîì ñïåêò-
ðàëüíîì äèàïàçîíå. Íà áàçå ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ è ëèòåðàòóðíûõ äàííûõ ïðåäëîæåí ìåõàíèçì 
âëèÿíèÿ èìïëàíòàöèè èîíîâ Al è Ti íà ëþìèíåñöåíòíûå ñâîéñòâà ïëåíîê SiOx.

9. Lejer A. F., Safronov L. N., Kachurin G. A. // Physics and 
Technology of Semiconductors. — Vol. 33, N 4. — 1999.



44

UDÑ 539.124 : 541.47

A. A. SVINARENKO, N. G. SERBOV, Yu. G. CHERNYAKOVA

Odessa State Environmental University, Odessa

WAVELET AND MULTIFRACTAL ANALYSIS OF OSCILLATIONS IN A GRID 
OF COULED AUTOGENERATORS: A CASE OF STRONG NON-LINEARITY

It has been carried out an analysis of oscillations in system of the large (indefinite) number of the 
coupled semiconductor quantum generators (autogenerators) in a case of the strong non-linearity on 
the basis of wavelet analysis and multifractal formalism. The corresponding fractals dimensions are 
lying in the interval [1,6–2,1].

In last years it is of a great importance the ex-
perimental and theoretical studying of the  non-
linear dynamical systems with aim to discover the 
fractal features and elements of dynamical chaos 
(c. f. [1–17]). One of the important examples is 
system, consisted of autogenerators, which in-
teract with retarding. Many physical and biologi-
cal systems – multielement semiconductors and 
gas lasers, different radiotechnical devices, etc 
can be considered in the first approximation as 
set of autogenerators, coupled by different way. 
Schemes of two autogenerators (semiconductor) 
quantum generators (1), coupled by means op-
tical waveguide (2) (fig. 1), have been in details 
considered in ref. [16, 17] and consideration is 
fulfilled for a case of weak non-linearity in a sys-
tem. In ref. [4, 8] it has been numerically studied 
a regular and chaotic dynamics of the system of 
the Van-der-Poll autogenerators with account of 
finiteness of the signals propagation time between 
them and also with special kind of inter-oscilla-
tors interaction forces. In the cited papers it has 
been considered a cases of little non-linearity in 
the system. Here we have carried out an analysis 
of oscillations in system of the large (indefinite) 
number of the coupled semiconductor quan-
tum generators (autogenerators) in a case of the 
strong non-linearity on the basis of wavelet anal-
ysis and multifractal formalism. The correspond-
ing fractals dimensions are lying in the interval 
[1,6–2,1]. An important feature of these systems 
is connected with possibility of realizing the sto-
chastic regime of oscillations and manifesting the 
chaotic features. 

For system of vibrating dipoles, situated in 
the points with coordinates ri(I=1…N); and 
dipole moment vectors directed along axe z; 
di=(0,0,d), d≡eixi (ei – effective charge of the  
i –th dipole) the motion equations are as fol-
lows: 

( ) ( )2 2 ,l ll l l l l l ll ll
l l

x x x x f x t
•• • ••

•
′′ ′

≠

+ε − γ + ω = − − τ∑  (1)

where ωi are the eigen autovibration frequences. The 
force in the right part describes an action on l –th os-
cillator from the radiation field of other ones. One can 
define the corresponding force as follows [8]:

fll/ = (elel//mlc2)exp[-δ⏐rl–rl/⏐](1/⏐rl-rl/⏐). (2)

Fig. 1. The grid of autogenerators (semiconductor) quantum 
generators (SQG), coupled by means of the general resonator: 

1-SQG, 2-resonator (dielectric plate)

In a case of the force definition (2) one can get the 
equation for eigen frequences of the system as fol-
lows:

2
0

1
1 ln 1 2 cos .

2
y f e x e y−γ − γ⎛ ⎞⎡ ⎤+ − + =⎜ ⎟⎣ ⎦⎝ ⎠  (3)

In a case of the infinite square grid of the same vi-
brating dipoles the eigen frequences equation is as fol-
lows (y = ωτ, y0 = ω0τ):

( )2 2
0

, 0

1
1 2 ln sin /2 .

2p q

y f y p q y
≥

⎛ ⎞
+ + =⎜ ⎟

⎝ ⎠
∑

 (4)

In refs. [4, 5, 8] the authors carried out the numer-
ical studying the oscillation spectra for system con-
sidered and found the corresponding  regimes of the 
oscillations (see fig. 1). Further we used these results 
for analysis of oscillations in system of the coupled 
autogenerators in a case of the strong non-linearity 
on the basis of wavelet analysis and multifractal for-
malism [10–15] and to find the corresponding fractals 
dimensions range.

Following refs. [10–17], let us remember the key 
moments of the used wavelet analysis and multi-
fractal formalism. Wavelets are fundamental build-
ing block functions, analogous to the sine and cosine 
functions. Fourier transform extracts details from the 
signal frequency, but all information about the loca-
tion of a particular frequency within the signal is lost. 
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At the expense of their locality the wavelets have ad-
vantages over Fourier transform when non-stationary 
signals are analyzed. Here, we use non-decimated 
wavelet transform that has temporal resolution at 
coarser scales.

The dilation and translation of the mother wave-
let ψ(t) generates the wavelet as follows: ψj,k(t)= 
= 2j/2ψ(2jt – k). The dilation parameter j controls how 
large the wavelet is, and the translation parameter k 
controls how the wavelet is shifted along the t-axis. For 
a suitably chosen mother wavelet ψ(t), the set {ψj,k}j,k 
provides an orthogonal basis, and the function f which 
is defined on the whole real line can be expanded as

( ) ( ) ( )0 0, ,
1

,
J

k k jk j k
k j k

f t c t d t
∞ ∞

=−∞ = =−∞

= ϕ + ψ∑ ∑ ∑
 (5)

where the maximum scale J is determined by the 
number of data, the coefficients c0k represent the 
lowest frequency smooth components, and the coef-
ficients djk deliver information about the behaviour 
of the function f concentrating on effects of scale 
around 2–j near time k × 2–j. This wavelet expansion 
of a function is closely related to the discrete wave-
let transform (DWT) of a signal observed at discrete 
points in time. In practice, the length of the signal, 
say n, is finite and, for our study, the data are avail-
able monthly, i.e. the function f(t) in Eq. (1) is now a 
vector f = (f(t1), …, f(tn)) with ti = i/n and i = 1, …, n. 
With these notations, the DWT of a vector f is simply 
a matrix product d = Wf, where d is an n × 1 vector 
of discrete wavelet coefficients indexed by 2 integers, 
djk, and W is an orthogonal n × n matrix associated 
with the wavelet basis. For computational reasons, it 
is simpler to perform the wavelet transform on time 
series of dyadic (power of 2) length. One particular 
problem with DWT is that, unlike the discrete Fou-
rier transform, it is not translation invariant. This can 
lead to Gibbs-type phenomena and other artefacts in 
the reconstruction of a function. The non-decimated 
wavelet transform (NWT) of the data (f(t1), …, f(tn)) at 
equally spaced points ti = i/n is defined as the set of all 
DWT’s formed from the n possible shifts of the data 
by amounts i/n; i = 1, …, n. Thus, unlike the DWT, 
there are 2j coefficients on the jth resolution level, 
there are n equally spaced wavelet coefficients in the 

NWT: ( )1 2

1
2 2 ,

n j j
jk ii

d n i n k n y−
=

⎡ ⎤= ψ −⎣ ⎦∑ , k = 0, …, 
n–1, on each resolution level j. This results in log2(n) 
coefficients at each location. As an immediate conse-
quence, the NWT becomes translation invariant. Due 
to its structure, the NWT implies a finer sampling rate 
at all levels and thus provides a better exploratory tool 
for analyzing changes in the scale (frequency) behav-
iour of the underlying signal in time. An evolutionary 
wavelet spectrum (EWS) quantifies the contribution 
to process variance at the scale j and time k. From the 
above paragraphs, it is easy to plot any time series into 
the wavelet domain. Another way of viewing the result 
of a NWT is to represent the temporal evolution of the 
data at a given scale. This type of representation is very 
useful to compare the temporal variation between dif-
ferent time series at given scale. To obtain the results, 
smooth signal S0 and the detail signals Dj (j =1, …, J) 
are 

( ) ( )0 0 0,k k
k

S t c t
∞

=−∞

= ϕ∑  and 
( ) ( ), .j jk j k

k

D t d t
∞

=−∞

= ψ∑  (6)

The fine scale features (high frequency 
oscillations) are captured mainly by the fine 
scale detail components DJ and DJ–1. The 
coarse scale components S0, D1, and D2 cor-
respond to lower frequency oscillations of the 
signal. Note that each band is equivalent to 
a band-pass filter. Further we use the Daub-
echies wavelet (db15) as mother wavelet. Using 
a link between wavelets and fractals, one could 
make calculating the multi-fractal spectrum. 
Homogemeous fractals are described by single 
fractal dimension D(0). Non-homogeneous or 
multifractal objects are described by spectrum 
D(q) of fractal dimensions or  multifractal 
spectrum A problem of its calculation reduces 
to definition of singular spectrum f(α) of mea-
sure μ. It associates Hausdorff dimension and 
singular indicator α, that allows calculating a 
degree of singularity: Nα(ε)=ε-f(α). Below we 
use a formalism, which allows defining spectra 
of singularity and fractal dimension without 
using standard Legandre transformations. This 
idea at first used in ref.[8]. Wavelet transformation 
of real function F can be also defined as:

[ ]( , ) (1/ ) ( ) ( ) ,
x b

W F b a a F x dx
a

+∞

Ψ −∞

−
= Ψ∫  (7)

where parameter b denotes shift in space; parameter 
defines a space scale. The analyzing splash Ψ has to 
be localized as in space as on frequency characteris-
tics. The most correct way of estimate of the function  
D(h), f(α) is in analysis of changing a dependence of 
distribution function Z(q,a) on modules of maximums 
of the splash-transfers under scale changes:

( )

1

( ( )) ,
N a

q
i

i

Z a
=

= ω∑  (8)

where I=1,…,N(a); N(a) is a number of localized 
maximums of transformation WΨ[F](b, a) = (for 
each scale à, where function õ is considering; func-
tion ω(à) can be defined in terms of coefficients of the 
splash-transformations as:

( , ')
'

( ) max | [ ]( , ') |,i
x a L

a a

a W F x aΨ
∈

<

ω =
 (9)

where li∈L(a); L(a) is a set of such lines, which make 
coupling the splash-transformation coefficient maxi-
mums (they reach or make cross-secting a level, which 
is corresponding to scale à) In limit à→0+ the distri-
bution function Z(q,a) manifestes behaviour, cor-
responding to degree law: Z(q,a)~aτ(q) . To calculate 
the singularity spectrum, a canonical approach can be 
used and based on such functions: 

1 ( , )
( , ) ,

( , )

Z a q
h a q

Z a q q

∂
=

∂  (10)

where
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= ω ω

∂ ∑
 (11)

D(a,q) = qh(a,q) – ln Z(a,q). (12)

Spectra D(q) and h(q) are defined by standard way:

0 0

( , ) ( , )
( ) lim , ( ) lim .

ln lna a

D a q h a q
D q h q

a a→ →
= =

We have applied the wavelet and multifractal formal-
ism to analysis of system of the many (n=12) coupled 
oscillators and autogenerators using the PC numerical 
complex “Geomath” (c. f. [12]). The numerical esti-
mates show that fractals dimensions for oscillations in 
system of coupled autogenerators in a case of strong 
non-linearity are lying in the range [1,6–2,1].
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WAVELET AND MULTIFRACTAL ANALYSIS OF OSCILLATIONS IN A GRID  OF COULED AUTOGENERATORS: A CASE 
OF STRONG NON-LINEARITY

It has been carried out an analysis of oscillations in system of the large (indefinite) number of the coupled semiconductor quantum 
generators (autogenerators) in a case of the strong non-linearity on the basis of wavelet analysis and multifractal formalism. The 
corresponding fractals dimensions are lying in the interval [1,6–2,1].
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ðîâ (àâòîãåíåðàòîðîâ) â ñëó÷àå ñèëüíîé íåëèíåéíîñòè íà îñíîâå âåéâëåò è ìóëüòèôðàêòàëüíîãî ôîðìàëèçìà. Ñîîòâåòñòâóþ-
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INVESTIGATION OF THE SOLAR CELLS WITH POROUS SILICON FILMS

The experimental results of the solar cells parameters covered with films InxSnyOz, and solar 
cells covered with films, obtained by dispersion of alcoholic solutions of three-chloride indium acetil 
acetonate of aluminium are presented. The spectral dependencies of reflection factor and open circuit 
voltage of the film-covered solar cells are discussed. The conditions of preparation and properties of 
porous silicon as well as parameters of the solar cells with films of porous silicon and covers, forming 
a potential barrier, are investigated. It is shown that for optimum parameters of films preparation, the 
solar cells with efficiency 15.8% become real.

INTRODUCTION

The silicon is one of the basic semiconductors of 
modern solar power technology. One of perspective 
directions of studies connected with a raise of effec-
tiveness of solar radiation transformation into elec-
tric energy, is the development of the photo-electric 
converters based on the semiconductor-dielectric-
semiconductor structures [1-2]. Such solar cells dem-
onstrate high effectiveness of photo-electric trans-
formation, the construction simplicity and process 
engineering with small power consumption. However, 
here is a set of the physical and engineering problems, 
which successful solution, in many respects, influenc-
es the scale of use of the solar cells in semiconductor 
technology. 

With the purpose of the technological require-
ments meeting, the raise of efficiency and maximum 
diminution of the reflection losses in the field of spec-
tral sensitivity of the solar element, the use of covers of 
SnO2. In2O3, InxSnyOz, ZnO etc. [3, 4] has been pro-
posed. The width of these materials’ forbidden zone 
is about 3.0–3.65 eV. Therefore, these materials are 
transparent for a greater part of a solar radiation en-
ergy range. Their refraction factor is in the limits of 
1.6–2.1 and they could be used together with many 
semiconductors. Besides, optimally selected λ/4 
– anti reflecting cover can reduce reflection factor, 
for given wavelengths, almost up to zero. For deriving 
a zero reflection in a certain interval of wavelengths, 
one could  use the multilayer anti-reflecting cover. 

Except the listed above materials, the film of po-
rous silicon, having refraction index of the order of 
1.95±0.05, could be used as anti-reflecting cover as 
well. The porous silicon cover reduces optical losses 
in silicon from 37% up to 8%m, that actually coin-
cides with the effectiveness of cover of SiO, obtained 
by the evaporation in vacuum. Due to a high porosity 
of cover, it is necessary to expect the magnification of 
a short-circuit current, open circuit voltage and the 
efficiency of the photo-electric converters. 

The purpose of the present work is the research 
of a structural and electro-physical properties of film 
covers for different conditions of their manufacture as 
well as the influence of these properties on basic pa-
rameters of the photo-electric converters.

EXPERIMENTAL

The research was fulfilled on the silicon wafers, 
which have been brought up in a Czochralski method, 
having p-type conductivity and boron doped result-
ing with a resistivity of 0,5 Ohm•cm and of n+-type 
conductivity, antimony doped with a resistivity of 
0,01 Ohm•cm. The porous silicon films were created 
by anodic oxidation of the wafer front face in HF-
electrolyte. The density of an anode current has been 
varied in the range from 1.0 to 30 mA/cm2. The time 
of anodic oxidation has not exceeded 10 minutes. In-
tensity of illumination for anodic oxidation of n-type 
conductivity specimens was chosen to be 20 mW/cm2 
[5–7]. For the security of uniformity of the anodiza-
tion, the reverse side or silicon specimens were cov-
ered with the evaporated films of aluminum (98% Al 
+ 2% Si), which were annealed at the temperature of 
575°C afterwards. The micro-contour of a porous sili-
con film surface was investigated with the use of opti-
cal and electronic microscopy. The thickness of po-
rous silicon films was determined by the oblique grind 
method. The density of porous silicon was calculated 
with the use of the formula:

ρporous = ρSi – ΔP /S • hporous 
, (1)

where ρSi = 2,33 gramm/cm3 – density of mono-
crystalline silicon; ΔP – alteration of a sample weight 
after anodic handling (gramm); S – surface area of 
a silicon wafer, subjected to anodic oxidation (cm2); 
hporous – thickness of a porous silicon film (cm). 

The InxSnyOz films were formed on the front 
face of silicon specimens by pulverization of InCl3:
SnCl4(5H2O):H2O:CH3CH2OH alcoholic solution 
taken in a weight relation 34:1:150:150. The tempera-
ture of specimens was 430°C. The thickness of cover-
ing films depends on the time of covering procedure 
and was in the range of 500–1500 Å.

The solar cells were produced through sequential 
covering of a porous silicon film and film InxSnyOz on 
a surface of silicon specimens. The contacts were cre-
ated by vacuum evaporation of In-Cu-Cr film. The ra-
diation power at the surface was l00mW/cm2, and the 
active area of the solar element was about 8.82 cm2.

The surface resistance of InxSnyOz films, their 
photo-response spectral dependencies and the influ-
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ence of film parameters on current-voltage plot view 
of the solar cells were investigated.

RESULTS AND DISCUSSION

Properties of porous silicon films

The dependencies of a thickness of porous silicon 
films on the time of anodic oxidation in 15 % HF so-
lution for slices n+-type are presented on Fig.1. This 
figure shows that the thickness of a porous silicon film 
increases linearly with the magnification of the anodic 
oxidation process’ duration. 

Fig. l. Dependence of a porous silicon film thickness on time of 
anodic processing in 15% a fluoridic acid solution and on density 
of an anodic current (mA/cm2). Specific resistance samples of a 

n+-type – 0,01 Ohm•cm

The plot slope increases with density growth of the 
anode current. Also, the growth rate of porous silicon 
films increases linearly in indicated interval and makes 
the following figures for: plot 1 – 4.3 nm/s, plot 2 – 
4.2 nm/s, plot 3 – 19.0 nm/s, plot 4 – 21.6 nm/s.

Fig. 2 shows the dependencies of the porous sili-
con films thickness obtained on samples of p-type 
silicon with a resistivity 0,5 Ohm•cm on the time of 
anodic oxidation in the concentrated HF (49 %). For 
these conditions of handling, the growth rate of a po-
rous silicon film makes for: plot 1 – 2.2 nm/s, plot 2 
– 10.8 nm/s, plot 3 –15.0 nm/s, plot 4 – 18.3 nm/s, 
plot 5 – 21.4 nm/s. 

Fig. 2. Dependence of a porous silicon film thickness on time 
of anodic processing in 49 %  fluoridic acid solution and on the 
density of an anodic current (in mA/cm2). Specific resistance of a 

p-type samples – 0.5 Ohm•cm.

The linearity of a porous silicon film thickness de-
pendence on the anodization time testifies the con-
stant growth rate of a film with constant density of 
anode current.

The observed magnification of the growth rate 
could be connected with the increase of  anodic cur-
rent density with the magnification of the dissolved 
silicon amount in accordance with the magnification 
of the soluted ions amount which participates in a 
current process. 

The process of formation of porous silicon is de-
termined mainly by two factors: by delivery of F ions 
in reaction zone with formation of silicon bi-fluor and 
presence of a positive sign charge carriers, at the sur-
face layer of the silicon anode. 

Therefore, a process of anode handling of n- and 
p- type silicon differs due to difference in concentra-
tion of mobile positive charge carriers.

As in the case of acceptor-type semiconductor, the 
holes in doped silicon are the basic charge carriers and 
their concentration in a considered case is supposed 
to be sufficient for the reaction running:

Si + 2HF + 2e+ → SiF + H2 ↑

so, the basic influence on the anodization renders to 
the mechanism of F ions delivery. 

In donor-type doped silicon, the holes concentra-
tion is small; therefore, the exterior stimulating factor 
is necessary for anodization running.

Fig. 3. Dependence of porous n+-type silicon volumetric density on 
the anodic current density for different films thicknesses (micron):

1 – 1.0; 2 - 2.0; 3 – 4.0; 4 – 6.0; 5 – 8.0

Fig.3. shows the experimental dependencies of a 
volumetric density of porous silicon obtained by n+- 
specimens handling in 15% HF solution on the den-
sity of anodic current.

The figure shows that the increasing of a porous 
silicon film thickness causes the change of the mate-
rial density, which characterizes the structure of the 
material: Thus, there is the possibility to operate the 
structure of porous silicon with the changing condi-
tions of anode handling.

The study of porous silicon structure shows, that 
the magnification of a current density causes the in-
crease of the amorphous phase part in material. The 
REM imaging analysis of a surface with various vol-
umetric densities has shown that there are reflexes, 
which correspond to crystallographic planes for sam-
ples presented with curves 1, 2 and 3 at Fig. 3. 

However, on the REM data there are no Kikuchi 
lines that generally appear for mono-crystalline sili-
con. The dependence of a p-type porous silicon volu-
metric density on thickness of layer and the densities 
of anodic current is pre sented at Fig. 4. 
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Fig. 4. The dependence of p-type silicon volumetric densities on 
the layer thickness and densities of anodic current.

The figure shows, that in a studied range of cur-
rent densities and thicknesses, the volumetric density 
vanishes slightly, what testifies the homogeneity of the 
process of silicon dissolution. The pores diameter for 
investigated samples was 40–210 Å and pores number 
–4•108 –8•109 cm-2. The size of pores increases with 
the magnification of a current density, time of anode 
handling and thickness of a porous silicon film. The 
number of pores is maximal for pores with 40-80 Å 
in diameter. The further magnification of a pores’ di-
ameter happens in not only the size due to dissolution 
of silicon at the pores walls, but also at the expense 
of secondary effect of small and closely located pores 
joining.

Properties of InxSnyOz films

Fig. 5 shows the dependence of the InxSnyOz sur-
face resistance turn on the percentage SnCl4 (5xH2O) 
in a solution. The least magnitude of a surface resist-
ance have the samples with an In2O3 film. Increasing 
of a SnCl4 (5xH2O) content causes the rise of surface 
resistance from 20 up to 600 Ohm/ . It could be ex-
plained, apparently, by substitution of In atoms by 
small amounts of tin, that represents itself as the do-
nor. However, with SnCl4 (5xH2O) content increasing 
the content of SnO2 phase in InxSnyOz film structure 
grows, that reduces the charge carriers concentration 
and the material conductivity.

Fig. 5. Dependence of InxSnyOz films surface resistance on 
SnCl4 (5xH2O) content in solution (1) and InxAlyOz films surface 

resistance on A1(AA)3 contents in gas phase (2)

To reduce magnitude of oxide metal cover surface 
resistance, one could use the β-diketonates, for exam-
ple acetil acetonate of aluminium Al(AA)3. Al(AA)3 
was obtained from a solution of AlCl3•6H2O, rectified 
by zone method and had the following crystalline and 
chemical characteristics: coordination of an metal ion 
– octahedron; space group – P21/c; syngony – mon-
ocline; lattice parameters  – a = 14.16 Å, b = 7.48 Å, 

c = 16.43 Å, β = 980. The InxAlyOz films were obtained 
by thermal decomposition on the heated surface (up 
to 470°C) of silicon substrate in inert gas stream with 
oxidizer adding. The surface resistance of a film de-
creases and makes 7-10 Ohm/ . (Fig. 5, curve 2)

The spectral dependencies of InxSnyOz films re-
flection factor of a various thickness were investigated 
as well.

Fig. 6. Spectral dependences of a InxSnyOz films reflection factor 
with various thickness

The results are presented on Fig.6. The least re-
flection of radiation have the InxSnyOz films with 
thickness of 650-750 Å. The enlightenment is most 
hardly appears in a spectral range of 0.5-0.8 microns. 
The InxSnyOz film makes the surface of silicon more 
transparent than the film of SiO2. In the field of a 
maximum transparency for specimens with InxSnyOz 
films the reflection factor is reduced up to practically 
zero.

At the surface of silicon substrate, for the normal 
conditions of the environment the film of native SiOx 
grows. Strictly speaking, in this case, the structure Inx-

SnyOz/SiOx/Si is created on the surface of silicon. 
Pre-oxidizing handling included growth of oxide 

by a thickness 5000 Å (T = 900°C in a damp atmos-
phere). Then, this oxide was etched and the silicon wa-
fers were washed in a boiling solution (H2O2:NH4OH:
H2O=1:1:4) and doubly de-ionized water wash was 
applied with consequent drying. After day-long stay 
in air, the thickness of natural oxide was about 14 Å, 
and after stay within 4 days – 43 Å. The structures In-
xSnyOz/SiOx, after day-long stay in air had a surface 
resistance of 65 Ohm/ , and after endurance during 
4 days – 140 Ohm/ . Annealing of structures in air 
at the temperature of 200°C within 10 minutes in-
creased the surface resistance from 65 Ohm/  till 75–
80 Ohm/  and from 140 Ohm/  up to 170 Ohm/ .

The annealing time about 20 minutes promoted 
further growth of a surface resistance. Cyclic anneal-
ing of InxSnyOz/Si structure in hydrogen and argon 
at the temperature of 550 0C promoted a drop of In-
xSnyOz film surface resistance from 20 Ohm/  up to 
7–8 Ohm/ , and film InxAlyOz - from 10 Ohm/  up 
to 3-4 Ohm/ . During the annealing, the restoring of 
oxide and release of metal atoms occurs, presumably, 
therefore the surface resistance decreases.

Performances of the photo-electric converters

The condition for high effectiveness of the photo-
electric converters must be matched with semicon-
ductor-dielectric-semiconductor structures param-
eters: the width of a forbidden zone (Eg) of cover, that 
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forms a potential barrier, should be ≥ 3.0 eV and the 
semiconductor should be degenerate. In case of a 
base semiconductor of p-type, work function (A) of 
semiconductor cover, forming a barrier, and value of 
electron affinity of a base semiconductor (χs) should 
satisfy the relation A < (χs). In case of a base semicon-
ductor of n-type the validity of a relation A > χs + Eg 
is necessary. The mismatch of lattice constants should 
be minimal. 

The important parameters of semiconductor cov-
ers are thickness and temperature of covering layer.

In a Table 1 some data on a relation between A, 
χs and Eg for some semiconductor covers forming on 
silicon a potential barrier are presented.

Table 1 
Parameters of semiconductors forming potential barrier 

with silicon

Semicon-
ductor Eg(eV) A(eV) χs 

(eV) A- χs (eV) χs+Eg-
A (eV)

Si 1.12 - 4.05 - -

In2O3 3.00 4.30-4.45 - 0.25-0,40 0.85-
0.70

SnO2 3.50 4.60-4.90 - 0.55-0,85 0.55-
0.25

InxSnyOz 3.65 4.10-4.60 - 0.05-0,55 1.05-
0.55

ZnO 3.20 4.20-4.57 - 0.15-0,52 0.95-
0.58

CdO 2.70 4.47 - 0.42 0.68

These data show, that optimal pairs for silicon of 
p-type are In2O3, InxSnyOz, ZnO, CdO. 

For silicon of n-type optimal cover forming a bar-
rier is SnO2.

Fig. 7. Spectral characteristics of InxSnyOz/SiOx/pSi photo-
electric converters: 1 — 350°C; 2 — 400°C; 3 — 425°C; 4 — 445°C; 

5 — 500°C; 6 — 550°C

Fig. 7 shows the spectral performance of the pho-
to-electric converters InxSnyOz/SiOx/pSi with the Inx-

SnyOz layer thickness of 800 Å, and covering tempera-
ture from 350°C to 550°C. The optimal temperatures 
of InxSnyOz covering are 400–425°C. The maximal 
magnitude of open circuit voltage is being achieved 
for wavelength of 0.7 micron.

Fig. 8 shows the similar spectral performance for 
the InxSnyOz/SiOx/nSi photo-electric converters. For 
all the specimens time between drying and covering by 

semiconductor layer, that forming a potential barrier, 
did not exceed 10 minutes. The figure shows, that in 
the range of temperatures 400–425°C a range of wave-
lengths, where the high values of open circuit voltage 
are observed, was shifted down from 0.65 micron to 
0.85 micron and open circuit voltage have decreased. 
It confirms a high compatibility of InxSnyOz/SiOx/pSi 
structures.

Fig. 8. Spectral characteristics of InxSnyOz/SiOx/nSi photo-
electric converters: 1 — 350°C; 2 — 400°C; 3 — 425°C; 4 — 445°C; 

5 — 500°C; 6 — 550°C

The spectral characteristics of photo-electric con-
verters with structures InxSnyOz/SiOx/nSi, InxSnyOz/
SiOx/porousSi/nSi, InxAlyO/SiOx/porousSi/nSi are 
seen at Fig. 9.

 
Fig. 9. Spectral characteristics of photo-electric converters based 
on: 1 — InxSnyOz/SiOx/nSi; 2 — InxSnyOz/SiOx/porousSi/nSi; 3- 

InxAlyO/SiOx/porousSi/nSi

The thickness of silicon film is – 0.7 – 4.5 mi-
cron. 

The best spectral performances have the InxSnyOz/
SiOx/porousSi/nSi and InxAlyO/SiOx/porousSi/nSi 
structures. In addition, the curve (2) is shifted more in 
long wavelength area of a spectrum, and curve (3) – in 
short wavelength one.

Fig. 10. Current-voltage characteristics of photo-electric 
converters with structures: 1 — InxSnyOz/SiOx/nSi; 2 — 
InxSnyOz/SiOx/porousSi/nSi; 3 — InxAlyO/SiOx/porousSi/nSi; 

4 — InxSnyOz/SiOx/porousSi/pSi
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Table 2 
Characteristics of photo-electric converters

N Structure Jsc, 
mA/cm2

Uoc, 
mV FF η, %

1 InxSnyOz/SiOx/nSi 37 510 0,57 12.5

2 InxSnyOz/SiOx/porousSi/nSi 38 530 0,61 14.3

3 InxAlyO/SiOx/porousSi/nSi 40,0 515 0,63 14.6

4 InxSnyOz/SiOx/porousSi/pSi 41 550 0,74 15.8

The experimental light current-voltage character-
istics of the silicon photoelectric converters with vari-
ous covers are presented on Fig.10, and the basic pa-
rameters are shown in Table 2. These data testify, that 
for investigated structures the acceptable efficiency 
are obtained and they could be considered as perspec-
tive structures for a photo-electric converters.

CONCLUSIONS

1. We have demonstrated that the covers, forming 
a potential barrier, could be successfully used for the 
effective solar cells creation. 

2. The covers formed with the use of β-diketonates 
are the most effective. 

3. Creation of a developed porous surface on sili-
con slices considerably increases the absorption of 

light and improve parameters of the photo-electric 
converters.
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The experimental results of a research of the solar cells parameters covered with films InxSnyOz, and solar cells covered with films, 
obtained by dispersion of alcoholic solutions of three-chloride indium acetyl acetonate of aluminium are represented. The spectral 
dependencies of reflection factor and open circuit voltage of the film-covered solar cells are obtained. The conditions of preparation 
and properties of porous silicon and parameters of the solar cells with films of porous silicon and covers, forming a potential barrier, are 
investigated. It is shown, that for optimum parameters of films, the preparation of the solar cells with efficiency 15.8% is quite real.
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ÄÎÑË²ÄÆÅÍÍß ÑÎÍß×ÍÈÕ ÅËÅÌÅÍÒ²Â Ç ØÀÐÀÌÈ ÏÎÐÓÂÀÒÎÃÎ ÊÐÅÌÍ²Þ

Ïðåäñòàâëåí³ åêñïåðèìåíòàëüí³ ðåçóëüòàòè äîñë³äæåííÿ ïàðàìåòð³â ñîíÿ÷íèõ åëåìåíò³â, âêðèòèõ ïë³âêàìè InxSnyOz  

òàê ñàìî, ÿê ³ ïë³âêàìè, îòðèìàíèìè øëÿõîì ðîçïðèñêóâàííÿ ñïèðòîâèõ ðîç÷èí³â òðèõëîðèñòîãî ³íä³é-àöåòèëàöåòîíàòó 
àëþì³í³þ. Ñïåêòðàëüí³ çàëåæíîñò³ êîåô³ö³ºíòó â³äáèâàííÿ òà íàïðóãè ðîçìêíåíîãî ëàíöþãó ñîíÿ÷íèõ åëåìåíò³â, âêðèòèõ 
ïë³âêàìè îòðèìàí³ ³ äîñë³äæåí³. Óìîâè ïðèãîòóâàííÿ òà âëàñòèâîñò³ ïîðóâàòîãî êðåìí³þ äîñë³äæåí³ òàê ñàìî, ÿê ³ ïàðàìåòðè 
ñîíÿ÷íèõ åëåìåíò³â òà ïîêðèòò³â, ÿê³ ôîðìóþòü ïîòåíö³àëüí³ áàð’ºðè íà ïîâåðõí³ êðåìí³þ. Ïîêàçàíî, ùî çà óìîâ îòðèìàííÿ 
îïòèìàëüíèõ ïàðàìåòð³â ïë³âîê, îòðèìàííÿ ñîíÿ÷íèõ åëåìåíò³â ç åôåêòèâí³ñòþ 15.8% º ö³ëêîì ìîæëèâèì.
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Ïðåäñòàâëåíû  ýêñïåðèìåíòàëüíûå ðåçóëüòàòû èññëåäîâàíèé ïàðàìåòðîâ ñîëíå÷íûõ ýëåìåíòîâ, ïîêðûòûõ ïë¸íêàìè 
InxSnyOz, òàêæå, êàê è ïë¸íêàìè, ïîëó÷åííûìè ìåòîäîì ðàñïûëåíèÿ ñïèðòîâûõ ðàñòâîðîâ òð¸õõëîðèñòîãî èíäèé – àöåòè-
ëàöåòîíàòà àëþìèíèÿ. Ñïåêòðàëüíûå çàâèñèìîñòè êîýôôèöèåíòà îòðàæåíèÿ è íàïðÿæåíèÿ ðàçîìêíóòîé öåïè ñîëíå÷íûõ 
ýëåìåíòîâ, ïîêðûòûõ ïë¸íêàìè, ïîëó÷åíû è èññëåäîâàíû. Óñëîâèÿ èçãîòîâëåíèÿ è ñâîéñòâà ïîðèñòîãî êðåìíèÿ èññëåäîâà-
íû òàê æå, êàê è ïàðàìåòðû ñîëíå÷íûõ ýëåìåíòîâ è ïîêðûòèé, êîòîðûå ôîðìèðóþò ïîòåíöèàëüíûå áàðüåðû íà ïîâåðõíîñòè 
êðåìíèÿ. Ïîêàçàíî, ÷òî ïðè óñëîâèè ïîëó÷åíèÿ îïòèìàëüíûõ ïàðàìåòðîâ ïë¸íîê, ïîëó÷åíèå ñîëíå÷íûõ ýëåìåíòîâ ñ ýôôåê-
òèâíîñòüþ 15,8% âïîëíå âîçìîæíî.
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COMPUTER MODELLING OPTIMAL SCHEMES OF THE LASER 
PHOTOIONIZATION METHOD FOR PREPARING THE FILMS OF PURE 
COMPOSITION AT ATOMIC LEVEL

The optimal laser photoionization scheme for preparing the films of pure composition on example 
of creation of the hetero structures (layers of GaAlAs) is proposed.. New model of optimal realization 
of the first step excitation and further ionization of the As+ ions in Rydberg states by DC electric field 
is developed.

Carrying out the effective methods for obtaining 
especially pure substances or their control and clean-
ing from admixtures (c. f. [1,2]) is considered as one of 
the actual problem of modern technology of the semi-
conductor and other materials. In particular, speech 
is about methods for control of the Al, B admixtures 
in Ge and other third group acceptor elements ad-
mixtures at the level of 10-8–10-10%.  In some cases 
the similar sensitivity may be provided by traditional 
analytic methods [1] or their modifications. However, 
its sensitivity is limited by level of 10-7%. Selective 
photo physics methods (c. f. [2–17]) allow to develop 
a new approach to technologies of obtaining the pure 
substances at atomic level and solving many  other 
problems. The basis for its successful realization is, 
first of all, in carrying out the optimal multi stepped 
photoionization schemes for different elements and, 
at second, availability of enough effective UV and vis-
ible range lasers with high average power. Our paper 
is devoted to the search and computer modeling the 
optimal schemes of laser photoionization method for 
control and cleaning the semiconducting substances. 
We will carry out modeling the laser photoionization 
scheme for preparing the films of pure composition on 
example of creation of the hetero structural super lat-
tices  (layers of Ga1-xAlxAs with width 10Å and GaAs 
of 60Å). New models of optimal realization of the first 
step excitation and further ionization of the As+ ions 
in Rydberg states by electric field are proposed and 
optimal parameters of the photo ionization process 
are found. Similar studying for Al and Ga ions had 
been carried out earlier [8–10]. 

The possible scheme for preparing the films of pure 
composition by means of the two-stepped selective 
ionization of atoms has been proposed by V. Letokhov 
[2]. Such scheme was not experimentally checked, 
however it is obvious that the two-stepped laser ioni-
zation scheme is not optimal one (see explanation 
below). The main innovation of our scheme is con-
nected with using the electric field ionization pulse on 
the last ionization step. In ref. [8–10] we carried out 
modelling the optimal scheme for laser photoioniza-
tion scheme of control and cleaning the substance and 
preparing pure films on atomic level for a number of 
elements, including Ga, Al etc. In a classic scheme, 
the laser excitation of admixture atoms is realized at 

several steps: atoms are resonantly excited by laser 
radiation and then it is realized photo ionization of 
excited atoms (c.f. [2-8]). In this case photo ioniza-
tion process is characterized by relatively low cross 
section σion=10-17–10-18ñm2 and one could use the 
powerful laser radiation on the ionization step. Alter-
native mechanism is a transition of atoms into Ryd-
berg states and further ionization by electric field. As 
result, the requirements to energetics of ionized pulse 
are decreased at several orders. 

As usually, the elements separation process is 
described by corresponding master system of equa-
tions for density matrice [2,8]. We supposed that a 
laser radiation acts on the admixtures atom and con-
centration of admixtures is quite little. The resonant 
exchange probability is less than ionization velocity, 
i.e. W2 >σw vN (N- concentration of atoms) and the 
ions yield time from neutral atom cloud is less than 
re-charging time, i.e.: Nσchd<1. At first step, the pho-
to-ionization scheme includes an excitation of atoms 
by laser field and their transition into Rydberg states 
and then ionization by electric field. A creation of the 
films of pure composition (creation of the 3-D lay-
ers of Ga1-xAlxAs with width 10Å and GaAs of 60Å) is 
directly connected with using the photo ion pensils of 
Ga+, Al+, As+. Similar pensils can be created by means 
of the selective photoionization method with ioniza-
tion by electric field. Then electromagnetic focusing 
and deflecting systems will provide creation of the 3-
D supper lattices (c.f.[2]). 

We consider the ionization scheme of obtaining 
the As+ ions. The transition scheme is as follows; 4p3 

4S3/2→(50693,9cm-1)→ 5s4P1/2→ (λ2[n])→np32D3/2 

(n=10-25). We carried out modeling the optimal pa-
rameters for last process, i.e. ionization of the Rydberg 
states by electric field. In figure 1 we present results of 
modeling the As atoms separation process by solving 
system (1). All necessary constants are preliminarily 
calculated and taken from refs [2, 3, 8–10, 15–17]. 
The following definitions are used: δ+dashed line is 
corresponding to optimal form of laser pulse, curves 1 
and 2 are corresponding to populations of the ground 
and excited states of As. The δ -pulse provides maxi-
mum possible level of excitation (the excitation degree 
is about ~0,2; in experiment [2] with rectangular pulse 
this degree was ~ 0,1. In further the parasite processes 
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such as spontaneous relaxation, resonant re- exchange 
can’t change the achieved excitation level during a lit-
tle time. The last step of the process is an ionization of 
excited atoms by the electric field pulse. 

Fig. 1 Results of modeling As separation process by photoionization 
method (δ+dashed – laser pulse optimal form; curves 1, 2 are 

corresponding to populations of the ground and excited states)

It is natural that in order to get a high level of the 
optimality an electric field has to be switched on dur-
ing the time, which is less than the excited state radia-
tive decay time. In figure 2 we present the results of 
our calculating dependence of the ionization veloc-
ity for high excited atoms of As upon the electric field 
strength for states with quantum numbers n= 10–16. 
The dashed line is corresponding to velocity of the ra-
diative decay. 

Fig. 2. Dependence of the velocity of ionization for high excited 
atoms of As on an electric field strength for states with quantum 

numbers n=10–16

The decay of As atoms and ions in the high-ex-
cited state demonstrates qualitatively the properties 
of the H-like systems. However, there is quite signifi-
cant quantitative difference. Indeed, the same situa-
tion takes a place for Al, Ga elements etc (c. f. [8]). 
Our estimate for the As atom ionization cross section 
is 1,2∙10-13cm2  that is higher than the corresponding 
cross section of ionization process by laser pulse in the 
two- stepped scheme (~10-17cm2 [2]). Using δ-pulse 
provides a quick ionization, but the ionization yield 
will be less than 100% because of the sticking on inter-
mediate levels.  Experimentally obtained dependence 
of the critical ionization field strength E upon the ef-
fective quantum number n* is usually approximated 

by simple theoretical dependence Ecr=(2n*)-4. How-
ever, our calculation results show that this is not very 
exact approximation and only sophisticated quantum 
calculation [8–10] provide excellent agreement with 
experimental data. In any case, the laser photoioni-
zation scheme with ionization by electric field could 
provide significantly more high yield and effectiveness 
of the whole process than the other known schemes 
[2]. Naturally, the optimal set of energetic and ra-
diative parameters (pulse form, duration, energetic 
for laser and electric field pulses etc) should be used.  
The scheme can be applied in the laser photo ioniza-
tion technologies for preparing the pure composition 
films, pure hetero structural super lattices, selective 
creating photo ions of B, As, P and other elements 
in equipment for ion legating the semiconductors. 
It is obvious that the optimal governing approaches 
may be also useful in a search of optimal realization 
of the photo-excitation and ionization processes in a 
number of tasks in molecular, semiconductors, sur-
face physics etc. 
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Çàïðîïîíîâàíî îïòèìàëüíó ëàçåðíî-ôîòî³îí³çàö³éíó ñõåìó ïðèãîòóâàííÿ ïë³âîê îñîáëèâî ÷èñòîãî ñêëàäó íà ïðèêëàä³ 
êîíòðîëþ ïîáóäîâè ãåòåðîñòðóêòóð (òèïó GaAlAs).Ðîçâèíóòî íîâó ìîäåëü îïòèìàëüíî¿ ðåàë³çàö³¿ çáóäæåííÿ íà 1-é ñòàä³¿ é 
ïîäàëüøî¿ ³îí³çàö³¿ ³îí³â As+ ó ð³äáåðãîâèõ ñòàíàõ åëåêòðè÷íèì ïîëåì
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LUMINESCENCE OF ZnGa2Î4 AND ZnAl2Î4 SPINELS DOPED WITH Eu3+ 
AND Tb3+ IONS

Spinel type mono-phase the ZnGa2O4 and ZnAl2O4 compounds doped with Eu3+ and Tb3+ ions 
were obtained using two methods: solid phase reactions and deposition from chemical solutions. The 
luminescent analysis of the materials shows that the rare earth ions are localised at the defect sites 
(regions) of the crystallite (grain) boundaries. The emission spectra of the samples with europium 
are characterized by an intense emission in red region due to the 5D0 → 7F1,2 transitions of Eu3+ ions, 
whereas, in the case of terbium, the highest intensity corresponds to the green emission due to the 5D4 
→ 7F5 transitions of Tb3+ ions. The intensities of the intra-shell emission of the Eu3+ and Tb3+ ions in 
comparison with luminescence intensity of the chromium impurity traces (residual small amount of 
the Cr3+ ions) show that the materials doped with transition metals are more promising for develop-
ment of phosphors based on oxide spinels than the materials doped with rare-earth elements.

INTRODUCTION

Semiconductors, doped with rare earth elements, 
are considered to be perspective materials for op-
toelectronics and photonics due to the presence of 
narrow emission spectral lines. Wide band gap semi-
conductors and dielectrics are more preferable for 
doping, because the effects of thermal quenching of 
the radiation are inversely proportional to the band 
gap value [1]. Another advantage of the wide band 
gap materials is their chemical stability and stability 
of the physical characteristics in a large temperature 
interval. Actually, the most widely used phosphors for 
planar displays are sulfides. However, the chemical 
reactions stimulated by the electronic beam leading 
to the formation of a non-luminescent layer with the 
deficiency of sulfur at the surface of the phosphor are 
the important shortcomings of the sulfide phosphors. 
These reactions considerably reduce the efficiency of 
phosphors [2]. 

Besides, the reaction products, stimulated by elec-
tron beam, pollute electronic emitters. Many prob-
lems related to the degradation are avoided by using 
of the oxide phosphors. Among them, the ZnGa2O4 
compound is one of the best studied low voltage cath-
odoluminescent phosphors [3]. ZnAl2O4 is another 
compound, which recently has attracted considerable 
interest for electroluminescent thin film displays and 
opto-mechanical sensors [4-6]. It was reported about 
the  synthesis of bulk and nano-structured ZnAl2O4 
using solid phase reactions of zinc and aluminium 
oxides at temperatures higher than 800°Ñ [7], or by 
means of chemical reactions in solutions [8–10]. Sev-
eral papers have been dedicated to the investigations 
of luminescence properties of ZnAl2O4 [4, 11–14] 
and ZnGa2O4 doped with rare earth elements [3, 16]. 
However, the quantitative analysis of the emitted in-
tensity, or a comparative analysis with the lumines-
cence intensity of other radiative centers are not pre-
sented in these works.

In this paper the luminescence caused by intra-
shell radiative transitions of Eu3+ è Tb3+ ions intro-

duced in ZnGa2O4 and ZnAl2O4 hosts is investigated. 
The comparison of this luminescence intensity with 
the emission intensity of the Cr3+ ions existing in the 
host lattices as traces of residual impurity is carried 
out. The difficulties concerning the incorporation of 
the big radius rare earth ions in the octahedral sites 
of the oxide spinel hosts, that are not inherent in the 
case of small radius transition metal impurities, are 
revealed.

PREPARATION OF SAMPLES AND 
EXPERIMENTAL TECHNIQUES

Undoped ZnGa2O4 and ZnAl2O4 compounds as 
well as the ones, doped with Eu and Tb, were prepared 
by means of two technological methods. 

In the first process, the material has been obtained 
using solid phase reactions method by mixing ZnO 
(99.99%) and Ga2O3 (99.99%), or ZnO (99.99%) 
and Al2O3 (99.99%) powders in 1:1 ratio, followed by 
forming pellets under a press and sintering at 1200îÑ 
during 16-18 hours. Doping with rare earth elements 
was carried out by adding Eu2O3 and Tb2O3 powders 
with concentration of (0.1– 2) %. 

In the second process, the powders were obtained 
using the chemical deposition method, that allows the 
formation of ZnGa2O4 and ZnAl2O4 precipitates with 
spinel structure at temperature less than 300oC. For 
comparison, several samples simultaneously doped 
with phosphor and rare earth elements were prepared. 
The phase composition of the compounds was ana-
lyzed by EDX and XRD methods. 

The luminescent properties of the obtained mate-
rials were studied at room temperature using different 
spectral lines of a Spectra Physics 2017 Ar+ laser for 
optical excitation, SDL-1 double spectrometer (reso-
lution better than 1meV), PEU-106 photomultiplier 
and a photon counting system.

© E. Rusu, V. Ursaki, G. Novitschi, A. Burlacu, 
P. Petrenko, L. Kuliuk, 2008
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RESULTS AND DISCUSSION

The ZnGa2O4 and ZnAl2O4 materials with spinel 
structure, belong to the space group Oh

7 with eight 
formula units in the unit cell. Thirty two oxygen at-
oms occupy sites with C3v symmetry forming a closely 
packed cubic lattice with 64 tetrahedral (Td) and 32 
octahedral (D3d) cation sites, only 8 tetrahedral (8A) 
and 16 octahedral (16B) of them being occupied by 
cations. Both compounds under study, belong to nor-
mal spinels, where all Zn atoms occupy the tetrahedral 
A sites, and atoms of Ga or Al occupy the octahedral 
sites. At the same time, insignificant inversion of the 
spinel structure, where a part of Ga or Al atoms may 
occupy the tetrahedral A sites, is possible. 

Thus, rare-earth ions, potentially, may occupy both 
the tetrahedral and octahedral lattice sites. However, 
it is known that in the III–V and II–VI materials, due 
to a large ion radius, the rare-earth elements hardly 
occupy lattice sites with the tetrahedral coordination 
[15], preferring the sites with a coordination number 
greater than 6. Efficiency of the rare-earth ion occu-
pation of sites with the octahedral coordination in AII-

BIIIO4 compounds with the spinel structure is studied 
insufficiently.

Fig. 1. PL spectra of ZnGa2O4 powders doped with Eu 
concentrations: 1 – 0%; 2 – 1%; 3 – 0.5%; 4 – 2%

Figure 1 shows the luminescence spectra of Zn-
Ga2O4 with various concentrations of Eu doping im-
purity prepared from initial materials of high purity. 
Let us note that the form of the samples spectra, ob-
tained by the method of solid phase reactions and by 
the chemical method is practically identical.

The luminescence spectrum consists of emission 
lines related to the 5D0→7F1 intra-shell transitions (in 
the range of 570-600 nm) and 5D0→7F2 (in the range 
of 600-630 nm) of Eu3+ ions as well as of the struc-
tured band in the range of 650-730 nm, corresponding 
to emission, induced by residual chromium impurity. 
The highest intensity of the luminescence, due to Eu 
ions presence, is obtained at excitation by the 465.8 
nm laser line (see Fig. 2, curve 1), which quantum 
energy coincides with the energy of the 7F0→5D2 in-
tra-shell transitions of Eu3+ ions, allowing their reso-
nance excitation. Appearance of the band, induced by 

the residual chromium impurity in the luminescence 
spectra, makes it possible to compare the efficiency of 
the incorporation of Eu3+ ions into the spinel struc-
ture with the respective efficiency of Cr3+ ions.  Chro-
mium concentration in ZnGa2O4 powders, prepared 
from high purity materials is ~10 ppm.

Fig. 2. PL intensity dependence in the spectral region of 600–630 
nm for ZnGa2O4 powders doped with Eu (curve 1, squares) and in 
the spectral region of 540–560 nm for ZnGa2O4 powders doped 

with Tb (curve 2, circles) upon the excitation laser wavelength

As one could see from Fig. 1, the intensity of the 
luminescence due to the Eu doping impurity becomes 
comparable with the intensity of the luminescence of 
chromium impurity only at europium concentration 
of 1 %, i.e., by three orders of magnitude higher than 
the chromium concentration. This observation is a di-
rect evidence of inefficiency of Eu3+ ion incorporation 
into the spinel lattice sites with a coordination num-
ber equal to 6. 

Let us note that the Eu3+ ion radius is equal to 0.95 
Å and it is obviously greater than the radius of Ga3+ 
ions (0.62 Å) practically coinciding with the radius of 
trivalent Cr3+ ions (0.615 Å). The assumption of low 
efficiency of the rare-earth element ion incorporation 
is also confirmed by the form of the luminescence 
spectra in the region of the Eu3+ intra-shell transi-
tions.  Broad overlapping lines are observed instead of 
narrow lines due to the Stark splitting. This form of 
spectra is characteristic of amorphous materials and 
glasses.

On the other hand, the form of the X-ray diffrac-
tion patterns, shown at Fig. 3 indicates the presence 
of perfect crystallites with the spinel structure. The 
average size of the crystallites in powders was deter-
mined by the Scherer formula [16] 

2 2 1 2
0

cos ,
( )

K
d

λ
= θ

β −β

where β is the half-width of the diffraction peak in ra-
dians, β0 corresponds to the instrumental broadening, 
K = 180/π, λ is the X-ray wavelength, θ is the Bragg 
diffraction angle. The average crystallite size deter-
mined by the given formula is 20 nm. Discrepancy be-
tween the broad lines of the luminescence spectra and 
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the X-ray analysis data is explained by the presence 
on the crystallite boundaries of regions with defect 
structure close to the amorphous one. The Eu impu-
rity penetrates in these defect boundary regions (being 
practically not incorporated into the volume of crys-
tallites with perfect spinel structure); this determines 
the form of the luminescence spectra.

Fig. 3. XRD patterns for ZnGa2O4 (1) and ZnAl2O4 (2) compoun-
ds

As it was mentioned above, big rare-earth ions are 
incorporated more easily into places with high coor-
dination number. Such a compound is EuPO4, as it 
easily crystallizes in a monazite structure at the syn-
thesis temperatures above 600°C. In the monoclinic 
monazite structure P21/n the coordination number 
for Eu ions is equal to 9. Taking this into account, we 
have prepared ZnGa2O4 samples with Eu concentra-
tion of 1% being simultaneously doped with various 
phosphor concentrations and we have measured the 
luminescence spectra depending on phosphor con-
centration. 

Fig. 4. PL spectra of ZnGa2O4 powders doped with 1% wt 
concentration of Eu (1) and with addition of 0.3% wt (2) and 2% 

wt (3) phosphor impurity

As one could see from Fig. 4, additional narrow 
peaks appear in the luminescence spectrum instead 
of broad bands when concentrations of phosphorus 
and europium are comparable. The luminescence 
spectrum completely coincides with the known spec-
trum of EuPO4 compound when the phosphor con-
centration is equal to or is higher than the europium 

concentration [17]. This experiment is an additional 
confirmation of the fact that for big Eu3+ ions it is 
easier to be incorporated into the lattice sites with 
a high coordination number forming a new EuPO4 
compound, than to penetrate into amorphous regions 
on the boundaries of ZnGa2O4 crystallite grains.  The 
probability of their implantation directly into the spi-
nel structure of the crystalline grains is even lower.

Fig. 5. PL spectra of ZnGa2O4 powders doped with 1% wt Eu con-
centration prepared from high purity components before (1) and 

after annealing at 500°Ñ (2) and 700°Ñ (3)

Figure 5 shows the annealing influence on spectra 
of ZnGa2O4 samples doped with Eu3+ ions prepared of 
high purity materials. The luminescence spectrum of 
the non-annealed sample consists of a broad band de-
termined, apparently, by the crystal structure defects, 
whereupon narrow bands corresponding to the intra-
shell transitions of Eu3+ ions impose. 

Let us note, that in the given case, in the wave-
length range of 650-730 nm, only a weak band due to 
the transitions 5D0→7F4 of Eu3+ ions is observed and 
the band due to presence of Cr3+ ions is not found 
because of extremely low concentration of residual 
chromium (1 ppm). As the annealing temperature in-
creases above 500oC the broad band luminescence is 
quenched. This may be explained by annealing of the 
defects. 

At the same time, the activation of Eu impurity 
takes place and spectral lines inherent to Cr3+ ions ap-
pear due to diffusion of the chromium impurity dur-
ing annealing.

Similar behavior of the rare-earth ions is observed 
in the case of ZnGa2O4 doped with terbium. 

As one could see from Fig 6, where the lumines-
cence spectra of ZnGa2O4 doped with Eu and Tb are 
compared, in the sample with terbium, the overlap-
ping of Stark lines takes place, and the luminescence 
from Tb3+ ions is comparable to the intensity of the 
luminescence due to the residual Cr impurity, while 
its concentration being less by three orders of mag-
nitude. 

The highest intensity of the luminescence due to 
Tb is obtained at excitation by 488 nm line (see Fig. 
2, curve 2), its quantum energy coinciding with the 
energy of the intra-shell transitions 7F6→5D4 of Tb3+ 
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ions allowing resonance excitation of these ions. The 
emission is due to the transitions 5D4→7F2,3,4,5.

Fig. 6. PL spectra of ZnGa2O4 powders doped with 2% wt Eu (1) 
and Tb (2)

Fig. 7. PL spectra of ZnGa2O4 (1) and ZnAl2O4 (2) powders doped 
with 0.5 % wt Eu

Let us note that the behavior of the rare-earth ions 
in ZnAl2O4 is analogous to their behavior in ZnGa2O4. 
As it follows from Fig. 7, the bands of the intra-shell 
luminescence of rare-earth ions are identical for ZnA-
l2O4:Eu and ZnGa2O4:Eu compounds. This confirms 
that ions of Eu and Tb penetrate into amorphous re-
gions on the grain boundaries. 

Otherwise, the spectra must differ, since crystal 
fields are different for different materials. The latter 
statement is well illustrated by analysis of the lumi-
nescence due to Cr impurity. As one could see from 
Fig. 7, in the range of 650-730 nm, the forms of the 
luminescence spectra of ZnAl2O4 and ZnGa2O4 com-
pounds are completely different. 

Thus, in contrast to Eu ions, Cr ions are easily 
incorporated into the spinel crystal structure of the 
grains due to nearly the same value of ion radii of Ga 
and Cr, determining the luminescence intensity being 
incomparably higher than in the case of the intra-shell 
luminescence of Eu ions.

CONCLUSIONS

1. The results of this work reveal the difficulties of 
the incorporation of the rare earth ions in the octahe-
dral sites of the oxide spinel crystalline lattices. These 
difficulties are caused by the large radius of the RE 
ions, that prefer to be located in the sites with coordi-
nation number bigger than six. 

2. The luminescent spectra analysis registered for 
ZnAl2O4 and ZnGa2O4 , doped with europium and 
terbium from the one side and containing a residual 
Cr impurity on the other side has shown that in com-
parison with rare earth elements the transition metal 
ions are much more efficient for using as activating 
impurity of phosphors based on spinel type materials.
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LUMINESCENCE OF ZnGa2Î4 AND ZnAl2Î4 SPINELS DOPED WITH Eu3+ AND Tb3+ IONS

Spinel type mono-phase the ZnGa2O4 and ZnAl2O4 compounds doped with Eu3+ and Tb3+ ions were obtained using two methods: 
solid phase reactions and deposition from chemical solutions. The luminescent analysis of the materials shows that the rare earth ions 
are localised in the defect sites (regions) at the crystallite (grain) boundaries. The emission spectra of the samples with europium are 
characterized by an intense emission in red region due to the 5D0 → 7F1,2 transitions of Eu3+ ions, whereas in the case of terbium the 
highest intensity corresponds to the green emission due to the 5D4 → 7F5 transitions of Tb3+ ions. The intensities of the intra-shell 
emission of the Eu3+ and Tb3+ ions in comparison with luminescence intensity of the chromium impurity traces (residual small amount 
of the Cr3+ ions) show that the materials doped with transition metals are more promising for development of phosphors based on oxide 
spinels than the materials doped with rare-earth elements.
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ËÞÌÈÍÅÑÖÅÍÖÈß ØÏÈÍÅËÅÉ ZnGa2Î4 AND ZnAl2Î4 ËÅÃÈÐÎÂÀÍÍÛÕ ÈÎÍÀÌÈ Eu3+ È Tb3+ 
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ñî ñòðóêòóðîé øïèíåëè ëåãèðîâàííûå èîíàìè Eu3+ è Tb3+. Íà îñíîâå ëþìèíåñöåíòíîãî àíàëèçà ìàòåðèàëîâ ñäåëàí âûâîä 
î ïðåîáëàäàþùåì âíåäðåíèè èîíîâ ðåäêîçåìåëüíûõ ýëåìåíòîâ â äåôåêòíûå îáëàñòè, îáðàçîâàííûå íà ãðàíèöàõ êðèñòàë-
ëè÷åñêèõ çåðåí. Ñïåêòðû ëþìèíåñöåíöèè îáðàçöîâ ñ ïðèìåñüþ åâðîïèÿ õàðàêòåðèçóþòñÿ íàèáîëüøåé èíòåíñèâíîñòüþ â 
êðàñíîé îáëàñòè çà ñ÷åò ïåðåõîäîâ 5D0 → 7F1,2 èîíîâ Eu3+, òîãäà êàê â ñëó÷àå ïðèìåñè òåðáèÿ íàèáîëüøàÿ èíòåíñèâíîñòü 
ñîîòâåòñòâóåò çåëåíîìó ñâå÷åíèþ, çà ñ÷åò ïåðåõîäîâ 5D4 → 7F5 èîíîâ Tb3+. Ðåçóëüòàòû  àíàëèça èíòåíñèâíîñòè âíóòðèöåíò-
ðîâîé ëþìèíåñöåíöèè èîíîâ Eu3+ è Tb3+ â ñðàâíåíèè ñ èíòåíñèâíîñòüþ ëþìèíåñöåíöèè, âûçâàííîé îñòàòî÷íîé ïðèìåñüþ 
õðîìà (èîíîâ Cr3+), ñâèäåòåëüñòâóåò î òîì, ÷òî áîëüøóþ ïåðñïåêòèâíîñòü äëÿ ðàçðàáîòêè ëþìèíîôîðîâ íà îñíîâå îêñèäíûõ 
øïèíåëeé èìåþò ìàòåðèàëû, ëåãèðîâàííûe ïåðåõîäíûìè ìåòàëëaìè, ïî ñðàâíåíèþ ñ ðåäêîçåìåëüíûìè ýëåìåíòàìè.
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THE STRUCTURE INVESTIGATION OF NEAR-SURFACE LAYERS IN 
SILICON – DIOXIDE SILICON SYSTEMS

The near-surface silicon layers in silicon – dioxide silicon systems with used modern method of 
research are investigated. It is shown that these layers have compound structure and their parameters 
depend on oxidation and initial silicon parameters.

1. INTRODUCTION

Investigations of SiO2 – Si structures is still give a 
great consideration due to principal position of this 
structure in micro and nanoelectronics. The techno-
logical importance of SiO2 – Si systems stems from 
their ubiquitous presence in Metal-Oxide-Semicon-
ductor (MOS) structures. In consideration of the fact 
that major processes in SiO2 – Si electronics happens 
in near-surface layers of silicon it is necessary to inves-
tigate surface morphology of these layers. As shown in 
modern researches there is transition layer under the 
oxide which different from the monocrystalline sili-
con in structure and composition [1]. But it still not 
fixed this structure and the depth of these layers. And 
it still not detects the relation between difference of 
these layers and other parameters such as oxidation 
process and characteristics of initial silicon. 

The aim of this work is the definition of silicon 
near-surface structural composition in SiO2 – Si and 
the determination parameters of these layers on oxi-
dation and initial silicon parameters. 

2. EXPERIMENTAL DETAILS

Investigation of silicon surface after removal of di-
oxide was carried out by scanning electronic micro-
scopy (electronic scanning microscope “Cam-Scan” 
with “Link-860” X-Ray microanalyser, used ZAF 
program for calculation), by optical methods (met-
allographic microscope MMR-2R), by Auger spec-
trometer LAS-3000 (beam diameter — 5 micron), 
by X-ray technique on DRON-2 with silicon grating 
monochromator (voltage = 16kV, intensity of a cur-
rent = 2mA). Silicon wafers with different dioxide 
thickness (range 0.1–1.5 micron) grown in dry oxygen 
environment on 1100°C temperature were researched 
(oxygen consumption was about 10 liter in minute).

The SiO2 was etched off in hydrofluoric acid followed 
by washing in deionized water. To detect structural de-
fects, the silicon surface layer-by-layer etching away with 
selective Sekko (for surface 100) and Sirtl (for 111) etch-
ants with preliminary treatment in Karo intermixture 
and peroxide-ammonia solution was led [3].

3. RESULTS AND DISCUSSION

Fig. 1 shows the typical picture of a silicon surface, 
received after 5 minutes oxide (the thickness of ox-

ide was 1 micron) etching in selective Sirtl etchant. 
It’s well visible, that typical etch pits dislocation and 
stacking faults are absent. Presence on a silicon sur-
face such pits is connected with etching oxide which 
appears at the accelerated thermodiffusion it along 
structural defects of silicon. Attempts to receive the 
image of surface Si with the help of the electron mi-
croscope “Cam - Scan“ turned out unsuccessful. The 
irradiated silicon surface was strongly charged by an 
electron beam and there was no opportunity to receive 
an electron image of the surface. These two facts have 
enabled to conclude, that the surface of silicon under 
oxide had strongly disordered structure close to finely 
polycrystalline or even amorphous. If to consider, that 
mechanical pressure decrease deep into silicon under 
the law 1/r, it is possible to conclude, that more dis-
ordered layer adjoins directly to the silicon dioxide. 
Thickness of these layers are proportional to thickness 
grown up oxides, that it is possible to explain increase 
mechanical pressure on border of section at increase 
in thickness of oxides.

Fig. 1. Optical image of silicon surface (microscope 
MMR-2P)

At the further etching of a silicon surface (till 3 min-
utes) were revealed dislocation network (a dislocation 
density make up to 1010 m–2), which have included 60° 
and partial dislocations and were decorated oxygen 
(fig. 2). The appeared typical structural defects tes-
tify to occurrence of normal crystal structure Si. After 
5 minutes etching separate dislocations and glide lines 
appeared instead of dislocation networks (fig. 3).

In confirmations such complex structure of sili-
con near-surface region X-ray diffraction method was 
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made.  X-ray diffraction method has shown that near-
surface layers of silicon consist of some one which 
has different structure. Rocking curves presented on 
Figs. 4a, 4b. The slope of a curve change is explained 
to presence of the second reflective layer. By means 
of Gaussian function approximation was determined 
the maximum and the half-width of “little” curve that 
could calculate other parameters of silicon. The shift 
of maximum and the curve broadening comparative 
the ideal standard specimen are determined of some 
physical causes such as the macrostress and the micro-
stress.  Macrostresses are counterbalanced in volume 
of all samples and cause the diffraction maximum shift 
and for this one we have such expression as [3]:

,
4

d

d tg

Δ β
=

θ  (1)

where Δd/d – the relative deformation of lattice con-
stant, β – the half-width of the curve, θ – the angle of 
reflection.

Microstresses are caused by polycrystalline struc-
ture and they can be associated with dislocations. And 
for this stress we have such expression as

,
cos

D
λ

=
β θ  (2)

where λ – the wavelength, we calculated D – the crys-
tallite size.

Fig. 2 The electronic image of dislocation networks (1õ2300)

Fig. 3 The electronic image of separate dislocations

Fig.4 a. The rocking curve (oxide thickness 0.15 micron)

Fig.4 b. The rocking curve (oxide thickness 1.5 micron)

Generally the width of lines depends also on 
cleanly geometrical factors of conditions of shooting, 
from divergence of a bunch, incomplete splitting of a 
doublet.

Thus, on broadening of spectral line it is possible 
to define structural features of a studied crystal. The 
made calculation of parameters for second curves 
(Fig. 3 b) has shown the following:

Table 1

Δa (the 
change 

of lattice 
constant) 

[A]

σ (the 
stress)

[dyne/cm2]

D (the 
crystalline 

size)
[micron]

The main 
maximum 0,013 2,2 109 0,87

The “little” 
maximum 0,019 3 109 0,61

Thereby if we know the curve broadening of 2 
orders of reflection for the same reflection plane we 
can make qualitative evaluation and determine what 
parameters influence on the curve broadening. Using 
the following expression 

1 2 2

2 1 1

cos
,

cos

tg

tg

θ β θ
< <

θ β θ  (3)

where θ — angle of reflection, β – half-width of the 
rocking curve. We obtained 1<1.11<3.35Therefore 
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the layer structure dispersion has the main influence 
on curve broadening and the near-surface layer of sili-
con has complex structure and consists of at least two 
layers, layers differing by thickness and the crystalline 
sizes.

4. CONCLUSIONS

Thus, proceeding from the received experimental 
data, it is possible to draw following conclusions:

1. As have shown researches, the near-surface area 
of silicon in structures silicon - dioxide silicon consists 
of disordered area adjoining to the silicone dioxide, 
having complex structure, and the areas containing 
dislocation networks.

2. The given structure is formed to those residual 
pressures, caused by the sum of contributions of the 
interface stresses, and stresses caused by oxygen which 
diffused deep into silicon in the line of structural de-
fects.

3. More stressed area of silicon adjoins to the in-
terface and leads to dispersivity of this structure. The 
crystalline sizes increase in process of removal from 
the interface and pass in not stressed monocrystalline 
silicon.

4. The depth and block parameters of the given 
structure depend on dioxide thickness grown up, from 
quality of initial monocrystalline silicon, from condi-
tions of oxidation.
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ON THE CHARGE STATE OF RAPID AND SLOW RECOMBINATION 
CENTERS IN SEMICONDUCTORS

In this work the change of lux-ampere characteristic type from the linear to the super-linear 
one, being not described in the framework of Rose-Bube model, was registered and explained as the 
good criterion of the sensitization achieved without the carriers life-time evaluation which could be 
attributed to developed Rose-Bube-Serdyuk model included the equation of electro-neutrality. Various 
ratio of S- and R-recombination centers were chosen to be substituted into the equations system and it 
was shown that the minimal error function corresponding to physically true solution could be achieved 
by the proper choice of experimental parameters.

Double-level model, proposed by A. Rose and R. 
Bube [1, 2] explains qualitatively semiconductor pho-
tosensitivity enhancement phenomenon at the pres-
ence of slow recombination centers. But, as this mod-
el is only half-phenomenological one, the following 
should be attributed to the shortcomings of the model 
mentioned above:

1. Coordination influence. In accordance with 
Buger-Lambert law, the intensity of the light pen-
etrating into crystal decreases with depth exponen-
tially. The phenomena, mentioned in Section 5 of the 
present paper, should become apparent in the volume 
of the crystal when the number of photons absorbed 
in the chosen layer, becomes equal to and even lower 
than the number of recombination centers in the same 
layer. The influence of this factor is diminished during 
longitudinal conductivity registration but could be de-
terminative in case of transversal contacts placement.

2. Relaxation phenomena. The hole, dislodged 
from the center of the second class (rapid recombina-
tion center-RRC) as the result of infra-red (IR) pho-
ton absorption, could not be captured immediately 
by RRC. Besides, there is the possibility of repetitive 
returns of photo-excited hole to the starting center. 
All these could initiate the quenching process. The 
relaxation could be stimulated as well by the migra-
tion processes, presented in Section 4. 

3. Concentration dependence. We have not men-
tioned yet during the discussion of photo-sensitivity 
problem about the relationship between the concen-
trations of centers of 1st and 2nd types. It is evident that 
the model should not work while the concentration of 
the recombination centers of each type will be infini-
tesimally low. But, even if the concentrations are com-
parable, the situation will be quite different depending 
on its absolute value in comparison to the number of 
absorbed photons. As to the concentration of the local 
centers, it could be different as well in various parts of 
the crystal, as it is mentioned in Section 4.

4. Migration correction. The recombination cent-
ers change their charge state during capture and re-
lease of free charge carriers. As the measurement is 
carried on at the presence of electric field, this field 
should influence the processes of charge exchange. 
The recombination centers migrate slowly but stead-
ily. This effect was studied experimentally in [3]. The 

relationship between each type of centers is different 
for each region of the crystal, especially for near-an-
ode and near-cathode ones.

5. Lux-ampere characteristic. The intensities of 
both light fluxes –intrinsically absorbable and IR 
ones, are not discussed in A.Rose approach at all [1]. 
The paradox appears when one considers the case 
when one of the sources is turned off but the model 
still works. The peculiarities of lux-ampere character-
istics are not mentioned despite their possible non-
linearity. 

6. Charge carriers balance. The balance between 
charge carriers (electrons and holes) and recombina-
tion centers of both types is not considered at all. But, 
all the particles, as well as the centers, are charged 
while the centers could even change their charge. 
That’s why it is necessary to take into account all the 
participants of sensitization process. Otherwise, the 
crystal’s electric neutrality may be violated. But, the 
latest is impossible due to the claim of the fundamen-
tal law of electric charge conservation in closed sys-
tems. 

Certain interest could be attributed as well to the 
studies in charge state of recombination centers. 
Rose-Bube model [1, 2] of photo-current IR quench-
ing is being based on the assumption, that two types 
of recombination centers (RC) presence in the crystal 
under consideration (RRC and SRC). The most prob-
able realization of RRC is the external doping atom 
(e. g. Cu in Cd sublattice of CdS crystal) [4]. This do-
pant, as well as of any other type, could penetrate the 
crystal in a neutral state only. If it is the hole-captur-
ing center, it should have two charge states – neutral 
and positively charged ones after the hole capture. 
After the hole capture, the cross-section value of the 
center becomes equal to 10 - 16 cm 2 [1, 2] as compared 
to 10 - 15 cm 2 [4]. Such cross-section values are typical 
for capture processes with the participation of neutral 
trapping centers. 

But, the cross-section value for electron trapping is 
much smaller – 10 – 21 cm 2  [1, 2] should be consid-
ered as the regular one for the repulsive center. Thus, at 
the moment of electron capture, the center is charged 
negatively. In such a case, it is an acceptor type center. 
It has expulsed the hole and become charged negative-
ly. It is the attractive center for holes and should have 
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the corresponding cross-section value – 10 –12 cm2 [5], 
which was not registered in experiment.

Thus, one meets the contradiction between the ar-
guments on the charge state of RR centers whether 
it is a change from neutral to positive state or from 
neutral to negatively charged state, and this couldn’t 
be met simultaneously. 

It is necessary to assume that such a charge states 
are changing in the presence of the additional inter-
mediate states. The simple scheme realized when the 
neutral acceptor releases the hole with consequent 
electron capture, requires that the hole should be cap-
tured on doubly negatively charged center at the final 
stage that was not registered as well. 

As to SR centers, it should be mentioned that the 
experimental data on their charge state are absent 
in the literature sources up to now. That’s why it is 
almost impossible to make any rational assumption 
based on the simple analysis of cross-sections for elec-
trons and holes capturing events. It is the equality of 
cross-sections values, proposed in Rose-Bube model 
[1, 2], that make the centers under investigation to be 
effective channels of recombination. 

But, in this case, if the centers were neutral at the first 
stage of the recombination process, then they become 
positively charged after the finish of the process. And, al-
most with equal probability, they acquire the excess neg-
ative charge after the electron capture on SR centers. 

The sequence of carriers captures is not discussed 
at all in Rose-Bube model [1, 2]. The scenario of 
these processes is not discussed in literature as well. 
From the peculiarities of RR centers field drift in the 
known polarity of applied bias, the assumption of their 
positive charge was proposed in [3]. The author has 
studied the sample properties as well as their change 
under the long-term electric field application. The lo-
cal probe characteristics of sensitization were studied 
afterwards [4]. It was shown that the most effective 
IR quenching of photo-current was registered in the 
near-cathode zone. 

It should be noted that the electronic traps’ prop-
erties are attributed commonly to RR centers [4]. In 
this case, the recombination centers could be either 
neutral or negatively charged. So, it is quite obvious 
that the question of the recombination centers charge 
state remained open and requires further resolution.

MODEL AND DISCUSSION

We have made an attempt to correct some of the 
contradictions mentioned above in the Rose-Bube 
model [1, 2]. 

The interaction of the charge carriers with the lo-
cal recombination centers in the framework of dou-
ble-level photo-current quenching model by Rose-
Bube is described by the equations: 

Sn
1
vp1n = Sp1

vn1p (1)

Sn2
vp2n = Sp2

vn2p (2) 

1 21 2

,n
n n

f
n f

S vp S vp
= τ =

+  (3)

where Sij – corresponding cross-sections for electrons 
and holes capture on the centers of R- and S-type, p 
and n – free charge carriers concentrations, p1, p2, n1, 
n2 – concentrations of electrons and holes captured, 
on the recombination centers of 1st and 2nd types (RRC 
and SRC) correspondingly, f – photo-excitation in-
tensity, τn – life-time of intrinsic charge carriers.

The first two equations show the capture rates 
equality for holes and electrons on SR and RR cent-
ers, the third is the condition of the charge non-ac-
cumulation.

It is assumed that, hereby, that the specimen re-
sistance is high enough and that the photo-excitation 
intensity is high enough too. 

Under these conditions, the values of concentra-
tions included into equations system (1)-(3), corre-
spond to the non-equilibrium carriers and that the 
life-time of equilibrium carriers obeys the equation 
(3). 

The number of variables in the system (1)-(3) could 
be minimized, taking into account that at high inten-
sity of excitation, the number of free charge carriers 
in volume unit (concentration) becomes comparable 
and even higher than the recombination centers’ con-
centration. No trap remains inactive in such a case. 

As the recombination centers could be occupied, 
according to their nature, either by electron or by 
hole, the following equations are effective: 

n1 = N1 – p1 (4)

n2 = N2 – p2 (5)

where N1 and N2 — total concentrations of SR and RR 
centers, correspondingly. 

With the purpose of the (1)–(5) system solution, 
the system should be equipped with the condition of 
electro-neutrality. This makes the Rose-Bube model 
to be transferred into Rose-Bube-Serdyuk model. The 
form of this condition depends on the possible charge 
states for all types of recombination centers. 

Only four experimentally different cases are pos-
sible:

If R-centers are charged positively, the electro-
neutrality equation could be presented as follows:

n = p + p1 + p2 (6a)

for positively charged S-centers or

n + n1 = p + p2 (7)

for negatively charged ones.
Taking into account (4), equation (7) could be re-

written as follows:
n = p + p1 + p2 – N1 (6b).

If R-centers are charged negatively, the corre-
sponding electro-neutrality conditions could be pre-
sented as follows:

n + n2 = p + p1 (8)

for positively charged S-centers and
n + n2 + n1 = p (9)

for negatively charged S-centers. 
With the account of (5), the expression (8) could 

be transferred to the following form:

n = p + p1 + p2 – N2 (6c)
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And, using (5) along with (6), equation (9) could 
be rewritten as:

n = p + p1 + p2 – N1 – N2 (6d).

With the scope to simplify the proposed approach 
as a whole, the possible variants of electro-neutrality 
conditions are presented in the Table 1.

Table 1

Local 
levels R-centers

S-centers

Charge + –

+ n = p + p1 + p2

(6à) 

n = p + p1 + p2 
– N2

(8) → (6c) 

–
n = p + p1 + p2 

– N1

(7) → (6b) 

n = p + p1 + p2 
– N1 – N2

(9) → (6d)

Without the detailization of the processes occur-
ring, we have resolved four equations-containing sys-
tem (6a)–(6d) added with (1–3) and (4–5). The un-
known values are denoted by n1, n2, p1, and p2.

It is well known that the system of algebraic equa-
tions, containing four equations for four unknown 
values, has unique solution only. It was stated, also, 
that for negatively charged R-centers, the system un-
der investigation has no positive solutions for both 
types of centers charge (6c)–(6d) and electro-neu-
trality conditions. 

For example, the negatively charged recombina-
tion centers of 2nd type and positively charged centers 
of the 1st type in conditions of:

f = 1015 cm-3c-1; N1
+ = N2

−
 = 1015 cm-3

the system (1)–(3) and (6d) has the unique solution:

n= 1,005 ⋅1015 cm-3; p=4,988 ⋅107 cm-3; 
p1=– 4,963 ⋅107 cm-3; p2=– 4,987⋅1012 cm-3

and the error function F (see later, please) was about 
7.7x10 – 6. 

This means that, in the framework of the Rose-
Bube model, S-centers couldn’t be charged nega-
tively. This result correlates well with the value of hole 
capture cross-section. But, the question how the elec-
tron cross-section for these centers is being formed, 
remains to be open. 

In the case of positively charged R-centers and S-
centers, the system of equations, after transformation, 
obtains the following form:

n⋅p1 = p (N1 – p1) (10)

n⋅p2 = A⋅p (N2 – p2) (11)

B = A n⋅p1 + n⋅p2  (12)

n = p + p1 + p2, (13)

where A = Sp2
/Sn2

 = 105; B = f/(v Sn2
).

In all cases, the value of carrier velocity was taken 
equal to 107 cm/s. Values N1, N2 and f could be consid-
ered as parameters for the system (10)–(13). Each of 
these numbers could take the value in the wide range 
1012 – 1018.

Thus, following paper [1], we have used such a tac-
tics: concentration of S-centers was fixed at the level 
of 1015 cm–3 and the value of N2 was changed in the 

range of 1014 –1016 cm–3. The system of equations was 
solved some times for different levels of excitation in-
tensity f = 1014, 1015 and 1018 cm-3 s-1 (these values were 
chosen as being lower, equal and much higher than 
R-centers concentration). 

Certain asymmetry of the chosen f values as com-
pared to N1 could be explained as being due to the fact 
that the system (1)–(3) is written for high excitation 
level. It could be obtained from (12) that:

p2 = B/n – A⋅p1 (14)

and, from (10) – equivalently:

p = (n⋅ p1)/(N1 – p1) (15).

After dividing (10) by (11), one could obtain:

p1/p2 = (N1 – p1)/[A(N2 – p2)] (16)

and

p2 = (AN2p1)/[N1 + p1(A – 1)] (17).

Common solution of (14) and (17) gives:

p1
2A(A–1) + p1[A(N2 + N1)–(B/n)(A–1)]–(BN1)/n=0

The corresponding solution of this quadratic equa-
tion has the form: 

1
2 2

1

1

4 ( 1)( / )
,

2 ( 1)

D D A A B n N
p

A A

⎡ ⎤− + + −⎣ ⎦=
−  (18)

where D = [A(N2 +N1) − (B/n)(A–1)]
The sign “–“ before the root in (18) is neglected 

because it leads to p1 < 0 which is non-physical. The 
equations (14)-(15)-(18), after substitution into (13), 
give the equation with only one unknown value:

n = (np1)/(N1 – p1) − p1(A–1) + B/n, (19)

where p1  is not presented at all in full accordance with 
(18).

It is evident that the obtained expressions are too 
complex for analysis. 

As, after p1 (n) substitution, the structure of expres-
sion (19) has the form of:

f1 (n + 1/n) = f2 (n + 1/n)1/2  

It could be stated that one should meet, at least, the 
equation of the 4th exponent order on the unknown n. 
The complications arisen from algebraic way of the sys-
tem solution were, at us, the cause of non-performance 
of such an analysis before. We have rejected the alge-
braic approach to the system (10)–(13) solution and 
propose, instead, the following artificial approach. 

The value n is chosen arbitrarily. Using equation 
(18), the p1 value is determined. Then, one, knowing 
p1 and n1 and using (14)–(15), determines p2 and p. Af-
terwards, all four numbers are substituted into starting 
system of equations and the error function is deter-
mined (see (10)–(13)):

( ) ( )1 1 2 2

1 2

1 2 1 2 4.

p N p A p N p
F

n p n p

An p n p p p p

B n

− ⋅ −
= + +

⋅ ⋅

⋅ + ⋅ + +
+ + −

 (20)
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We propose, then to minimize the error function 
through changing n value. The number 4 is includ-
ed into equation (20) for the case of precise solution 
when F = 0.

The peculiarity of function (20) lies in that not 
the traditional differences between left and right parts 
of the equation are used but the result of their divid-
ing is proposed to use. This detail was used because 
there are the multiplications of concentrations that 
are included into first three equations of the system 
(10)–(13).

In such a case, the difference between left and right 
parts of the equation (13) will be much less (up to 15 
orders of magnitude) as compared to other inputs into 
error functions, being at the edge of computer zero. 

It is interesting, also, to mention that this equation 
contains the details concerning the charge state of the 
local centers. Besides, using the proposed approach 
doesn’t require to search the error function sign in 
each equation. The attractive feature of the proposed 
approach lies in the possibility of simultaneous deter-
mination for all unknown parameter values. 

According to the methodology of [1], we have stud-
ied the level of photo-sensitization, using the changes 
of the intrinsic charge carriers life-time, which was 
determined using both center types hole filling num-
bers:

1 1 2 2

1
.n Sn p v Sn p v

τ =
+  (21)

The results of the calculations are presented in 
Fig.1. It is seen that, if the centers of both types are 
charged positively, the sensitization process starts at 
R-centers, which are presented in concentration by 
two orders lower than that of S-centers. Independently 
on photo-excitation level, the carriers’ life-time value 
increases by two orders of magnitude when R-centers 
concentration increases by two orders as compared to 
the concentration of S-centers. Dotted line in Fig. 1 
shows the S-centers concentration value.

As we do obtain, as a result of the discussed prob-
lem solution, S-centers concentration N1 as well as 
the holes captured at R-centers one – p1 , one could 
determine the part of the centers captured positive 
charge. 

Depending on the photo-excitation conditions f 
and center concentration N2, the ratio p1 /N1  was in 
the range of 1–3%.

It should be noted that such S-centers, accord-
ing to Fig. 1, could provide τn increase by some or-
ders only. We could consider the sensitization of such 
a type to be a weak one and the non-effective chan-
nel of photo-sensitivity enhancement. Nevertheless, 
it exists and is in grade to add certain corrections into 
the processes under investigation. 

It is been exposed most distinctively at the lower edge 
of the parameters determination, e. g. at the lower levels 
of photo-excitation and low concentration of recombi-
nation centers of 2nd type, when Rose-Bube mechanism 
of photo-sensitization is not switched on yet. 

For the situation, when positively charged R-cent-
ers are combined with negatively charged S-centers, 
the equations system in accordance with (1)–(3)–
(6d) obtains the form:

n ∙ p1 = p (N1 – p1) (22)

n ∙ p2 = A ∙ p (N2 – p2) (23)

B = A n ∙ p1 + n ∙ p2 (24)

n = p + p1 + p2 – N1. (25)

This system differs from the system (10)-(13) for-
mally by the last term of the fourth equation only. But, 
the result of the (22)–(25) system solution is totally 
different. 

We would like to mention the additional compli-
cation caused by the fact that the system solution in 
the range N2 ~N1 becomes the stochastic one because 
the concentration change at the second point after 
comma stimulates the carriers life-time change up to 
two orders of magnitude (see Fig. 2). It has to be taken 
into consideration, during the calculation step value’s 
choice for the 2nd type centers concentration. 

We have used the same methodology as the de-
scribed earlier one. The results are presented in Fig. 2. 
As it was established experimentally, in a sufficiently 
reliable manner, that the intrinsic charge carriers life-
time is changed by 4–5 orders of magnitude in sensi-
tized CdS [1–4]. From the comparison of Fig. 1 and 
Fig. 2 data, it follows that such a change could occur 
only when the centers of the 1st type are charged nega-
tively and the non-equilibrium electrons are being 
captured by neutral centers. 

The electro-neutrality equation has the form of 
(6b). We would like to mention the detail, which was 
not described in [1]. The significant sensitization 
should be awaited for comparatively low photo-exci-
tation level. When this level is increased, as seen in 
Fig. 2, the upper part of the plot at N2 >> N1 is dis-
placed to the bottom part of the plot while the lower 
part of the same plot at N2 << N1 moved in the op-
posite direction. As the result, the difference step of 
carriers life-time value after sensitization becomes 
lower by the orders of magnitude. Thus, the effect of 
sensitization diminishes. 

This fact gives the proper explanation of the results 
obtained, if one takes into account that at high photo-
excitation level, the carrier concentration is also high. 
The introduction of the sensitization dopant couldn’t  
change it significantly. 

It was cleared as well, that the equation system 
(1)–(3) added with one of the electro-neutrality con-
ditions (see Table 1), is especially sensitive to the value 
of the last terms in equations (6a)–(6d). The limiting 
value, when the system has parameters with physically 
meaningful values, is about 1015 cm- 3.

This may be the value of N1  concentration in equation 
(6c) or N2  one in (6b) equation, or their sum (N1 + N2) in 
expression work (6d) (see, please, Table 1). 

It should be noted that exactly this value was used 
in A.Rose pioneer work [1] without any comments. As 
the sensitization was described at the semi-phenom-
enological level and the condition of electro-neutral-
ity was not used at all, the numbers, introduced previ-
ously, were fetishicized a little bit. 

As a result of the discussion, proposed above, one 
could realize the specific significance of S- and R-
centers’ concentration value. 
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In the range of the photo-excitation levels, used 
in our experiments, and at the recombination centers 
concentration being lower than 1015 cm- 3, the photo-
sensibilization doesn’t occur at all. When this level is 
achieved, (see, Table, please), the sensibilization be-
comes real but remains still insignificant (Fig.1), while 
the number of centers able to participate doesn’t de-
termine the rate of the process. 

Fig. 1. The change of electrons life-timed under increase of R-
centers concentration for the excitation levels: a — 1014, b – 1015, 

c – 1017 ñm-3ñ-1

Under the concentrations exceeding the thresh-
old value of 1015 cm-3, the equations system solution 
founds itself in the negative region, having no physical 
sense (see the 2nd row of the Table). 

But, at the narrow range of these concentrations, 
the avalanche type increase of carrier life-time value 
is possible (Fig. 2). This effect is possible for positively 
charged R-centers and negatively charged S-centers 
(see the 1st row of the Table). 

The results obtained eliminate the contradictions 
existing between the statements proposed by Rose-
Bube model [1, 3, 4]. The properties of S-centers are 
such that they, being in neutral state, are able to trap 
both electron and hole with almost equal capture cross-
section ~ 10 - 15 cm- 2. As the result, there are both posi-
tively and negatively charged centers of the 1st type. The 
presence of the last ones was detected experimentally 
and reported in [3]. But, as the semiconductor material 
under consideration is of n-type, simple overwhelming 
of the electron density provides the greater number of 
their captures and the sensitization occurs mainly in 
scenario of Fig. 2 as reported in [1].

The view of Fig. 1 and 2 as well as their comparison 
allow to predict the lux-ampere characteristic type 
for both channels of sensitization. For fixed values of 
centers concentrations N1 and N2 , in the case, when 
the positively charged S-centers are engaged (Fig.1), 
the photo-excitation intensity increase causes almost 
the same life-time value decrease. This fact should as-
sist to form the lux-ampere characteristic of the lin-
ear type. Analogously, for negatively charged S-cent-
ers (Fig.2), after the sensitization, (to the right from 
punctured line), the carriers’ life-time decreases with 
the increase of the photo-excitation level. 

Besides, the multiplication of these values n = fτn 

remains almost the same as to the order of value. One 
could expect that the lux-ampere characteristic to be 
quite linear what was registered in our experiments [6]. 

At the lower part of the plot, presented in Fig. 2, in 
the region where N2  << N1 and the sensitization has 

not occurred, the carriers’ life-time increases with the 
increase of the photo-excitation intensity. It should 
cause the super-linearity of LAC. The change in this 
characteristic could serve as the additional justifica-
tion of the negatively charged S-centers domination 
over positively charged ones in the crystal under in-
vestigation.

Fig. 2.The change of electrons life-timed under increase of R-
centers concentration for the excitation levels: but then calculation 

is performed for the negatively charged centers of the first class

It is quite difficult to observe experimentally the 
change of the LAC, predicted above, as a function 
of R-centers concentration because the structurally 
identical but differently doped specimens are needed 
or the dopant should be added to same crystal as the 
alternative. Both ways are equally non-real from the 
experimental point of view. 

The first approach is forbidden by the existence of 
statistical errors in crystal parameter values for the speci-
mens taken even from the same technological group. 

The second approach is also non-reliable because 
the initial dopant distribution is changed significant-
ly during the additional dopant introduction to say 
nothing of the additional S-centers forming substanc-
es. The crystal becomes quite non-adequate as to its 
starting state. 

But, one could behave otherwise in such a situa-
tion. If the intensity of the IR excitation is such that 
number of the incident photons is comparable and 
even lower than the R-centers concentration, such an 
excitation becomes the modulating one. Quanta of IR 
irradiation, being absorbed at the centers of slow re-
combination, resists to the process of holes’ capture at 
these centers. As a result, the effective concentration 
of R-centers, being engaged in the sensitization proc-
ess, becomes lower. The part of such centers for the 
same crystal becomes as lower as the IR irradiation 
intensity acting on the crystal enhances. 

The family of the lux-ampere characteristics ob-
tained in CdS crystal with IR-quenching effect be-
ing irradiated with the intrinsic light (λ = 520 nm) is 
shown in Fig.3. The intensity of IR light was taken to 
be the parameter. 

As the influence of the excited R-centers [2] could 
be superimposed over the sensitization processes, we 
have used the multiplicative wavelength spectrum 
starting from 900 up to 1400 nm. The exciting short-
wave irradiation was the monochromatic one. 

As it is seen from Fig. 3, IR irradiation diminish-
es the photo-current absolute value, which could be 
considered as the IR-quenching process, but increas-
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es the degree of plot non-linearity. With the scope of 
curves comparability convenience, the two limiting 
cases are presented at the smaller part included into 
Fig.3, while the curve a corresponds to IR irradiation 
off (curve 1, Fig. 3) and curve b – to the highest level 
of IR irradiation (curve 3, Fig. 3). 

Fig. 3. The photo-current changes in conditions of combined 
excitation at IR irradiation: 1 — 0; 2 — 3,0–10-3; 3 — 1,4 10-2 lux

CONCLUSIONS

1. We have registered and explained the change 
of lux-ampere characteristic type from the linear to 
the super-linear one, which was not described in the 
framework of Rose-Bube model [1], as the good crite-
rion of the sensitization achieved without the carriers 

life-time evaluation which could be attributed to de-
veloped Rose-Bube-Serdyuk model, which includes 
the equation of electro-neutrality [5].

2. The mathematically consistent solution of the 
equations system added with the electro-neutrality 
condition was proposed and discussed as the basis of 
Rose-Bube-Serdyuk model [5].

3. Various ratio of S- and R-recombination cent-
ers were chosen to be substituted into the equations 
system and it was shown that the minimal error func-
tion corresponding to physically true solution could 
be achieved by the proper choice of experimental pa-
rameters.
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Â íàñòîÿùåé ðàáîòå èçìåíåíèå âèäà ëþêñ-àìïåðíîé îò ëèíåéíîãî äî ñóïåðëèíåéíîãî, êîòîðûé íå îïèñûâàëñÿ â ðàìêàõ 
ìîäåëè Ðîóçà-Áüþáà, áûëî çàôèêñèðîâàíî è îáúÿñíåíî êàê õîðîøèé êðèòåðèé äîñòèãíóòü î÷óâñòâëåíèÿ áåç ïðîâåäåíèÿ 
ðàñ÷åòîâ âðåìåíè æèçíè íîñèòåëåé, ÷òî èìååò ìåñòî â ðàñøèðåííîé ìîäåëè Ðîóçà-Áüþáà-Ñåðäþêà, ñîäåðæàùåé óðàâíåíèå 
ýëåêòðîíåéòðàëüíîñòè. Ðàçëè÷íûå  ó ñîîòíîøåíèÿ S- è R- öåíòðîâ ðåêîìáèíàöèè áûëè âûáðàíû äëÿ ïîäñòàíîâêè â ñèñòåìó 
óðàâíåíèé, è âèäíî, ÷òî ôóíêöèÿ ìèíèìàëüíîé ïîãðåøíîñòè, ñîîòâåòñòâóþùàÿ ôèçè÷åñêè ïðàâèëüíîìó ðåøåíèþ, ìîæåò 
áûòü äîñòèãíóòà ïðè ñîîòâåòñòâóþùåì âûáîðå ïàðàìåòðîâ ýêñïåðèìåíòà.
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Â ðîáîò³ çì³íà õàðàêòåðó ëþêñ-àìïåðíî¿ õàðàêòåðèñòèêè  â³ä  ë³í³éíîãî äî ñóïåðë³í³éíîãî, ÿêèé íå ðîç,ÿñíþâàâñÿ â ìåæàõ 
ìîäåë³ Ðîóçà-Áüþáà, áóëà çàô³êñîâàíà ³ ïîÿñíåíà ÿê ÿê³ñíèé  êðèòåð³é ï³äâèùåííÿ ÷óòëèâîñò³ áåç ïðîâåäåííÿ ðîçðàõóíê³â 
÷àñó  ³ñíóâàííÿ íîñ³¿â, ùî ìàº ì³ñöå ó ðîçãîðíåí³é  ìîäåë³ Ðîóçà-Áüþáà-Ñåðäþêà,  ð³âíÿííÿ åëåêòðîíåéòðàëüíîñò³. Ð³çí³ 
ñï³ââ³äíîøåííÿ S- ³ R- öåíòð³â ðåêîìá³íàö³¿ áóëè îáðàí³ äëÿ ï³äñòàíîâêè â ñèñòåìó ð³âíÿíü, ³ çðîçóì³ëî, ùî ôóíêö³ÿ ì³í³-
ìàëüíî¿ ïîìèëêè,  ÿêà â³äïîâ³äàº â³ðíîìó ð³øåííþ, ìîæå áóòè äîñÿãíóòà ïðè â³äïîâ³äíîìó  âèáîð³ ïàðàìåòð³â äîñë³äó.
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INFLUENCE OF ELECTRIC FIELD ON PHOTOLUMINESCENCE OF 
POROUS SILICON

Relation between porous silicon photoluminescence and thermoelectric properties was established. 
The influence of the electrical field on the photoluminescence intensity of porous silicon layers and 
spectra were studied. The photoluminescence spectra analysis shows the presence of the mechanisms 
set of charge recombination in porous silicon. The model of light emission from porous silicon is 
proposed. 

INTRODUCTION

The discovery of the visual light radiation from po-
rous silicon (PS) made by L. Cancham in 1990 has 
stimulated the intensive studies of silicon nano-dimen-
sional structures with the scope of possible fabrication 
of light emitting optoelectronic devices on their basis. 
Although most of scientists consider that radiative re-
combination of charge carriers occurs in silicon nano-
crystallites which electronic spectrum is modified by 
quantum-dimensional effect, there are different views 
about peculiarities of the recombination mechanism [1, 
2]. The possibility of direct recombination of electrons 
and holes both in volume and at surface states of nanos-
tructure, as well as the radiative annihilation of excitons 
were discussed. Moreover, the main contribution to the 
luminescence of PS is assumed to be connected with 
the processes of optical excitation and relaxation in the 
molecular cover of nano-crystallites [2]. Investigation 
of photoluminescence (PL) spectra can provide infor-
mation about electronic structure, mechanisms of light 
absorption and charge carrier recombination and con-
tributes to the better understanding of PL nature. 

MATERIALS AND METHODS

For investigation of light emitting properties of PS 
we used samples with different thickness of porous 
layers (5–20 μm) and different degree of porosity (20 
– 70%) which had been obtained on silicon substrates 
of both n- and p- types of conductivity. The formation 
of PS layers was performed by standard technique of 
electrochemical anodization in the galvanostatic re-
gime. The photoluminescence was excited by pulse 
nitrogen laser LGI-21 with a radiation wavelength of 
λ=337 nm and a pulse duration of 8 ns. Light radiation 
of PS was recorded through optical filter JS-17 that 
cuts off the plasma emission with the help of MDR-
12 and photomultiplier FEP-77. Measurements of 
PL spectra were carried out both in vacuum and on 
air, however the substantial difference between these 
spectra was not observed. 

RESULTS AND DISCUSSION

The PL spectra possess the bands with the shape 
being approximately of Gauss-type and width of about 

200 nm and maximum in the 620÷730 nm range. The 
radiation intensity, as well as the maximum position, 
varies from sample to sample depending of the tech-
nological conditions of PS fabrication and environ-
mental details. Analysis of PL spectra has demon-
strated the superposition of two bands with maxima in 
the energy range of 1.9÷2.0 eV and 1.65÷1.75 eV. Such 
a character of the PL spectra could be explained not 
only by quantum-dimensional effects in the system of 
nano-crystallites, but also by the influence of local-
ized surface states in the forbidden gap of PS.

The studies of PL spectra of PS samples subject to 
polarization by voltage in the range of (1÷12 V) at the 
temperature of liquid nitrogen (T = 77 K) have shown 
the shift of radiation band maximum location to the 
short wavelength range (Fig. 1), with the PL band be-
ing narrowed in the longer-wavelength spectral range 
at the expense of the intensity increase.

Fig. 1. PL spectra of PS/ p-Si (1, 2) and PS/ n-Si (3, 4) structures 
in the case of excitation by nitrogen laser: initial samples (1, 3), 

after polarization at nitrogen temperatures– (2, 4)

The correlation between the intensity of longer-
wavelength region of PL spectra and the thermo-elec-
tret properties of porous silicon has been observed [3, 
4]. Decrease of the built-in spatial charge via short-
circuit contact at PS surface with silicon substrate gives 
rise to decrease of the intensity of longer-wavelength 
region of PL spectrum and to the shift of the maxi-
mum location towards the larger energies (Fig. 2).

In the case of PL spectra measurement, after pro-
longed (5 days) exposure in the short-circuit regime, 
the registered radiation intensity was lower, as well as 
the further shorter-wavelength shift of the PL band 
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maximum by Δλ = 20 nm as related to the initial posi-
tion of spectral maximum was observed.

Fig. 2. PL spectra of PS / n-Si structures: initial sample- (1), after 
compensation for built-in charge at PS surface by means of short 

- circuit for 1 hour - (2), 5 days - (3)

The shift of PL spectral maximum for PS layers one 
could logically relate to the action of the near-surface 
electric field. For this hypothesis check-up, the in-
vestigation of PL spectra in the case of application of 
both forward and reverse biases has been carried out. 
The change of light emitting spectrum of PS/p-Si 
structure possessing minimum built-in charge under 
the influence of external potential is shown at Fig.3.

Fig. 3. PL spectra of PS/p-Si structure under the influence of ex-
ternal potential: 1 – initial sample; 2 – reverse bias 20 V (current 
through the structure I = 8 mA); 3 – reverse bias 40 V (I = 26 mA); 
4 – forward bias 30 V (I = 12 mA); 5 – forward bias 30 V (I = 4,5 

mA) after total quenching of PL

In the case of positive potential application (reverse 
bias), PL intensity decreases, and the band maximum 
shifts towards the long wavelength spectral range by Δλ 
= 10÷15 nm (curves 2 and 3). The increase of the volt-
age, gives rise to enhancement of the current through 
the structure and substantial quenching of the PL. In 
the case of changing the applied voltage polarity (to 
forward bias), the shift of the PL maximum into the 
short wavelength range by Δλ = 5÷10 nm relatively to 
the PL maximum of initial sample (curves 4 and 5) has 
been observed. Increase of the voltage difference up to 
50 V causes the sharp increase of the current through 
the structure from 29 mA in the initial time moment 
to 75 mA after several seconds and, finally, results in 
total quenching of PL. However, the degradation of 
PL was reversible. PL emission of the PS layers renews 
to some extent after cessation of sample’s polariza-
tion. After repeated polarization, the smaller currents 

through the structure and somewhat lower intensity of 
PL were observed.

MODEL

The presented experimental results could be ex-
plained within the framework of the following model. 
According to the commonly accepted concept, the 
main absorption of light takes place in the volume of 
silicon nano-structures which compose the PS layer. A 
part of conduction band electrons recombines radia-
tively with holes, localized at nano-crystallite surface, 
giving rise to formation of radiation band with maxi-
mum in the 1.9÷2.0 eV energy range The radiative 
recombination of  the other part of electrons occurs 
via the localized states  connected with a number of 
causes, in particular, with the presence of oxygen and 
hydrogen bonds at the PS surface. Such a type of re-
combination is responsible for the longer wavelength 
component of the PL spectrum (with maximum at 
1.65÷1.75 eV). The presence of localized states with 
an activation energy of 0.2÷0.4 eV in the forbidden 
gap of PS has been registered by independent inves-
tigations of thermo-stimulated depolarization [3] and 
thermo-stimulated conductivity [5] of PS layers.

It should be mentioned that, along with the ra-
diative recombination, the electrons of the conduc-
tion band could recombine non-radiatively at broken 
bonds of silicon or could be captured by deeper traps. 
The latter explains the observed quantum yield of 
photoluminescence of up to 10%.

Under the action of electric field, a bend in the 
energy bands of porous silicon takes place, what, in 
turn, changes the filling level of localized levels in the 
near-surface layer. In the case of positive potential at 
PS, the population of the levels increases, and, as a 
consequence, the contribution of longer wavelength 
component of PL increases. When band bending in 
the near-surface layer causes an exhaustion of the 
localized states (negative potential at PS), the con-
centration of emitting centers, capable to take part 
in the luminescence, could be substantially reduced. 
Integral intensity of the longer wavelength component 
decreases and the spectral maximum of radiation is 
being shifted to the range of larger energies. The ob-
served increase of the PL intensity of PS could be 
caused both by the passage of electric current and by 
transformation of emission centers in the channels of 
non-radiative recombination under the action of large 
values of electric field strength in nano-dimensional 
silicon structures.

CONCLUSIONS

1. The non-elementary nature of PL spectra maxi-
ma of PS layers and the large width of their bands in-
dicates not only the diversity of nano-crystallite sizes, 
but also the manifestation of several mechanisms of 
recombination. In the PL spectra experimentally ob-
tained, there is a contribution of both the recombina-
tion conduction band electrons of silicon nano-crys-
tallites and the radiative transitions via the localized 
states in the forbidden gap. 
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2. The electric field could change the population 
of the localized states; therefore the concentration 
of such centers, capable to take part in the lumines-
cence, could change substantially. 

3. With the electric field effect factor assumption, 
one could corrrelate the observed influence of electric 
field on the intensity and spectral position of the PL 
band maximum of PS layers.
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Âèÿâëåíèé çâ’ÿçîê ì³æ ñïåêòðàìè ôîòîëþì³íåñöåíö³¿ ïîðóâàòîãî êðåìí³þ ³ éîãî òåðìîåëåêòðåòíèìè âëàñòèâîñòÿìè. 
Äîñë³äæåíî âïëèâ åëåêòðè÷íîãî ïîëÿ íà ³íòåíñèâí³ñòü ³ ñïåêòðàëüíå ïîëîæåííÿ ìàêñèìóìó ñìóãè ôîòîëþì³íåñöåíö³¿ øàð³â 
ïîðóâàòîãî êðåìí³þ. Àíàë³ç ñïåêòð³â ñâ³òëîâèïðîì³íþâàííÿ âêàçóâàâ íà ïðîÿâ äåê³ëüêîõ ìåõàí³çì³â ðåêîìá³íàö³¿ íîñ³¿â çà-
ðÿäó â ïîðóâàòîìó øàð³. Ñòâîðåíà ìîäåëü ñâ³òëîâèïðîì³íþâàííÿ ïîðóâàòîãî êðåìí³þ, ÿêà ï³äòâåðäæóºòüñÿ ðåçóëüòàòàìè 
åêñïåðèìåíòàëüíèõ äîñë³äæåíü.
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QUANTUM THEORY OF  COLLISIONS OF THE ULTRACOLD ATOMS WITH  
NANOSTRUCTURES

It is developed a generalized energy approach, based on the operator perturbation theory formalism, 
to collision of ultracold atoms with nanostructures (nanospheres). The preliminary numerical results 
for atom of He and firstly atom of Li are presented for different potentials of the “atom-sphere” 
interaction. 

One of the great topics of intense current inter-
est (c. f. [1–4]) is a problem of the interaction of 
cold atoms with each other and with surfaces, walls, 
nanostructures. Modern technological advances have 
made it possible to fulfill experiments with atoms at 
temperatures in the nanokelvin range [1]. At such low 
temperatures the quantum effects play an important 
role. Ultracold atoms approaching a flat surface are 
generally lost through inelastic reactions or adsorp-
tion if they come to within a few atomic units of the 
surface. At low enough energy they can be spared 
this fate through classically forbidden (quantum) re-
flection in the distant tail of the potential [2]. If the 
surface is curved, e.g. spherical, the scattering cross 
section is sensitive to both modulus and phase of the 
partial wave S-matrix, and the radius of the sphere can 
be tuned to probe different regions of the atom-sur-
face potential. In recent paper [2] a scattering of ul-
tracold atoms by absorbing surfaces is studied. Loss of 
flux through inelastic reactions and adsorption can be 
described in an unambiguous and model-independent 
way by incoming boundary conditions in the semi-
classical region near the surface. The near-threshold 
behavior of the scattering amplitude is defined by a 
few parameters of the potential tail beyond the semi-
classical region. Investigation of quantum reflection 
and scattering by flat and spherical surfaces shows [1-
3] that the curvature of the surface strongly influences 
the range to which the scattering amplitudes are sen-
sitive in the atom-surface interaction. It is worth to 
underline that now the corresponding estimates and 
full calculation of the “atom-nanostructure” scatter-
ing cross-sections are quite seldom. It is obvious that 
this topic will be very actual in the nearest decade. 
The comprehensive solving cited problem requires a 
development and using the corresponding quantum 
approaches. 

In our opinion, the correct approach to solution of 
the atom-nanostructures interaction  problems must 
be based on the consistent quantum- mechanical the-
ory of the complicated atom-nanostructure system. 
One of the effective approaches to the problem has 
been proposed in ref. [4]. It is based on the operator 
perturbation theory [5–10] and energy approach to 
QED theory [11–15]. Let us at once note that a qual-
ity of the modelling “atom-nanostructure” potential 
may have a decisive importance. The variation of pa-
rameters of the cited potential within the reasonable 
limits may lead to the significant quantitative chang-

ing the scattering cross-sections. In our approach 
the atomic system and nanostructure have been con-
sidered on the equal foot as two parts of the compli-
cated system  interacting one with another through 
the model potential. The inner-atomic dynamics has 
been treated due to Dirac equation with the model 
potential.  The solution of the total electron-nuclear 
system quantum — mechanical equation is based on 
the formally exact perturbation theory with the ze-
roth  order  Hamiltonian H of the total system being 
determined  by its energy  spectrum and  the set of  
the eigen functions without specifying analytic form 
of zero order potential [4, 5, 8]. The subsequent cor-
rections of the perturbation theory can be expressed 
in terms of the matrix elements of total Hamiltonian, 
calculated  between  the zeroth order state functions.  
The approach treats the widely known distorted waves 
approximation as the zeroth order approximation in 
the formally exact quantum  mechanical perturbation 
theory allowing for successive refinement of calcu-
lations [5–8]. Here we will use a generalized energy 
approach to collision of ultracold atoms with nano-
structures (nanospheres). The preliminary numerical 
results for atom of He and firstly atom of Li  are pre-
sented for different potentials of the “atom-sphere” 
interaction.

The formulae of the “atom-nanosphere” scatter-
ing cross section can be obtained on the basis of the 
energy approach [5–10]. This approach allows to use 
the well developed stationary-state methods to the 
collisional problem with variable number of particles. 
In such approximation the calculation of the scatter-
ing cross-section is reduced to the solution of the or-
dinary differential equation system, which includes a 
relativistic quantum-mechanical equations for atomic 
systems, equations for all matrix elements of pertur-
bation theory. The non-stationary feature of our prob-
lem manifests itself in the way of the normalization of 
the atomic system initial state function. The correct 
procedure was developed earlier and is in the follow-
ing. In zeroth order of perturbation theory it is used 
the hamiltonian generating the same energy spectrum 
as the potential V(R) but possessing only station-
ary states. Further note that contrary to the case of 
the stationary states we use the alternative principle 
of quantization of the quasi-stationary stales [5,8]. 
It can be realized by the following procedure: (i) let 
the trial atomic system state energy to be E and preset 
the function norm by the condition F(T = 0) = 1, (ii) 
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Let’s integrate the Dirac equations system (1) under 
this conditions up to asymptotically large T with the 
simultaneous evaluation of [6, 7]:

( ) ( ) ( )( )2 2 2 2lim 2 .x

T x
X E T E M V G E V F

→
= + α − + −  (1)

This value defines the norm of the state function 
of the asymptotically free motion [8]. (iii) the value 
X must be minimized as a function of state energy E.  
In the lowest perturbation theory approximation, one 
could carry out calculating the differential cross-sec-
tion as follows:

2
, , , '( , )/ ( ) ( / ),S I F s F Fd E d M dP dEε εσ ε ε = π  (2)

where P and E are the momentum and energy of the 
atomic system final state; matrix element M is calcu-
lated on the scattering state functions and contains 
the “atom-nanosphere” potential. As it is indicated 
above, a choice of adequate atom-sphere potential 
may have the decisive role. For small atom-nanoob-
ject distances r, a few atomic units or so, the inter-
action between an atom and a flat surface depends 
on details of the structure of both atom and surface 
and is quite complicated. When ultracold atoms en-
ter this “close” region, excitation modes of atom or 
surface are easily excited, the atom loses energy and 
is trapped, adsorbed by the surface (“sticking”). Be-
yond this close region, the atom-surface interaction is 
well described by a van der Waals potential – C3/r3. At 
very large distances, retardation effects become im-
portant and an atom in its ground state or in a meta-
stable excited state feels a potential — C4/r4[2].  The 
coefficients C3, C4 depends on the properties of both 
atom and surface. As the simplest non-flat surface, 
we consider an atomic  scattering by a sphere. Beyond 
the close region of complicated and consuming atom-
surface interactions, the interaction of an atom with a 
spherical surface is well described by a local potential 
which depends on the radius R of the sphere and the 
distances of the atoms from the surface. For very large 
R, and r small compared to R but still beyond the close 
region, the potential behaves as in the case of a flat 
surface.  When r is large compared to R, the poten-
tial behaves as a nonretarded van der Waals potential 
C6/r6 for small distances r (still larger than R) and as 
a highly retarded potential, -C7/r7, for large r. In our 
opinion, the most adequate function is as follows (c.f. 
[2] and refs there): 

V(r) = –C6/r 6 f(r/L')

L' = C7/C6 (3)

where f(x) is again a shape function (3) describing the 
transition from the non-retarded to the highly retard-
ed regime, and L is a length scale for the transition 
zone. A potential which satisfies all boundary condi-
tions is, e. g. [2]:

Vsph(r) = –[r 3 f(r/L)/Ñ3 + r 6 f(r/L')/Ñ6]–1. (4)

For a conducting sphere with radius R, the coef-
ficients C6, C7 are related to the corresponding coef-
ficients C3, C4 of the flat-surface case by

C6 = 12R3C3, C7 = (46/3)R3C4,  L' =(23/18)L.

The scattering of atoms from a sphere is usually 
described [1] by the radial Schrödinger equation with 
the effective potential

Veff(t) = Vsph(r) + h2 l(l + 1)/2Mt2,  t = r + R > R,

for a given angular momentum quantum number 
l. As in the flat-surface case, the singular attractive 
potential tail (beyond the close region) allows the 
absorption of atoms near the surface to be described 
unambiguously via incoming boundary conditions. 
For l = 0, the radial Schrödinger equation is identical 
to the equation for normal motion in the flat-surface 
case, and scattering is essentially quantum reflection 
by the non-classical region of the attractive potential 
tail [2]. In our method the Schrödinger equation is 
replaced by the relativistic Dirac equation, which is 
solved numerically by the Runge-Cutt method.

We have carried out the numerical calculation of 
differential cross-section of the scattering for atom of 
He (2 3S) and firstly atom of Li (3 2S)  by adsorbing 
nano-sphere of radius 200 a.u. for wave numbers k 
up to 5/μm. This corresponds to temperatures up to 
1 μK (10nK to 500nK for He and 10nK to 300nK Li). 
The corresponding results for different potentials of 
the “atom-sphere” interaction are presented in table 
1 (in particular, there are considered the potentials as 
follows: non-retarded van der Waals potential -C6 / r6 ; 
highly retarded case -C7/r7;  realistic potential (2) ). 

Table 1
The differential cross-section dσ/dΩ (104 nm2 ; θ = π/2) 

of the scattering for atom of He (23S), Li (32S) 
by adsorbing sphere of radius 200 a.u. for wave numbers k 

up to 5/μm (potential A – nonretarded van der Waals potential 
— C6 / r6; potential B- highly retarded case — C7/r7; potential 

C — realistic potential (3))

He (2 3S) , 
radius 200a.u.

Li (3 
2S), 

radius 
200a.u.

k,
in

1/μm

Poten-
tial 
A

[2]

Poten-
tial 
B

[2]

Poten-
tial 
C

[2]

Poten-
tial C,
present
paper

Poten-
tial C,
present
paper

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

0.280
0.275
0.270
0.265
0.260
0.255
0.250
0,245
0.240
0.235

0.39
0,38
0.37
0,36
035
0.34
0.33
0.32
0.31
0.30

0.278
0.273
0.268
0.263
0.256
0.253
0.248
0,243
0.238
0.233

0.283
0.278
0.273
0.268
0.263
0.258
0.253
0,248
0.244
0.239

0.309
0.300
0.292
0.284
0.278
0.272
0.266
0,260
0.255
0.250

As one could wait for (especially on the basis of 
analysis of the data for He from ref.[2] and present 
paper), the scattering cross section is sensitive to dif-
ferent forms of the atom-surface potential, and the 
non-retarded van der Waals regime becomes increas-
ingly important for smaller radii. Regarding Li let us 
note that probably any data regarding Li are absent in 
the current literature. At last, one can see that for he-
lium and lithium the results for dσ/dΩ obtained with 
potential C are much closer to the van der Waals case 
than to the retarded case. Note that this in contrast to 
a case of sodium, for example.
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OPTICAL-FIBRE RAMAN AMPLIFIERS WITH 6.3–12.2 THz WORKING BAND

On the basis of the proposed spectroscopic model of the amplification spectrum analysis under 
Raman scattering (RS), the design scheme of the RS amplifiers’ with the range of 6.3–12.2 THz 
with the multi-waves pumping is proposed. The oscilllator functions of the line form allow to obtain 
the simple scheme of the RS amplification in optical fibers dependence on the wavelength which is 
extremely useful during evaluation of the amplification band, of laser threshold in stimulated RS, 
noise parameters and of the amplification process. The concept of the  actual band with the use 
of oscillator functions of the line form is useful also during the design and development of the RS 
amplifiers with several pumping wavelengths. With the scope of the amplification band broadening to 
the L-band, the proposed model was used for analysis of fiber RS amplifier with combined source of 
pumping containing some wavelengths and allow to obtain wider band ~100 nm (12.2 ÒHz) with small 
amplification non-regularity not more than 0.5 dB. Proposed spectroscopic model could be used as 
well in the analysis of complex spectra of spontaneous RS in fibers with other doping materials. 

INTRODUCTION

Fiber Raman scattering (RS) amplifiers (FRSA) are 
used now in almost all new long fiber-optical system 
of information transfer [1]. But, despite the simplicity 
of FRSA construction, it is necessary to consider dur-
ing the design process, a lot of factors [2], namely the 
presence of the power exchange as between pumping 
as well as between signals, pumping decay or satura-
tion, double  Raleigh scattering (multi-path interfer-
ence), spontaneous radiation amplification, etc.[3]. 
That’s why the precise choice of the wavelength and 
of the power level for each pumping diode is necessary 
for the provision of the wide-band amplification with 
small non-regularity.

Direct determination of FRSA with the multi-
wave pumping profile from the connected waves’ 
equations should be considered as the extremely com-
plex way. The attempts were realized with the use of 
the digital optimization methods and burning model 
[4], monolayer neuron nets with direct bonds [5] and 
analogous methods [6]. But, these methods, as a rule, 
give the practically non-realistic power distributions 
for pumping sources as the result of the error in con-
nected equations coefficients determination which 
include the FRSA amplification coefficient and ef-
fective fiber cross-section for each wavelength. The 
problem is solved through creation of the most precise 
model of RS amplification. The optical fiber RS am-
plification coefficient was theoretically analyzed for 
one wavelength only in the paper [7]. 

MODEL AND DISCUSSION

We propose the spectroscopic model of RS ampli-
fication based on the oscillator theory which is used 
for FRSA modeling. The actual band model is used 
for the analysis of experimental FRSA configura-
tions with the working frequencies from 6.3 to 12.2 
ÒHz and small amplification non-regularity. Such 

model allows also to perform the quantitative analysis 
of pumping power which provides the laser threshold 
and to evaluate the effective FRSA noise coefficient.   

Different forms of the system of connected equa-
tions [2-10] are used for RS amplification with some 
pumping wavelengths modeling. The equations sys-
tem, considering the fiber’s losses α (v,T) and back 
Raleigh scattering γb(v), is written down in the form 
of generalized equation [6], for great number of the 
channels with optical band Δv, which travels in right 
direction before pumping (with index “+”) and in re-
verse direction (indexed as “–”):
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where index i corresponds to i-th wavelength with 
the frequency vi, while Vi, Pi – are the group veloc-
ity and optical powers, correspondingly. Aeff(v) – the 
effective fiber cross-section, and g(vi,vj) – RS ampli-
fication êîåô³ö³ºíò on the signal frequency (vj) with 
pumping frequency (vi), nB(ν) = [exp(hν/kT) – 1]–1 
— Bose-Einstein phonons’ distribution factor, where 
h – Planck constant, k – Boltzmann constant, T – 
temperature. The component of (1), containing the 
multiplicator (n + 1) corresponds to Stokes compo-
nent of the amplified spontaneous radiation (ASR) 
and the component with the multiplicator with n de-
scribes the anti-Stokes ASR generation.
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In general, the RS amplification coefficient on 
Stokes frequency ωs = ωp – ωv could be written in the 
form [7]:

(3) (3)
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0

Im[ ]3
.
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iiii ijjis

R
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g
c n n A

χ + χω
= −

ε  (2)

Semi-classic RS theory establishes the connection 
between the differential polarization ∂αij/∂qn and the 
non-linear permeability χ(3) [7]:
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where ωv – intrinsic frequency of phonon oscillation, 
ω – phonon frequency, Γ – phonon decay constant, qk 
– normal coordinate, which describes the local move, 
m – mass connected with the oscillation, N – number 
of oscillators in the interaction volume V, ε0 – dielec-
tric constant.

Thus, the RS amplification coefficient’s frequen-
cy dependence g(ω) is described, mainly, by the im-
aginary part of the non-linear permeability χ(3) in the 
form of the resonant denominator which originates 
from phonon harmonic oscillator.

Taking into account the equations (2) and (3), one 
could write down the frequency dependence S(ν) for 
the FRSA in the form:

( ) 2 2 2 2 2 2 2
0 0

1
Im ,

( )

v
S v

v v iv v v v

⎡ ⎤ γ
= − =⎢ ⎥− + γ − + γ⎣ ⎦  (4)

where v – the wave numbers (v0 = ωv/2πc, v = ω/2πc 
and γ = Γ/πc), while γ approximately equals to the 
value of FWHM for S(v). We use the normalized func-
tion SR (v) = γ v0 S (v), while SR (v0) = 1.

The result of the RS Stokes line’s approximation 
was obtained for 20 molecular % of Ge2O using the 
line form function SR (v) is presented at Fig.1 (dotted 
line at Fig.1). The Fig.1 demonstrates the best fitting 
the experimental data [11] by the model curve, which 
is achieved at the resonant phonon frequency (v0) and 
phonon decay constant (γ )  in the function SR (v) of 
phonon harmonic oscillator which equal to 435 cm-1 
and 130 cm-1, correspondingly.

Fig. 1. RS Stokes line approximation (full line) for 20 molecular % 
GeO2 with line-form function SR (v) (dotted line).

We have evaluated the approximation precision 
using the averaged quadratic dispersion σ 2= [SR (v) – 
Sexp (v)]2/ S2

exp (v0) of the oscillator function of the line 
form function SR(v) from the experimental line. In the 
wave numbers range from 100 cm-1 to 600 cm-1, the 
dispersion has the value of σ 2 < 1%, and its average 
value was equal to σ 2 = 0.2 %. 

Besides, good correspondence between the mod-
eling results and the experimental data is supported 
by the difference of the integral intensities of both 
amplification profiles which doesn’t exceed 0.8% for 
the amplification band under investigation. We have 
used these results for the RS amplification processes 
modeling.

The results of ARS spectra evaluation (full line) are 
presented at Fig. 2 for the case of published data for 
RS amplifier which covers both two C + L telecom-
munication windows. 

The experimental data for the effective noise coef-
ficients taken from the paper [12], are presented by 
dotted lines at Fig. 2. Six pumping wavelengths were 
used in the experiment: 1428, 1445, 1466, 1480, 1494 
and 1508 nm, and the pumping powers were corre-
spondingly: 338, 215, 83, 30, 19 and 39 mW. 

Fig. 2. Calculated ARS spectrum (full line) and measured values 
of the FRSA noise coefficient for C + L range with pumping on six 
wavelengths for line lengths: 1 – 60 km; 2 – 100 km; 3 – 140 km 

(experimental data taken from [11])

The preliminaries of the modeling were [13, 14] as 
follows. Under the constant value of the signal am-
plification coefficient, the ASR spectral density at the 
FRSA output has to repeat the form of the RS ampli-
fication at the input. It was the RS amplification coef-
ficient distribution that creates the frequency depend-
ence of the noise coefficient over the FRSA band. As, 
according to the experimental conditions of the paper 
[12], the amplification non-regularity was supported 
at the minimal level, the spectral form of the noise co-
efficient was proportional to the signal distribution at 
the FRSA output.

As it could be seen from Fig. 2, we have the cor-
respondence between the ARS spectrum and ex-
perimental data of noise coefficient measurements. 
Really, the ARS distribution curves’ inclination over 
C+L-bands is about ~ 7 dB. The same values (about 
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7 dB) are registered for the noise coefficient’s distri-
bution for all fiber longitudes: 60 km, 100 km and 140 
km under investigation, as it is seen from Fig. 2.

The spectroscopic model allows to evaluate direct-
ly the FRSA with several pumping sources amplifica-
tion band in a simple enough way.  With the use of 
the proposed model, it is possible to obtain the FRSA 
band without the equations’ system solution and, even 
more, to present the results in the graphic way.

The proposed model was used for the test analysis 
of the industrial sample of FRSA with four pumping 
wavelength (1426, 1436, 1456 and 1466 nm) from la-
ser diodes (LD), with maximal power of 300 mW. 

The calculated FRSA band for this sample with the 
width at the level 1 dB was about 50 nm (6.3 ÒHz) in 
the range of 1520–1570 nm, while the amplification 
non-regularity was in the range 0.5 dB in the working 
band 1528–1562 nm.

The calculation results, based on the proposed 
model, are in full correspondence to the digital data, 
presented by the amplifier’s producer.

Fig. 3. FRSA band with 4-LD pumping designed within the 
model of actual band. In L-band amplification decay is more than 

10 dB

As it is seen from Fig. 3, this 4-λ amplifier has the 
amplification coefficient decay more than 10dB over 
L-band, which couldn’t be extinguished through the 
pumping power’s change and, that’s why, it couldn’t 
be used in the long-wave telecommunication win-
dow.

But, as it is known from the practical experience, 
only about 10% of the maximal power is used for the 
FRSA with some pumping sources amplification co-
efficient’s equalization. Thus, we proposed to use 
the part of the non-used power from the long-wave 
pumping laser diodes, for the generation of additional 
pumping sources.

The modelling performed, shows that the FRSA 
amplification band could be widened by L-window 
with the use only two additional pumping sources 
with the wavelengths of 1486 nm and 1510 nm. 

The six sources scheme of FRSA pumping which 
widens the amplification band over the L-range, 
is presented at Fig. 4. It contains 4 pumping LD 
(λp=1426, 1436, 1456 and 1466 nm) as well as two ad-
ditional resonators in RS fiber (with the wavelengths 
1486 and 1510 nm), which widens the amplification 

band from C-range to C+L-range and guarantees the 
needed minimum of the amplification non-regularity.  
The parameters of additional pumping sources, used 
in the modeling FRSA amplification band, could be 
optimized in the interactive regime. 

Fig. 4. Scheme of six-wavelengths pumping source for FRSA with 
widened amplification band in L-range

Evaluation of the wavelengths of the RS lasers 
needed for the FRSA additional pumping could be 
considered as the calculation of the fiber Bragg grat-
ings geometrical parameters of the laser resonator 
presented at Fig. 4.

The results of FRSA design with the amplification 
band of about 100 nm (12.2 THz) and the amplifi-
cation non-regularity not more than 0.5 dB are pre-
sented at Fig. 5. The amplification non-regularity is 
minimized through the choice of the pumping power 
for each source if the effective (acting) power for each 
channel are in the following relationship — 0.8 : 1.0 : 
0.75 : 0.7 : 1.1 : 1.5.

The model of actual band allows not only to make 
the optimal calculation of the FRSA amplification 
band with the random sources number as well as to 
evaluate the threshold power for RS laser pumping, as 
used in the proposed pumping source [2]. The thresh-
old generation power is reached when the input power 
guarantees the amplification level for the spontaneous 
Stokes radiation overwhelms the fiber losses  αs. 

Fig. 5. The FRSA with wide amplification band ~100 nm 
(12.2 ÒHz) and small non-regularity < 0.5 dB modeling result

The model of actual band allows not only to make 
the optimal calculation of the FRSA amplification 
band with the random sources number as well as to 
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evaluate the threshold power for RS laser pumping, as 
used in the proposed pumping source [2]. The thresh-
old generation power is reached when the input power 
guarantees the amplification level for the spontaneous 
Stokes radiation overwhelms the fiber losses αs. 

As the proposed spectroscopic model allows to de-
termine the real view of g(ω) function for given optical 
fiber type and, thus, one could calculate the thresh-
old pumping power [14] ( ) / ( ),

p

thr
s eff rP A gω = α ω  what 

guarantees the RS laser generation at practically ran-
dom wavelength in the frames of Stokes shift stimu-
lated by pumping in a given optical fiber. 

The quantitative data for each of the LD pumping, 
which guarantee the existence of RS laser generation 
at both additional wavelengths in the extended pump-
ing source with the use of the resonators on fiber dif-
fraction gratings are presented in Table 1. The calcu-
lation results support the hypothesis on the possibility 
of two-waves RS laser with the resonators based on 
the fiber Bragg gratings effective pumping from each 
existing diodes producing maximal output power of 
300 mW.

Table 1
Threshold pumping powers at λ p for RS laser generation at λl 

Pumping wave-
length λp, mkm

Threshold powers in mW for RS 
laser at λl

1.486 mkm 1.510 mkm
1.426 42.6 9.7
1.436 69.6 20.3
1.456 144.0 62.7
1.466 190.9 93.9

CONCLUSIONS

On the basis of the discussion of the proposed 
spectroscopic model one could state the following:

1. We have proposed the scheme of fiber-optical 
Raman scattering amplifiers with the working fre-
quencies band of 6.3–12.2 THz, which use the multi-
wavelengths pumping.

2. The concept of the actual band allows to obtain 
the simple description of the frequency profile of Ra-
man scattering amplification in optical fibers and is 
useful during evaluation of the amplification band, 
laser threshold of stimulated Raman scattering, noise 
parameters and the amplification process in Raman 
amplifiers.

3. The proposed model is applied to the analysis 
of fiber Raman scattering amplifier with combined 
pumping source what allows to obtain the range width 
~100 nm and small amplification non-regularity not 
more 0.5 dB.

4. The presented approach simplifies significantly 
the FRSA with multi-wave pumping design process 
and makes it quite clear.
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UDC 532

G. S. Felinskyi, P. A. Korotkov

OPTICAL-FIBRE RAMAN AMPLIFIERS WITH 6.3–12.2 THz WORKING BAND

Based on the proposed spectroscopic model for the Raman gain spectrum analysis the simulation procedure of optical fiber Raman 
amplifiers with a working frequency band from 6.3 to 12.2 Terahertz, which operate in accordance with multi wave pumping scheme is 
submitted in the present work. The oscillator line-form functions allow us to receive the simple description of the Raman amplification 
dependence as function of wavelength in optical fibers and they are rather useful for estimation of the amplification bandwidth, the laser 
threshold at stimulated Raman scattering, noise parameters, and the gain process in Raman amplifiers. The concept of an actual band 
using the oscillator line-form functions is also useful for development of Raman amplifiers with multiple wavelengths pumping. With 
the purpose to expand of the amplification bandwidth on a whole L-band the offered model is applied to the analysis of fiber Raman 
amplifier with the combined pumping source, which contained the several wavelengths and it allows to receive the wide band ~100 nm 
(12.2 THz) with small gain ripple less than 0.5 dB. The suggested spectroscopic model can be further generalized for application to the 
analysis of complex spontaneous Raman spectra in fibers with other doping materials.
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ÓÄÊ 532

Ã. Ñ. Ôåë³íñüêèé, Ï. À. Êîðîòêîâ

ÂÎËÎÊÎÍÍÎ-ÎÏÒÈ×Í² ÂÊÐ Ï²ÄÑÈËÞÂÀ×² Ç ÏÎËÎÑÎÞ ÐÎÁÎ×ÈÕ ×ÀÑÒÎÒ 6,3–12,2 ÒÅÐÀÃÅÐÖ

Â äàí³é ðîáîò³ íà îñíîâ³ çàïðîïîíîâàíî¿ ñïåêòðîñêîï³÷íî¿ ìîäåë³ àíàë³çà ñïåêòðà ï³äñèëåííÿ ïðè êîìá³íàö³éíîìó ðîç-
ñ³ÿíí³ (ÊÐ) çàïðîïîíîâàíî ìåòîäèêó ðîçðàõóíêó âîëîêîííî-îïòè÷íèõ ÊÐ ï³äñèëþâà÷³â ç ïîëîñîþ ðîáî÷èõ ÷àñòîò 6,3–12,2 
òåðàãåðö, ïðàöþþ÷èõ çà ñõåìîþ ç áàãàòî õâèëüîâîþ íàêà÷êîþ. Îñöèëÿòîðí³ ôóíêö³¿ ôîðìè ë³í³¿ äîçâîëÿþòü îäåðæàòè ïðî-
ñòèé îïèñ çàëåæíîñò³ ÊÐ ï³äñèëåííÿ ó îïòè÷íèõ âîëîêíàõ â³ä äîâæèíè õâèë³ ³ âîíè ÿâëÿþòüñÿ êîðèñíèìè ïðè îö³íö³ ïîëîñè 
ï³äñèëåííÿ ëàçåðíîãî ïîðîãó ïðè âèìóøåíîìó ÊÐ (ÂÊÐ), øóìîâèõ ïàðàìåòð³â òà ïðîöåññà ï³äñèëåííÿ â ÊÐ ï³äñèëþâà÷àõ. 
Êîíöåïö³ÿ àêòóàëüíî¿ ïîëîñè ïðè âèêîðèñòàíí³ îñöèëÿòîðíèõ ôóíêö³é ôîðìè ë³í³¿  êîðèñíà òàêîæ ïðè ðîçðîáö³ ÊÐ ï³äñè-
ëþâà÷³â ç íàêà÷êîþ  íà äåê³ëüêîõ äîâæèíàõ õâèëü. Ç ìåòîþ ðîçøèðåííÿ  ïîëîñè ï³äñèëåííÿ íà L – ïîëîñó  çàïðîïîíîâàíà 
ìîäåëü âèêîðèñòàíà  äëÿ àíàë³çó âîëîêîííîãî ÊÐ ï³äñèëþâà÷à ç êîìá³íîâàíèì äæåðåëîì  íàêà÷êè, ÿêèé ì³ñòèòü äåê³ëüêà 
äîâæèí õâèëü,  ùî äîçâîëÿº îäåðæóâàòè øèðîêó ïîëîñó - 100 íì(12,2 ÒÃö), ç ìàëîþ íåð³âíîì³ðí³ñòþ ï³äñèëåííÿ íå á³ëüøå 
0,5 äÁ. Çàïðîïîíîâàíó ñïåêòðîñêîï³÷íó ìîäåëü ìîæíà ðîçïîâñþäèòè  íà àíàë³ç ñêëàäíèõ ñïåêòð³â ñïîíòàííîãî ÊÐ ó âîëîê-
íàõ  ç   ³íøèìè  ëåãóþ÷èìè ðå÷îâèíàìè.

ÓÄÊ 532

Ã. Ñ. Ôåëèíñêèé, Ï. À. Êîðîòêîâ

ÂÎËÎÊÎÍÍÎ-ÎÏÒÈ×ÅÑÊÈÅ ÂÊÐ ÓÑÈËÈÒÅËÈ Ñ ÏÎËÎÑÎÉ ÐÀÁÎ×ÈÕ ×ÀÑÒÎÒ 6,3–12,2 ÒÅÐÀÃÅÐÖ

Â íàñòîÿùåé ðàáîòå íà îñíîâå ïðåäëîæåííîé ñïåêòðîñêîïè÷åñêîé ìîäåëè àíàëèçà ñïåêòðà óñèëåíèÿ ïðè êîìáèíàöèîí-
íîì ðàññåÿíèè (ÊÐ) ïðåäñòàâëåíà ìåòîäèêà ðàñ÷åòà âîëîêîííî-îïòè÷åñêèõ ÊÐ óñèëèòåëåé ñ ïîëîñîé ðàáî÷èõ ÷àñòîò 6,3–
12,2 òåðàãåðö, ðàáîòàþùèõ ïî ñõåìå ñ ìíîãî âîëíîâîé íàêà÷êîé. Îñöèëëÿòîðíûå ôóíêöèè ôîðìû ëèíèè ïîçâîëÿþò ïîëó-
÷èòü ïðîñòîå îïèñàíèå çàâèñèìîñòè ÊÐ óñèëåíèÿ â îïòè÷åñêèõ âîëîêíàõ îò äëèíû âîëíû è îíè ÿâëÿþòñÿ âåñüìà ïîëåçíûìè 
ïðè îöåíêå ïîëîñû óñèëåíèÿ, ëàçåðíîãî ïîðîãà ïðè âûíóæäåííîì ÊÐ (ÂÊÐ), øóìîâûõ ïàðàìåòðîâ è ïðîöåññà óñèëåíèÿ â ÊÐ 
óñèëèòåëÿõ. Êîíöåïöèÿ àêòóàëüíîé ïîëîñû ïðè èñïîëüçîâàíèè îñöèëëÿòîðíûõ ôóíêöèé ôîðìû ëèíèè ïîëåçíà òàêæå ïðè 
ðàçðàáîòêå ÊÐ óñèëèòåëåé c íàêà÷êîé íà íåñêîëüêèõ äëèíàõ âîëí. Ñ öåëüþ ðàñøèðåíèÿ ïîëîñû óñèëåíèÿ íà L-ïîëîñó ïðåä-
ëàãàåìàÿ ìîäåëü ïðèìåíåíà ê àíàëèçó âîëîêîííîãî ÊÐ óñèëèòåëÿ ñ êîìáèíèðîâàííûì èñòî÷íèêîì íàêà÷êè, ñîäåðæàùåì 
íåñêîëüêî äëèí âîëí, ÷òî ïîçâîëÿåò ïîëó÷èòü øèðîêóþ ïîëîñó ~100 íì (12,2 ÒÃö) ñ ìàëîé íåðàâíîìåðíîñòüþ óñèëåíèÿ, íå 
áîëåå 0,5 äÁ. Ïðåäëàãàåìóþ ñïåêòðîñêîïè÷åñêóþ ìîäåëü ìîæíî ðàñïðîñòðàíèòü íà àíàëèç ñëîæíûõ ñïåêòðîâ ñïîíòàííîãî 
ÊÐ â âîëîêíàõ ñ äðóãèìè ëåãèðóþùèìè ìàòåðèàëàìè.
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PREPARATION AND OPTICAL PROPERTIES OF ZnSe:Co FILMS 

ZnSe:Co films were obtained by vacuum deposition. Optical density spectra in the region of 
4-0.38eV are investigated. It is established, that in ZnSe:Co films, as compared to ZnSe films, the 
absorption edge is displaced to the lower energy region. The analogy of ZnSe:Co films and crystals 
optical absorption spectra is established. The investigated lines of ZnSe:Co films absorption are caused 
by electronic optical transitions from Co2+ ion basic condition level 4À2(F) on the excited states 4T1(P), 

4T1(F) and 
4T2(F) levels splitted with spin-orbit interaction.

1. INTRODUCTION

ZnSe is the perspective material for fabrication 
of injection electroluminescent structures and lasers 
which emit in blue spectral region. The possibility of 
this material use for creation of emission structures in 
the infra-red (IR) spectral region is shown last years. 
Doping of ZnSe with transition elements (Fe, Ni, Co, 
Cr) is carried out for this purpose. We suggest also a 
method of Co diffusion doping of ZnSe single crystals 
and their optical properties are investigated [1,2].

However, for fabrication of IR-region emitting 
structures, the film structures are most appropriate. 
The purpose of this study is to develope the technol-
ogy of ZnSe:Co films preparation and to investigate 
their optical properties.

2. EXPERIMENTAL

ZnSe:Co films were obtained by vacuum deposi-
tion on quartz substrates. Crushed ZnSe:Co crys-
tals with known cobalt concentration were used as a 
source. Technology of ZnSe:Co crystals preparation 
is described in [1]. The source temperature was no less 
than 1600°Ñ during evaporation. At lower tempera-
tures there was no evaporation of Co atoms and the 
undoped ZnSe films was obtained. The films thick-
ness was in the range 5-10mkm. Obtained films had a 
dark grey color.

With the purpose of Co impurity activation and 
structure crystallization, obtained films were annealed 
in He and Ar atmosphere. Use of inert atmosphere 
hindered the films sublimation. The optimum anneal-
ing temperature was 650°Ñ and duration of 5 hours 
was chosen. The lower annealing temperature hasn’t 
led to impurity activation and film structure crystal-
lization. Intensive films sublimation at higher tem-
peratures was registered. After annealing the ZnSe:Co 
films became dark-brown. Such color was caused by 
the initial ZnSe:Co crystals. Estimation of the highest 
cobalt concentration was determined by comparison 
of optical absorption spectra with present data [1]. 
The highest concentration of cobalt in the obtained 
films is estimated as 1018cm-3.

For comparison, the undoped ZnSe films were 
obtained by similar method. As a source the undoped 
ZnSe crystals were used in this case. 

The spectra of optical density were measured by 
the SF-46 diffraction spectrophotometer working 
within the range 4.1-1.0 eV, and MDR-6 monochro-
mator with diffraction grating of 600 and 325 grooves/
mm. The first of devices was used to analyze absorp-
tion spectra within energy range 1.2-0.6eV (middle-1 
IR-region), and the second – in an interval 0.6-0.4eV 
(middle-2 IR-region). As the recorder of light inten-
sity in middle IR-region PbS photoresistor was used 
working in the mode of alternating current recording. 
The optical density spectra were measured at 77 and 
293K.

The obtained results of ZnSe:Co films optical den-
sity measurements were compared to the results ob-
tained for the ZnSe:Co crystals, which were used as a 
source for films deposition.

3. DISCUSSION

Optical-density spectra of  ZnSe:Co films

The optical density spectra of ZnSe:Co and 
ZnSe films in the absorption edge region are inves-
tigated. The absorption spectra of undoped ZnSe 
films are characterized by absorption edge on 2.66eV 
at Ò=300Ê. Doping with cobalt results in the shift 
of absorption edge to the lower energy region. This 
shift is enlarged by cobalt concentration increase. A 
similar shift is observed in the ZnSe:Co crystals. The 
reason of absorption edge displacement in the lower 
energy region most, probably caused, by formation of 
Zn1-xCoxSe solid solution.

It is established that at temperature decrease to 
77K the absorption edge of the investigated films is 
displaced to the larger energies region by 0.11eV. The 
magnitude of this shift corresponds to a temperature-
induced variation of the ZnSe band gap.

In the near-IR spectrum of the ZnSe:Co films 
the broad absorption band at 1.65eV appears (Fig. 1,  
curve  1). After annealing in He and Ar atmosphere 
the sharp series of optical absorption lines at 1.64, 
1.71 and 1.78eV (Fig. 1, curve 2) appear. A similar 
lines were observed before in ZnSe:Co crystals (Fig. 
1, curve 3). They are caused by electrons transitions 
from 4À2(F) basic state to splitted levels of 4Ò1(Ð) excit-
ed state of 

2
ZnCo +

 ion. Appearance of absorption lines 
series after annealing could be explained by cobalt 
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diffusion in zinc sublattice that is confirmed by color 
films change. 

In middle-IR region the characteristic absorption 
in two ranges was observed. In higher energy region 
ZnSå:Co films spectra were characterized by two rela-
tively broad lines at 0.83 and 0.76 eV (Fig. 1, curve 1). 
The position of these absorption lines did not change 
with film temperature. After annealing in He and Ar 
atmosphere these lines as absorption lines in near-
IR region become sharper (Fig. 1, curve 2). Similar 
absorption lines were observed in ZnSe:Co crystals 
(Fig. 1, curve 3). In accordance with [3], the absorp-

tion line at 0.76eV corresponds to intracenter transi-
tion from the basic state 4À2(F) to the excited 4T1(F) 

state splitted by spin-orbital interaction. The presence 
of line at 0.83eV is caused by splitting of excited state 
level due to spin-orbital interaction. 

In the lower energy range of middle-IR region in 
the optical absorption spectra of ZnSå:Co films, like 
the absorption spectra of ZnSe:Co crystals there is the 
resonance absorption line at 0.43eV (Fig. 1). In ac-
cordance with [3], this line is caused by the transitions 
4À2(F)→4T2(F) between basic 4À2(F) and the nearest 
excited state 4T1(F).

Fig. 1. Absorption spectra of ZnSå:Co films (1), (2) and crystals (3). Ò=77Ê. (Explanation in the text)

It should be noted that in undoped ZnSe films nei-
ther before nor after annealing in He and Ar atmo-
sphere the analogous features of the absorption spec-
tra in IR-region was not observed.

4. CONCLUSION

The studies carried out allow us to conclude the 
following:

1. The method of ZnSe:Co films preparation has 
been developed. The highest cobalt concentration in 
the obtained films is estimated as 1018ñm-3.

2. It is established that films annealing in He and 
Ar atmosphere results in the arrangement of films 
crystalline structure and effective embuilding of co-
balt atoms in to zinc sublattice. 

3. It is shown that observed ZnSe:Co films absorp-
tion lines are caused by electrons optical transitions 

from Co2+ ion basic state 4À2(F) level to the excited 
states 4T1(P), 4T1(F) and 4T2(F) levels splitted by spin-
orbital interaction. 

4. The present work showed indicate the absence 
substantial distinctions in the optical absorption spec-
tra of films and crystals ZnSe:Co, what allows to use 
these films for IR spectral region structures creation.
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OBTAINING AND OPTICAL PROPERTIES OF ZnSe:Co FILMS 

ZnSe:Co films were obtained by vacuum deposition. An optical density spectra in the region of 4-0.38eV are investigated. It is estab-
lished, that in ZnSe:Co films, as compared to ZnSe films, the absorption edge is displaced in lower energy region. Analogy of  ZnSe:Co 
films and crystals optical absorption spectra is established. The investigated lines of ZnSe:Co films absorption are caused by electrons 
optical transitions from Co2+ ion basic condition level 4À2(F) on the excited states 4T1(P), 4T1(F) and 

4T2(F) levels split with spin-orbit 
interaction.
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ÏÎËÓ×ÅÍÈÅ È ÎÏÒÈ×ÅÑÊÈÅ ÑÂÎÉÑÒÂÀ ÏËÅÍÎÊ ZnSe:Co

Ïëåíêè ZnSe:Co áûëè ïîëó÷åíû ïóòåì òåðìè÷åñêîãî íàïûëåíèÿ â âàêóóìå. Èññëåäîâàíû ñïåêòðû îïòè÷åñêîé ïëîòíîñ-
òè â îáëàñòè 4-0.38ýÂ. Óñòàíîâëåíî, ÷òî â ïëåíêàõ ZnSe:Co, ïî ñðàâíåíèþ ñ ïëåíêàìè ZnSe, êðàé ïîãëîùåíèÿ ñìåùàåòñÿ 
â íèçêîýíåðãåòè÷åñêóþ îáëàñòü. Óñòàíîâëåíà àíàëîãèÿ ñïåêòðîâ îïòè÷åñêîãî ïîãëîùåíèÿ ïëåíîê è êðèñòàëëîâ ZnSe:Co. 
Èññëåäóåìûå ëèíèè ïîãëîùåíèÿ â ïëåíêàõ ZnSe:Co îáúÿñíÿþòñÿ îïòè÷åñêèìè ïåðåõîäàìè ýëåêòðîíîâ ñ óðîâíÿ îñíîâíîãî 
ñîñòîÿíèÿ 4À2(F) èîíà Co2+ íà ðàñùåïëåííûå ñïèí-îðáèòàëüíûì âçàèìîäåéñòâèåì óðîâíè âîçáóæäåííûõ ñîñòîÿíèé 4T1(P), 
4T1(F) è 4T2(F).
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ÎÒÐÈÌÀÍÍß ² ÎÏÒÈ×Í² ÂËÀÑÒÈÂÎÑÒ² ÏË²ÂÎÊ ZnSe:Co

Ïë³âêè ZnSe:Co áóëè îòðèìàí³ øëÿõîì òåðì³÷íîãî íàïèëåííÿ â âàêóóì³. Äîñë³äæåí³ ñïåêòðè îïòè÷íî¿ ãóñòèíè â îáëàñò³ 4-
0.38åÂ. Âñòàíîâëåíî, ùî â ïë³âêàõ ZnSe:Co, â ïîð³âíÿíí³ ç ïë³âêàìè ZnSe, êðàé ïîãëèíàííÿ çì³ùóºòüñÿ â íèçüêîåíåðãåòè÷íó 
îáëàñòü. Âñòàíîâëåíà àíàëîã³ÿ ñïåêòð³â îïòè÷íîãî ïîãëèíàííÿ ïë³âîê ³ êðèñòàë³â ZnSe:Co. Äîñë³äæåí³ ë³í³¿ ïîãëèíàííÿ 
ïë³âîê ZnSå:Co ïîÿñíþþòüñÿ îïòè÷íèìè ïåðåõîäàìè åëåêòðîí³â ç ð³âíÿ îñíîâíîãî ñòàíó 4À2(F) ³îíà Co2+ íà ðîçùåïëåí³ 
ñï³í-îðá³òàëüíîþ âçàºìîä³ºþ ð³âí³ çáóäæåíèõ ñòàí³â 4T1(P), 4T1(F) è 4T2(F).
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WANNIER-MOTT EXCITONS AND H, RB ATOMS IN A DC ELECRIC FIELD: 
STARK EFFECT

A numerical calculation of the DC Stark effect for H, Rb atoms and Wannier-Mott exciton in an 
external uniform DC electric field is carried out within the operator Glushkov-Ivanov perturbation 
theory method 

INTRODUCTION

Observation of the Stark effect in a constant (DC) 
electric field near threshold in hydrogen and alkali at-
oms led to the discovery of resonances extending into 
the ionization continuum by Glab et al and Freeman 
et al (c. f. [1–5]). Calculation of the atomic character-
istics in a strong electric DC field remains very impor-
tant problem of modern atomic physics and physics of  
semiconductors too [6–30]. It is well known [28] that 
the availability of excitons in semiconductors resulted 
experimentally in the special form of the main absorp-
tion band edge and appearance of discrete levels struc-
ture (f. e. hydrogen-like spectrum in Cu2O). Beginning 
from known papers of Gross-Zaharchenya, Thomas 
and Hopfield et al (c. f. [28–30]), a calculation proce-
dure of the Stark effect for exciton spectrum attracts 
a deep interest permanently.  As it is well known [11], 
external electric field shifts and broadens the bound 
state atomic levels. The standard quantum-mechani-
cal approach mutually relates complex eigen-energies 
(EE) E = Er + 0,5iG and complex eigen-functions  
(EF)  to  the resonances’ shape. The calculation diffi-
culties in the standard quantum mechanical approach 
are well known [3]. In refs. [10–13] a principally new 
consistent uniform quantum — mechanical approach 
to the non-stationary state problems solution had 
been developed including the Stark effect and also 
the scattering  problems. The essence of the method is 
the inclusion of the well known method of “distorted 
waves approximation” in the frame of the formally 
exact PT [11]. The zeroth order Hamiltonian H0 of 
this PT possesses only stationary bound and scattering 
states. In order to overcome the formal difficulties, the 
zeroth order Hamiltonian was defined  using the set  
of the orthogonal EF and EE without specifying the 
explicit form of the corresponding zeroth order po-
tential. This method is called the operator PT (OPT) 
approach: Glushkov-Ivanov OPT [10–12]. It is very 
important to note that the hamiltonian H0 is defined 
so that it coincides with the general Hamiltonian H 
at ε ⇒ 0. (ε is the electric  field strength). Let us note 
that perturbation in OPT  does not coincide with the  
electric  field  potential though they disappear simul-
taneously. An influence of the corresponding electric 
potential model function choice on the values of the 
Stark resonances energies and bandwidths does not 
significantly change the final results for the resonanc-
es shifts and widths [11, 12]. All said above regards the 

Wannier-Mott exciton characteristics in semiconduc-
tors as well. In ref. [13-17]  the OPT approach have 
been used for solution of the isotopes separation prob-
lem and an account of the non-hydrogenic effects was 
done as well as the improvement of the convergence 
procedure. In ref. [18–24] the OPT approach have 
been successfully used for studying new laser-electron 
nuclear spectral effects in thermalized plasma (speech 
is about new  cooperative laser-electron- nuclear pro-
cesses), new laser-electron-nuclear effects in atoms, 
ions and diatomic molecules. There is very effective 
application of the OPT approach in conjuction with 
S-matrix Gell-Mann and low formalism to  studying 
the resonance states of compound super-heavy nu-
cleus and electron-positron pair production in heavy 
nucleus and ioons collisions and under availibuility of 
the external superintense electromagnetiv filed, when 
the EPPP chanell is opened [22–24].

In this paper we have used the OPT method [11, 
12] for studying and exact calculation of the DC Stark 
effect for hydrogen, rubidium atoms and Wannier-
Mott exciton in an external uniform DC electric field 
( excitons in the Cu20 semiconductor, yellow series). 

GLUSHKOV-IVANOV OPERATOR 
PERTURBATION THEORY APPROACH

As usually, the Schrödinger equation for  the elec-
tronic eigen-function taking into account the uniform 
DC electric field and the field of the nucleus (Cou-
lomb units are used: a unit is h2 /Ze2 m and a unit of  
mZ2 e4 /h2 for energy) looks like:

[-(1 – N/Z)/r + εz – 0,5Δ – E]ψ = 0 (1)

where E is the electronic energy, Z — charge of nucle-
us, N — the number of electrons in atomic core. Our 
approach allow to use more adequate forms for the 
core potential (c. f. [25–27]) for  multielectron atoms. 
The detailed theory of the Stark effect for multielec-
tron systems is given in ref. [3, 14]. After separation 
of variables, equation (1) in parabolic co-ordinates 
could be transformed to the system of two equations 
for the functions f and g: 

f′′ + 
1| |m

t

+
 f′ +[0,5E +

+ (β1 – N/Z) / t – 0,25 ε(t) t] f = 0 (2)
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g″ + 
1| |m

t

+
 g′ + [0,5E+β2 / t +

+ 0,25 ε(t) t] g = 0 (3)

coupled through the constraint on the separation con-
stants: β1+β2=1.

For the uniform electric field ε (t) = ε. In ref. [11], 
the uniform electric field ε in (3) and (4) was substi-
tuted by model function ε(t) with parameter τ (τ = 
1.5 t2). Here we use similar function, which satisfies to 
necessary asymptotic conditions (c. f. [11, 12]):

2

2 2

1
( ) ( ) .t t

t t

⎡ ⎤τ
ε = ε − τ + τ⎢ ⎥τ +⎣ ⎦  (4)

Potential energy in equation (4) has the barrier. Two 
turning points for the classical motion along the η axis, t1 
and t2, at a given energy E are the solutions  of the quad-
ratic equation (β = β1, E = E0 ). It should be mentioned 
that the final results do not depend on the parameter τ. 
It is necessary to know two zeroth order EF of H0: bound 
state function ΨEb(ε, ν, ϕ) and scattering state function 
ΨEs(ε, η, ϕ) with the same EE in order to calculate the 
width G of the concrete quasi-stationary state in the 
lowest PT order. Firstly, one would have to define the EE 
of the expected bound state. It is the well known problem 
of states quantification in the case of the penetrable bar-
rier. We solve the (2, 3) system here with the total Ham-
iltonian H using the conditions [11]:

f(t)→ 0 at t ⇒ ∞
∂x(β, E) / ∂E = 0 (5)

with
x(β, E) = lim

t ⇒∞
 [ g2 (t) + {g′(t) / k}2 ] t| m| + 1.

These two conditions quantify the bounding en-
ergy E, with separation constant β1. The further pro-
cedure for this two-dimensional eigenvalue problem 
results in solving of the system of the ordinary  dif-
ferential equations(2, 3) with probe pairs of E, β1. The 
bound state EE, eigenvalue β1 and EF for the zero or-
der Hamiltonian H0 coincide with those for the total 
Hamiltonian H at ε ⇒ 0, where all the states can be 
classified due to quantum numbers: n, n1, l, m (prin-
cipal, parabolic, azimuthal) that are connected with 
E, β1, m by the well known expressions. We preserve 
the n, n1 ,m states-classification in the ε≠0 case . The 
scattering states' functions must be orthogonal to the 
above defined bound state functions and to each other. 
According to the OPT ideology [11, 12], the following 
form of gE′s : is possible:

gE′s(t) = g1(t) – z2′ g2(t) (6)

with fE′s, and g1(t) satisfying the differential equations 
(2) and (3). The function g2(t) satisfies the non-ho-
mogeneous differential equation, which differs from 
(3) only by the right hand term, disappearing at t ⇒ ∞. 
The coefficient z2’ ensures the orthogonality condi-
tion and is defined as [11]:

z2′ = {∫∫dζdη(ζ+η) f 
2
Eb(ζ)gEb(η)g1(η)}/

/{∫∫dζdη (ζ+η) f 
2

Eb(ζ)gEb (η)g2 (η)}

The imaginary part of state energy in the lowest PT 
order is [11]:

ImE = G/2 = π < ΨEb |H|ΨEs > 2 (7)
with the general Hamiltonian H (G- resonance 
width). The state functions ΨEb and ΨEs are assumed  
to be normalized to unity and by the δ(k – k')-con-
dition, accordingly. Note then that the whole calcu-
lation procedure at known resonance energy E  and  
separation parameter β  has been reduced to the solu-
tion of one system of the ordinary differential equa-
tions. For its solution we use our numeral atomic code 
(“Superatom” package [3, 10–16, 24–27]).

STARK RESONANCES ENERGIES AND 
WIDTHS CALCULATION RESULTS FOR 
ATOMS

The calculation results for Stark resonances ener-
gies and bandwidths for some states of Í atom are pre-
sented in Table 1. For comparison we have indicated 
the data, obtained within another approach — com-
plex eigen-values and numerical calculation (c. f. [1, 
3, 11]. In fig.1 we present the dependence of critical 
field strength upon the effective quantum number for 
n for atoms of Na, Rb: dots –experiment; solid line 1 – 
theoretical estimate on the basis of classic treatment; 
solid line 2 – calculation within naïve hydrogen-like 
approximation;  dashed line – our calculation. One 
can see that the experimental results significantly dif-
fer from theoretical estimates in classical treatment 
and naïve hydrogen-like approximation (solid lines 
1, 2), in particular the difference is about 15–20% and 
strongly overcomes the experiment error. Our calcula-
tion results are in a good agreement with experiment.

Table 1
The energies Er   (at. units) and widths G (at.units)of Stark 
resonances of the hydrogen atom ina DC electric field with 

strength: ε = 6,5 kV/cm.

(n n1 n2 m) E,
Ref. [5]

G ,
Ref. [5]

E , 
Present 
paper

G , 
Present 
paper

24,23,0,0 0,1192 0,2752 0,1194 0,2754
25,23,1,0 0,2748 1,0868 0,2749 1,0871
25,23,0,1 0,8298 0,7484 0,8301 0,7487
25,24,0,0 1,4329 0,4175 1,4331 0,4177

Fig. 1. Dependence of critical field strength upon the effective 
quantum number for n* for atoms of Na, Rb: dots –experiment; 

solid line 1 – theoretical estimate on the basis of classic 
treatment; solid line 2 – calculation within naïve hydrogen-like 

approximation; dashed line – our calculation
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WANNIER-MOTT EXCITONS IN A DC 
ELECTRIC FIELD

The analogous method can is formulated for de-
scription of the Stark effect in the Wannier-Mott ex-
citon in semiconductors (CdS, Cu2O). The Schro-
dinger equation for the Wannier-Mott exciton has a 
standard form:

2 2 * 2 2 * 2[ /2 /2 /

] .
e e h h eh

e h

m m e r

eEr eEr E

e− ∇ − ∇ − −

− − Ψ = Ψ  (8)

Here all notations are standard. A vector potential 
is as follows: A(r)=1/2 [Hr]. Under transition to sys-
tem of exciton masses centre by means of introducing 
the relative coordinates: r = re – rh

* * * *( )/( )',e e h h e hm r m r m mρ = + +

one could rewrite (9) as:
2 2 2 * *

2 2

[ /2 / /2 (1/ 1/ )

] [ /8 ] .

h ee r m m K

p eEr F E K F

− ∇ μ − ε − ⋅ − ⋅

⋅ − = − μ  (9)

This equation then could be solved by the method, 
described above. Preliminary estimates show that this 
approach, in a case of electric DC field, gives the re-
sults for Stark states in a reasonable agreement with 
known results of Thomas and Hopfield (TH) [28–30]. 
According to our advanced calculation, the Stark shift 
for the n=2 state of excitons in the Cu20 semiconduc-
tor (yellow series) at the electric field strength 600 V/
cm results in –3,1∙10-4 eV. This value agrees well with 
experimental data of Gross et al. [28]. Ionization of 
the exciton in an electric DC field occurs if a change 
of potential on a small enough distance (the orbits di-
ameter) is comparable with a bonding energy of par-
ticle on this orbit. According to data of Gross et al., 
the corresponding electric field is ~9 103 V/cm. Our 
calculation agrees with this value.
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PHOTODETECTOR ON THE BASE OF UNI-JUNCTION TRANSISTOR AND 
PHOTO-DIODE

Uni-junction transistor, often named two-base diode consists of the semiconductor plate with two 
Ohmic contacts and p-n-junction. Ñharge carriers, injected from the emitter change the resistance 
between the base  contacts that ñauses the change of the current JB1B2, namely the output current. 
Input (the circuit p-n-emitter – the base B1) volt-ampere characteristics of uni-junction pertains to the 
S-type [1]. Such transistor is the simplest element playing the role of the base for construction of the 
generator of the relaxation oscillations. The scheme of this generator contains the minimal number of 
the elements, and thus, is simple and stable in operation. 

The converters of the different physical values 
(light, temperature, pressures, etc.) with the frequen-
cy output on the base of the uni-junction transistor 
are broadly used in the technique [2]. The genera-
tors on the base of the uni-junction phototransistor 
(UPhT) are used as the sensor-photo-detectors with 
the frequency output. The linear dependence of the 
frequency on the intensity of the light flow and the 
sensitivity to the weak light signals are the actual prob-
lem in this case.

The characteristics of the combined photo-detec-
tor on the base of the UPhT with the photo-diode in 
the input circuit, offered in [3], with the scope of the 
photosensitivity enhancement and the achievements 
of the characteristics of the frequency-light’s intensity 
are discussed in this work. Schematic design of the cu-
bic structure photo-detector is presented on Fig. 1.

Fig. 1. Scheme of UPhT construction

The semiconductor crystal of the n-type conduc-
tivity contains two Ohmic base contacts of the n+-type 
conductivity (contacts B1 and B2), as well as injection 
emitter p-n-junction E (the region of the p+-type) with 
the electric connectors. Unlike the known design the 
addition n+-region D is created in the p+-region.

The work of the UPhT in the scheme of the relaxa-
tion generator of the vibration is possible to illustrate 
as follows (Fig. 2).

Fig. 2. Generator of the relaxation oscillations

The capacitor C in usual scheme of the relaxation 
generator in the circuit of the emitter’s network is 
charged through resistance RE . The frequency of the 
vibrations is defined as

( )

1

0ln ,E
t

U U
f R C

U U P

−
⎡ ⎤−

= ⎢ ⎥
−⎢ ⎥⎣ ⎦  (1)

where UC, U0 – voltage of the connection of the emit-
ter and the remaining voltage on it in the switching on 
condition, U – voltage of the power supply.

The capacitor C is charged when the power source 
is switched on. The injection through p-n-junction 
increases in avalanche way, when the capacitor C is 
charge to turn-on voltage Vt. The discharge of the ca-
pacitor C happens after this, through the circuit E-
B1. The structure is switched on after the discharge 
on the capacitor and the current in the input circuit 
decreases, the process of the changing of the capaci-
tor begins once again and again. As the values U0 and 
Ut are stable as to the changes of the temperature, 
therefore period and frequency of the oscillations of 
the relaxation generator are enough stable. At the il-
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lumination of a part of the semiconductor crystal be-
tween the emitter E and the base B1 causes the voltage 
of the switching on Ut  to be the primary parameter, 
which depends on the intensity of the light flow P. The 
voltage of switching Ut = IB1B2∙rB1, where rB1 – is the 
resistance of the input element of the UPhT’s base, 
IB1B2 – the current of the base. The resistance rB1 is 
decreased as the photo-resistor is illuminated what 
leads to the decrease of the voltage Ut(P). As follows 
from (1), the frequency of the oscillations  f, starting 
from voltage U0(P), increases nonlinearly with the 
growth of the light flow.

In present work, we propose to use the generator 
of the relaxation oscillations voltage drop instead of 
resistor RE, the bias of the p+-n+-diode (the circuit 
E-D, Fig. 1), where a saturation current generator is 
placed in the circuit of the emitter power supply. The 
current practically does not depend on the voltage. 
In this case the current during charge of the capaci-
tor C is constant and the voltage drop on it increases 
linearly in time. The equation (1) is, thus, simplified 
considerably:

( )0

,S S

t t

I I
f

C U U C U
= ≈

− ⋅  (2)

since usually Ut >>U0. Here IS — the reverse-bias cur-
rent (the saturation current) of the p+-n+-junction.

At illumination switched on, at one hand, as it is 
shown above, the voltage of the switching on Ut(P) is 
decreased. At the other hand, the reverse-bias cur-
rent grows with the value of the photocurrent IPh at 
illumination of the p+-n+-junction. Accordingly, the 
frequency of the output signal oscillations under il-
lumination

.S Ph

CPh

I I
f

CU

+
=

 (3)

As it is well known, the photocurrent of the photo-
diode is described by linear dependence on the inten-
sity of the light flow P.

We should note, also, one particularity of the com-
bined photo-detector. The n-p+-n+-structure in in-
put circuit (B2-E-D electrodes, Fig. 1) acts as bipolar 
transistor, current of the collector which under illu-
mination is equal to IS+IPh. This current is multiplied 
by the value of the amplifier’s coefficient β=1/(1–α), 
where α is the coefficient of the current’s transfer of 
the transistor in scheme with the general base [1]. 
Thereby, under IPh>> IS the frequency of the relax-
ation generator at the illumination of the combined 
photo-detector equals to

.ph
ph

ph

I
f

CU

β
=

 (4)

The relative change of the generator’s frequency 
at illumination is IPhβ/IS times greater, than in usual 
UPhT (with resistor RE in emitter circuit). Taking into 
account that the coefficient of the transfer α weakly 
depends on the illumination intensity, it is possible to 
consider that the frequency of the generator based on 
the oscillations photo-detector changes linearly with 
the intensity value of the light flow.

The combined photo-detector on the base of silicon 
crystal of the cubic form with size 200×200×200 μm was 
studied experimentally (Fig. 1). The sizes of contacts 
were as follows: B1 — 100×40 μm, B2 — 200×200 μm, 
emitter E (p+-type) – 100×40 μm, the additional n+-
region (D) — 50×20 μm. The illumination of the sam-
ples was provided with the infrared light-emitting diode 
AL119B (λ = 0.93…0.96 μm). Power of the radiation of 
the light-emitting diode at the current value of 300 mA 
was not less than 40 mW. The practically linear graph 
of the dependence of the emitter’s voltage switching on 
Ut(P) on the light flow intensity P is presented at Fig. 3.

Fig. 3. Dependence of the emitter’s turn-up voltage on the 
intensity of light

The dependence of the relaxation generator fre-
quency f on the illumination intensity is presented at 
Fig. 4. The curve 1 was measured for the case, when 
the electrode D is switched off and the resistance RE 
is switched on in the circuit of the emitter’s power 
supply, i. e. for the simplest scheme of the UPhT’s 
relaxation generator. The sensitivity of the frequency 
K = Δf/ΔP ≈ 0.5 kHz/mW. The dependence f=f(P) 
for the combine photo-detector is presented by curve 
2, Fig. 4.

It could be seen that this dependence is practically 
linear and the sensitivity on frequency is much higher 
(K ≈7 kHz/mW). 

It should be noted that the presence of additional 
bipolar photo-transistor in scheme of the combined 
photo-detector does not define significant increase of 
the photo-signal since for bipolar structure specified 
in this case and the coefficient of the current transfer 
α is not large due to small value of the injection’s coef-
ficient. However, even though α ≈0.5, the amplifier’s 
coefficient β ≈2. The respective contribution to the 
increase of the photosensitivity of this structure could 
be achieved as the result of addition al structural ele-
ment inclusion.

Thus, we have shown the possibility to raise the 
linearity of the output signal and enlarge the sensitiv-
ity of the sensor on the base of uni-junction photo-
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transistor through introduction of the additional n+-
region into p+-emitter of the photo-transistor.

Fig. 4. Dependence of the frequency on the intensity of light 1 
— regular UPhT, 2 – combined photo-detector
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ÔÎÒÎÏÐÈÅÌÍÈÊ ÍÀ ÎÑÍÎÂÅ ÎÄÍÎÏÅÐÅÕÎÄÍÎÃÎ ÒÐÀÍÇÈÑÒÎÐÀ È ÔÎÒÎÄÈÎÄÀ

Ãåíåðàòîðû íà îñíîâå îäíîïåðåõîäíûõ ôîòîòðàíçèñòîðîâ (ÎÔÒ) èñïîëüçóþòñÿ â êà÷åñòâå ñåíñîðîâ–ôîòîïðèåìíèêîâ 
ñ ÷àñòîòíûì âûõîäîì. Ïîëóïðîâîäíèêîâûé  êðèñòàëë n-òèïà ïðîâîäèìîñòè ñîäåðæèò äâà îìè÷åñêèõ áàçîâûõ êîíòàêòà n+-
òèïà ïðîâîäèìîñòè, à òàêæå èíæåêòèðóþùèé ýìèòòåðíûé p-n–ïåðåõîä (îáëàñòü p+-òèïà) ñ ýëåêòðè÷åñêèìè âûâîäàìè. Ïî-
êàçàíà âîçìîæíîñòü ïîâûñèòü ëèíåéíîñòü âûõîäíîãî ñèãíàëà è óâåëè÷èòü ÷óâñòâèòåëüíîñòü äàò÷èêà íà îñíîâå îäíîïåðåõîä-
íîãî ôîòîòðàíçèñòîðà ââåäåíèåì äîïîëíèòåëüíîé n+–îáëàñòè â p+-ýìèòòåð.
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Ãåíåðàòîðè íà áàç³ îäíîïåðåõ³äíèõ ôîòîòðàíçèñòîð³â (ÎÔÒ) âèêîðèñòîâóþòüñÿ â ÿêîñò³ ñåíñîð³â-ôîòîïðèéìà÷³â ç ÷àñòî-
òíèì âèõ³äîì. Íàï³âïðîâ³äíèêîâèé  êðèñòàëë n-òèïó ïðîâ³äíîñò³ ì³ñòèòü äâà îì³÷íèõ áàçîâèõ êîíòàêòè n+-òèïó ïðîâ³äíîñò³, 
à òàêîæ ³íæåêòóþ÷èé åì³òåðíèé p-n–ïåðåõ³ä (îáëàñòü p+-òèïó) ç åëåêòðè÷íèìè âèâîäàìè. Ïîêàçàíà ìîæëèâ³ñòü ï³äâèùåííÿ 
ë³í³éí³ñò³ âèõ³äíîãî ñèãíàëó òà çðîñòàííÿ ÷óòëèâîñò³ äàò÷èêà íà áàç³ ÎÔÒ øëÿõîì ââåäåííÿ äîäàòêîâî¿ n+-îáëàñò³ â p+-
åì³òåð.
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ELECTRODYNAMICAL AND QUANTUM - CHEMICAL MODELLING THE 
ELECTROCHEMICAL AND CATALYTIC PROCESSES ON METALS AND 
SEMICONDUCTORS: LANTHANIDE PEROVSKITES

The quantum mechanical and electrodynamical approaches are used in problem of the catalytic 
activity definition for metals, binary metallic alloys and semiconductor materials. There are found the 
quantitative link between the electron structure parameters of indicated materials and their catalytic 

activity on example of a simple model reactions of the following type: H = H+ + e  and 2 2O O e− −= + . 
It has been carried the qualitative estimate of catalytic properties for lanthanides perovskites.

INTRODUCTION

A new approach in electron theory of catalysis, 
based on the electrodynamical and quantum mechan-
ical models, is being applied to study of catalytic pro-
cesses on metallic and semiconductors compounds. 
We studied only those of the electronic structure pa-
rameters of these materials which define directly their 
catalytic activity in simple model reactions of the fol-

lowing type: H = H+ + e and 2 2O O e− −= + . It has been 
found that the link between the Fermi level position 
dependence upon the metal alloys components con-
centration and their catalytic activity is quite tight.    A 
study of catalytic activity for metals, metallic alloys and 
semiconductors is of a great importance for different 
practical applications, for example, during the elabo-
ration of electrochemical solid-state energy sources, 
planning the efficacy of semiconductor sensors, etc. 
(c. f. [1–12] and ref. there). It is known [8–9] that the 
components concentration’s change in metallic al-
loys could result in corresponding variation of cata-
lytic activity as well as of electrochemical properties. 
The attempts of comprehensive quantitative descrip-
tion of the metal-like systems (metallic alloys, heavily 
doped semiconductors) electronic structure including 
the description of processes on electrodes’ surfaces of 
the electrochemical solid-state energy sources have 
been undertaken in a number of papers (c. f. [1–12]), 
in particular, within conceptual models which use the 
density functional formalism [2, 3]. In these models a 
description in the framework of electron density func-
tional on the metals surface is produced. As a  result, 
these models are not enough sensitive to energy value 
and states density on the Fermi surface. Naturally, 
there is a great number of papers (c. f. [1–3]), where 
the catalysis and hemisorption problems are consid-
ered within ab initio quantum chemistry methods. 
These calculations give very useful information about 
processes considered, however, some quite important 
moments of the physical and chemical nature of these 
processes often remain up to known degree veiled. 
As alternative, the effective model approaches have 
been developed on the basis of the electrodynamical 
and quantum- chemical modeling, in particular, this 
approach could be represented by well known model 
of Lidorenko and others (c. f. [3–12]). In cited refer-

ences, different versions of indicated models and dif-
ferent catalytic materials are considered. In this paper 
we consider a problem of catalytic activity definition 
for binary metallic alloys and heavily doped semicon-
ductor materials. We try to find a quantitative link be-
tween the electron structure parameters of indicated 
materials and their catalytic activity on example of 
a simple model reactions of the following type: H = 

= H+ + e (A) and 2 2O O e− −= +  (B). It should be noted 
that the level (A) often plays the role of limiting factor 
in the hydration reactions. In paper it has been car-
ried the qualitative estimate of catalytic properties for 
lanthanides perovskites too. In last years a great inter-
est attracts studying the perovskites which represent 
the subgroup of oxides of the transition metals [11]. 
It has been shown that the rare-earth oxides of cobalt 
RCoO3 (R-rare-earth -element) can catalise the re-
action in the gas phase. This is related to different ex-
changed perovdkites of the following type: (La 1-x Pb x) 
MnO3  and (Pr 1-x Pb x )MnO3.  The perspective appli-
cation for cited compounds is the photoelectrolise of 
water with the aim of obtaining oxygen and hydrogen. 
As anodes of photoelectrolitic cells such compounds 
as SrTiO3, BaTiO3 and others can be used. The big-
gest efficiency coefficient  (10%) has been obtained in 
the cell with SrTiO3 of n-type under radiating by light 
with the photon energy which is less the forbidden 
zone width. In order to understand the catalytic prop-
erties of the cited compounds it is necessary to know 
electron characteristics of materials and mechanisms 
odf the adsorbtion and charge transfer processes. As 
the first step a qualitative estimate of catalytic proper-
ties of the cited substances is very much desirable. 

SCOPE OF THE PAPER AND MODEL USED

The electron structure of metallic system in the 
used approximation could be approximated by a set of 
isotropic s-d bands [4, 5]. The static dielectric perme-
ability is represented as follows: 

1 ,ss dd sd dsε = + ε + ε + ε + ε  (1)

where ε (ij) describes the contribution into ε due to 
the i-j transitions. In approximation of free electrons 
the expression for εss looks as:

© A. V. Glushkov, Ya. I. Lepikh, A. P. Fedchuk, 
O. Yu. Khetselius, 2008
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where k=q aB; q — wave number; aB — Bohr radius; qF  
= (3π2 zi /Ω)1/3; zi – the electrons number in the ”i” 
band; vi(EF) = Ni(EF)a 2

B ee, Ni(EF) — the state density 
on the Fermi surface in the ‘i’. 

The corresponding expression for εdd is:
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Here the matrix element Ìdd is defined by the su-
perposition of the wave functions for d electrons. The 
contribution ε (ds) is important only for systems con-
taining the non-oxidable precious metals. This con-
tribution is defined as follows:

( ){
( ) }

22 2 2 22 / 1 4

ln 2 /2 /4 .

ds s d c d

d d d

m k e f k k k

k k k k k k

⎡ ⎤⎡ ⎤ε = ππ + −⎣ ⎦ ⎣ ⎦

+ −
 (4)

where  ms is the effective mass of electron in the con-
ductivity band; kd , fc — numeral parameters [3]. Usu-
ally the contribution εds in (1) for transition metals is 
about several percents. The effective potential, which 
imitates an effect of metallic potential field on the in-
culcated hydrogen atom (for process H = H+ + e) is 
defined as follows:

2

0

2 sin
( ) .

( )

e kr
r dk

r k k

∞

Φ = − ∫
π ε  (5)

It is supposed that the problem considered has the 
spherical symmetry and the crystal potential is fully 
screened by the conductivity electrons. Substitution 
of (1) to (5) leads to the following expression:

Φ(r) = –e2 a/r exp[–αR]cos[αR], (6)

where
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The numerical solution of the Schrodinger equa-
tion [13] for H atom in a field Φ(r) gives the corre-
sponding spectrum of states, which could be con-
tinual or discrete depending on the parameter ζ–1 = 
α/a.The spectrum is continual, if ζ<ζo = 0,362 (c. f. 
[4] & refs. their) and the corresponding material is a 
catalyst for the H ionization reaction); if ζ > ζo, the 
spectrum is discrete (metal does not demonstrate cat-
alytic activity for cited reaction). In the binary me-
tallic alloy the Fermi level position EF as well as the 
corresponding state density ν(EF ), accompanied with 
electronic structure parameters α and a are changing 

under change of the admixture concentration c. It is 
possible to use the Thomas-Fermi approach As an 
approximation [14]. We suppose that the admixture's 
atoms volume has the spherical form. The radius Rc is 
connected with concentration by the formula:

(qRc)-3 = (qrs)-3c,

where rs – the electron gas characteristic parameter. 
For screened potential V(r) near the admixture (if 
|ΔE–

F – V| < EF), the corresponding Poisson equation 
looks as:

ΔV(r) = q2 {V(r) – ΔEF} (7)

Elementary solution of equation (7) with the 
boundary conditions: 

(dV/dr)Rc= 0, V(Rc) = 0, V → –Zv e /r , r→0,

where (Zv — difference of the components valences) 
is defined as:

V(r, RÑ) – ΔEF = [–Zve/r]{qRÑch[q(RC – r)]}/

/[qRÑ ch(qRÑ) + sh(qRÑ)] (8)

Second boundary condition provides the expres-
sion for Fermi level shift in dependence upon the con-
centration c:

ΔEF = Zve2 q/[qRÑ ch(qRÑ) + sh(qRÑ)] (9)

One could see, that for the binary alloy, the val-
ue ν(EF ) is substituted  by  the  value ν(EF ) = ν(EF ) 
+Δν(EF). The parameters, which define the catalytic 
activity for metallic compounds, are directly depen-
dent upon the components concentration. Let us 
now establish a link between the electron structure 
parameters and catalytic activity for the oxygen elec-
trorestoring reaction. We solve again the Schrodinger 
equation for system: oxygen molecule –electron on 
the potential field. If negative O2 ion (experimental 
value of electron bound energy to oxygen molecule 
0,44 eV), has the bound state for given values of (6, 9), 
then the material under examination is a good catalyst 
for indicated reaction. Potential Ô could be written 
with an account of the two-center (ra, rb) approxima-
tion as follows:

Φ(r) = –e2 a/2rà exp[–αRà] cos[αRà] –

– e2 a/2rb exp[–αRb] cos[αRb]. (10)

The solution of Schrodinger equation for oxygen 
in potential field Φ is a well known two-centers prob-
lem of quantum mechanics. It is naturally solved in 
the elliptic coordinates: μ=(ra+rb)/Rab, η=(ra–rb)/Rab.
The variables’ separation in the Schrodinger equation 
and transition to three 1-D differential equations are 
possible using the approximation: 1/2 Rab(μ + η)≈1/2 
Rabμ. Then potential (10) has the form:

Φ(μ,η) = –2μ a exp[–αqFs Rabμ] cos[αqFs Rabμ]/

[Rab(μ2 – η2)] = g(μ)/(μ2 – η2).

The master differential equations system has the 
following form:

{d/dμ (μ2 – 1) d/dμ – [λml + m2/(μ2 – 1) +
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+ μ2c2 + Rab g(μ)/2}Tnlm = 0 (11)

{d/dη (–η2 + 1)d/dη + [λml + η2c2m2(1 – η2)]} Slm= 0,

{d2/dϕ2 + m2}Σm= 0.

Wave function can be represented as follows: 

Ψnlm= Tnlm(μ) Slm(η) Σm(ϕ).

One- electron energy Å = –2ñ2/Rab2 is dependent 
upon the main quantum number and also the sym-
metry of quantum numbers l, m; λml is a coupling con-
stant. Usual molecular orbitals (MO) correspond to 
the orbitals-solutions (MOS) of (11) as follows:

(ÌÎ) – (ÌÎS) = 1σg –1sσ; 1σu –2pσ; 2σg–2sσ;

2σu –3pσ; 3σg –3dσ; 1πu –2pπ; 1πg–3dπ; 3σu–4pσ.

The ground configuration of the oxygen molecule: 
1σg

21σu
22σg

22σu
2 3σg

21πu
41πg

2 . Our task is to calculate 
the bond energy E(1πg). A standard approach to nu-
merical solution is based on the Numerov method 
and matrix technique with using the Newton-Rafson 
scheme (c.f.[15-17]). A new, more effective method 
of the eigen-values definition and functions problem 
solution, which is based on the operator perturbation 
theory and Runge-Kutta integration procedure, was 
proposed in ref. [13, 12, 15–18].

MODEL TO CATALYTIC ACTIVITY OF 
SEMICONDUCTORS

Now, let us formulate a new effective approach to 
description of catalytic processes on semiconductors 
and determine connection between the semiconduc-
tors electron structure parameters and their catalytic 
activity in the relation to simple model reaction of 
the H = H+ + e type. Above proposed model is trans-
formed through the following way. In order to describe 
the electronic structure of semiconductor let us use 
the known Resta model in the Thomas-Fermi theory 
for semiconductors (c. f. [14]). We consider the model 
semiconductor as the electron gas with non-perturbed 
density n0. The corresponding Poisson equation is as 
follows: 

V(r) = q {V(r) – À},

where q = 4kF /πaB and À is a constant. Let us sup-
pose that there is the finite screening radius R near the 
probing charge Ze and n(R) = n0. Then a constant A is 
equal V(R). Beyond the radius R the point charge Ze 
potential is equal to: V(R) = –Ze2/[ε(0) r], r>R ,where 
ε(0) is a  static dielectric permeability. Independent 
solutions for the Poisson equation have the following 
form: Ze2exp[qr]/r. So, the general expression for po-
tential energy is: 

V(r) = –Ze2 /r {C1 exp(qr) +

+ C2 exp(qr)} + A, r < R. (12)

Taking into account the continuity condition, 
boundary condition (V(r) → 0, r → 0) and formula 
A = V(R), the expression for V (12) looks as follows:

V(r) = –{Ze2 /r}{sh[q(R – r)]/sh[qR] –

– Ze / ε(0)R, r < R. (13)

The continuity condition for electric field under 
r = R allows to define a link between the screening pa-
rameter and ε (0) as: ε(0) = sh[qR]/qR. If ε(0)>1, R is 
equal to finite value comparable with distance to the 
nearest atoms for example, for Si, Ge semiconduc-
tors R = 4,4 a.u.). The Schrödinger equation solution 
with potential (12) allows to define the corresponding 
energy spectrum in dependence upon the parameters 
ε(0), kF and then a link between the semiconductors 
electron structure parameters and their catalytic ac-
tivity likely above described one. 

QUALITATIVE ESTIMATE FOR CATALYTIC 
ACTIVITY OF THE ÀÂÎ3 COMPOUNDS

We are interested by a search of the most opti-
mal and active catalyzers of the model reactions H = 

= H+ + e and 2 2O O e− −= +  among the compounds 
ÀÂÎ3 (Â=Fe,Ni,Co; À=La, Ce, Tb, Dy). We have 
applied our scheme of the electrodynamic model-
ing for the case of the model reaction Î2 + å- = Î-

2 . 
Calculation is resulted in solution of the Schrödinger 
equation (the Kohn-Sham equations system) for sys-
tem: oxygen molecule – electron in the potential field 
of a material. If for the corresponding parameter ξ the 
negative ion has the bound state then the material is 
the catalyzer of reaction. And if the bond energy is 
more them the catalytic properties will be manifested 
in the more degree. We present the corresponding 
bond energies for different compounds in table 1.

Table 1
Bond energies for system Î2 + å-

Compound
Bond 

energy, 
eV

Compound
Bond 

energy, 
eV

LaFeO3 1,76 TbFeO3 1,82
LaCoO3 1,75 TbCoO3 1,81
LaNiO3 1,73 TbNiO3 1,78
CeFeO3 1,67 DyFeO3 1,64
CeCoO3 1,67 DyCoO3 1,63
CeNiO3 1,65 DyNiO3 1,61

As the estimate shows, the most active catalyzers 
among considered materials are the compounds as 
follows: LaFeO3, LnCoO3, TbFeO3, TbCoO3. It is 
of a great interest that this is in a full correspondence 
with preliminary experimental studies [10,11]. It is 
obvious that the further studying of the electrocata-
lytic properties of the cited compounds requires the 
detailed calculation of the electron structure param-
eters, ab initio quantum modelling catalytic reactions, 
which possibly run with forming the corresponding 
adsorbtion complexes etc. 

CONCLUSIONS

We present here the quantum mechanical and 
electrodynamical approaches in problem of the cata-
lytic activity definition for metals, metallic and semi-
conductor materials. On its basis it has been carried 
the qualitative estimate of catalytic properties for lan-
thanides perovskites. The proposed approach could 
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be modified for the semiconductor surface catalytic 
reactions product and charge exchange processes 
evaluation and, in such a way, could be used for the 
semiconductor sensors efficacy prediction for the giv-
en reaction type. We believe that approach proposed 
can be improved on the way of account for the whole 
number of additional factors (the electrolyte influ-
ence, surface effects, electrode potential, the electro-
lyte type, the electron concentration in the layer and 
many other [8–12]).
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PROCESSES ON  METALS AND SEMICONDUCTORS: LANTHANIDE PEROVSKITES

The quantum mechanical and electrodynamical approaches are used in problem of the catalytic activity definition for metals, binary 
metallic alloys and semiconductor materials. There are found the quantitative link between the electron structure parameters of indi-

cated materials and their catalytic activity on example of a simple model reactions of the following type: H = H+ + e and 2 2O O e− −= + . It 
has been carried the qualitative estimate of catalytic properties for lanthanides perovskites.
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2 2O O e− −= + . Âèêîíàíî ÿê³ñíó 

îö³íêó êàòàë³òè÷íèõ âëàñòèâîñòåé ïåðîâñêèò³â ëàíòàí³ä³â.
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âîäíèêîâûõ è ìåòàëëè÷åñêèõ ìàòåðèàëîâ. Âûÿâëåíà êîëè÷åñòâåííàÿ êîððåëÿöèÿ ïàðàìåòðîâ ýëåêòðîííîé ñòðóêòóðû èñ-

êîìûõ ìàòåðèàëîâ è èõ êàòàëèòè÷åñêîé àêòèâíîñòè ïî îòíîøåíèþ ê ìîäåëüíûì ðåàêöèÿì âèäà: H = H+ + e, 2 2O O e− −= + . 
Âûïîëíåíà êà÷åñòâåííàÿ îöåíêà êàòàëèòè÷åñêèõ ñâîéñòâ ïåðîâñêèòîâ ëàíòàíèäîâ.
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SILICON SURFACE WITH CLUSTERS

The (111) surfaces of the tetrahedral semiconductors C, Si, and Ge are found to undergo a 
remarkable variety of surface reconstruction’s. A possible common denominator its the apparent 
occurrence of a 2 x 1 recon struction on all three surfaces. This holds presumably also for the (111) 
surface of a-Sn though no experimental data are available for this zero-gap semicon ductor. The 2x1 
reconstruction occurs upon cleavage at low temperatures in Si and Ge, but is only metastable, it 
transforms irreversibly into the stable 7 x 7 or c(2 x 8) structure upon annealing at 500–700 and 380 
K, respectively. On diamond the 2x1 structure appears upon annealing at ~1200 K and is probably the 
thermodynamically stable surface phase. 

The atomic and elec tronic structures of the (111) 
2x1 surfaces, especially in the case of silicon, have 
been extensively studied by a variety of experimental 
methods: low-en ergy electron diffraction (LEED), 
medium-energy ion scattering using the effects of 
channeling and blocking, scanning tunneling micros-
copy (STM), angle-resolved photoemission spectros-
copy (ARPES), in verse photoemission, surface-in-
duced core-level shift measurements, electron-energy 
loss spectroscopy (EELS), and optical studies. They 
are accompanied by powerful total energy calcula-
tions to optimize the atomic geometries.

Although the (111) surfaces of covalent semicon-
ductors, particularly of silicon, are the most studied 
objects in surface physics, questions regarding their 
structural and electronic properties persist. Whereas 
the 2x1 reconstruc tion type is given by static LEED 
measurements the actual surface topology can be 
extracted only indirectly, from experiment if an ap-
propriate model for the bonding topology and the dis-
placements of surface atoms is available. 

The some STM pictures appear to include new 
structural elements as cluster. Magic numbers (ex-
treme) for these properties are observed which pre-
sumably reflect differences in cluster struc tures of the 
silicon surface (see fig. 1) [1]. Fig 2 represents STM 
images acquired from the same region of the cluster 
deposited Si(111) 7x7 surface [2].

The aim of the present paper is the theoretical study 
of the atomic geometry of a silicon surface for the two 
fundamental reconstruction models due to formation 
of the polyhedral and fractal clusters  by means of self-
con sistent total energy minimization procedure [3].

Small Si clus ters have usually been produced by 
pulsed-laser-evaporation methods [4, 5]. Since dis-
covery of visible light emission from por-Si, great 
deals of efforts have been devoted to investigate the 
optical properties of Si nanostructures. However, little 
is known about the electronic states associated with 
impurity atoms doped into nanostruc tures, although 
they are very interesting from the view points of funda-
mental physics and future applications. Therefore the 
optical properties of semiconductor nanostructures 
have been the subject of intense investi gations. 

Besides the quantum confinement of electrons 
and holes leads to linear and nonlinear optical prop-
erties much different from those of bulk crystals [6, 7]. 

The study of the structure and properties of semicon-
ductor clusters, particularly silicon clusters, has been 
an extremely active area of current research [8–11].  
Vapour-phase clusters of silicon have been prepared 
and analyzed for trends in relative abundance and 
chemical reactivity for 3<n< 60, where n is amount of 
the atoms at the cluster. 

Fig. 1. “Magic” clusters (are designated by the M-letter) and Si 
craters. STM-samples (different exposition) have the size 350 Å 

— 300 Å (a) — (c) and 300 Å — 270 Å (d) [1]

Here we show how these magic numbers can be un-
derstood based on structures predicted by a quantum-
mechanical calculations molecular dynamic classical 
force field developed by us to fit the equations of state 
of bulk phases and energies and aver age co-ordination 
numbers of small clusters of Si. First-principles quan-
tum-mechanical calculations [3, 8] have successfully 
predicted the structures and properties of Sin + clus-
ters for n < 10.

Prof. J. R. Chelikowsky shows that covalent-me-
tallic phase transitions are the key to the functional 
form used to construct the force field [12]. The prima-
ry reason for the sta bility of the theory, as compared 
to the kaleidoscopic variations in analytic detail and 
parametric values which have characterised almost 
all other work is that their treatment of bond-bending 
forces is physically con sistent. The former provides 
the rapid angular vari ation needed describe the “phase 

© V. V. Kovalchuk, O. V. Osipenko, 2008
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transition” between metallic (θ = 60°) and covalent 
(θ = 110°) bonding of silicon clusters.

We calculate the electronic structure of Si-spheri-
cal-like clusters using the PDFT model [3, 8]. The 
interaction parameters are limited to first-nearest 
neighbors and the usual d-2 Harrison law can be used 
to calculate their variation with in teratomic distance 
d. Due to the new boundary conditions the struc ture 
is no more in equilibrium and we have thus relaxed the 
atomic positions using a Stillinger-Weber modified 
poten tial. Illustration of transition from polyhedral 
cluster structure to spheroids and fractal structures 
shows in the fig 3. 

Fig. 2. STM images acquired from the same region of the cluster 
deposited Si(111) 7x7 surface. The image represents an empty 

state image with bias of 1,5 V [2]

First, was shown that smaller bond-angle distri-
bution for all clusters in the range 5 ≤ n ≤ 20. While 
previous potentials based on cosθ were always de-
signed to favor tetrahedral angles θt, there is no such 
bias in our functions. Instead that the smaller bond 
angles are all concentrating near θ = π/3 (close pack-
ing) or near θt (tetrahedral packing). This is what one 
would have expected from a bond-bending energy 
dependent on cos3θ, but the virtual absence of bond 
angles near θ = π/2 reflects, in addition, cer tain geo-
metrical constraints, which one might not have an-
ticipated. These packing constraints in effect amplify 
the significance of the covalent-metallic distinction. 
For n > 10, the cluster geometries turn out to be very 
different from what one might have expected, based 
on the bulk phase diagram. At n = 13 the structure is 
that of an atom-centred icosahedron. 

The icosahedral-pentagonal growth sequence is 
well known for two-body central forces appropriate to 
inert gases, and indeed magic numbers n = 13, 19, 23, 
25 ... 55 etc have been observed for Xe and other inert 
gas clusters [ref in 12].

Our calculations show that back-bonding forces in 
small clusters can cause a remarkable reappearance 
of these simple geometrical structures [3, 7, 8]. The 
models also shows for a wide range of parameters that 
at n = 11, 12, 16, 17, 18 the cluster donor be long to 
the pentagonal growth sequence but may instead have 
layered character similar to that of one of the n = 10 
isomers, which has a 3-3-3-1 trigonal prismatic struc-
ture.

Thus our and others authors results indicate that in 
the range n = 10÷20 the polyhedral Sin cluster struc-
tures oscillate between metallic pentagonal growth 

structures and covalent molecular structures. In ef-
fect, in this range Sin clusters are vicinal to a covalent-
metallic “phase transition”. This appears to be a case 
of “like prefers like,” which often occurs in covalent 
network structures. This preference originates from 
the persistence of the covalent energy gap, accom-
panied by phase-matched occupied valence orbital, 
from the rings of Sin (n is a number of atoms in cluster) 
into interlocking rings in cluding matrix surrounding 
segments.

Fig. 3. The scheme of formation of nanostructure on the silicon 
surface (see results of experiments [1, 2 ]). Designations of 
characteristics: M is a molecular weight of a fractal, R is a fractal’s 
geometrical size, D is a fractal dimension, ra  is radius of a 
nanostructure, Ds is degree of a roughness of nanostructure, b is  

length of a chemical bond

Our model also yields relative cluster energies 
and it predicts that n = 13 will be especially stable. 
However, careful studies of the effect of ionising la-
ser energy and intensity on beam distributions have 
revealed many effects (including cluster fragmenta-
tion, which is likely to be especially strong for “me-
tallic” clusters), which preclude inference of relative 
cluster energies from beam distribution intensities in 
cases where the ionisation ener gies (here known to 
be ≥ 7eV) are large.

In the paper of [13], prof. Kamenutsu Y. with cow-
orkers, report the luminescence properties of a poly-
hedral Si8 cluster, octasilacubane. The study of optical 
properties of a cubic Si8 cluster becomes important for 
the understanding of the nature of the geometry and 
chemical bonding of small Si clusters on the silicon 
surface and the stability of magic-number Si4 and Si10 

clusters [7, 8]. Broad PL with a peak of 1.7 eV was 
observed only at low temperatures. The PL intensity 
and PL lifetime decrease with increas ing temperature 
above 40 K. The PL process is con trolled by non radi-
oactive recombination processes. The slow-decay and 
temperature-sensitive PL is attributed to “forbidden” 
radioactive recombination. The optical prop erties of 
the cubic Si8 cluster are quite different from those of 
chain and ladder Si8 clusters. This is because the or-
bital hybridisation and bonding in the cubic cluster 
are different from those in the other Si8 clusters. 

We would like to stress, that a whole new class of 
materials called clathrates can be generated by alter-
ing the bond angles from their ideal tetrahedral value 
in the diamond structure [14]. The clathrates form lo-
cal minima of the total energy and some of them are 
only slightly less stable than the diamond phase. The 
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silicon-clathrate compounds are not attacked even 
by strong acids except for HF. Importantly, the band 
gaps of these structures are substantially larger than 
that of Si in the diamond structure and well into the 
visible region. It is worth noting that the high pressure 
phases of bulk Si such as β-Sn, on the other hand, are 
metallic with no gap. The clathrate structures are rela-
tively open, allowing for endohedral impu rity atoms. 
The experimental synthesis of clathrates involves two 
steps. The first step involves reacting of Si powder or 
pieces of Si wafer with alkali metal (A) at 580°C for few 
hours inside an airtight stainless steel bomb sealed in a 
quartz tube under vacuum of 10–3 Torr. This reaction 
yields alkali metal silicide A Si, together with excess 
alkali metal. In the second step, the A Si/A mixture is 
heated under a dynamic vacuum for about 30 hours at 
temperatures 300–450°C, to form Si clathrate phase. 
The results of our study of structural and vibration 
properties of Si clathrates using a PDFT method will 
present in the next paper.

In conclusion, we have shown that our previously 
published PDFT methods [8] gives an excellent fit to 
the properties of state of two cluster phases. It also 
predicts very surpris ing pentagonal growth structures 
for clusters in the range n = 10÷25. These structures 
partially explain magic numbers observed experimen-
tally [1, 2]. We believe that these successes demon-
strate that we have constructed the satisfactory model 
of the silicon surface with silicon clusters.

Cluster approach allows formulating in a new fash-
ion material sciences concept, it is essential to expand 
its possibilities for the decision of modern problems of 
nanoelectronics.

We would like to express our deep thanks to Prof. 
Dr. M. Drozdov for the helpful comments of the 
calculation results. We wish to thanks to Prof. Dr. 
M. O. Watanabe from Joint Research Center for 
Atom Technology, 1-1-4 Higashi, Tsukuba, Japan for 
experimental images of a silicon cluster surface.
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SILICON SURFACE WITH CLUSTERS

The experimental data about silicon surface with clusters was discussed. The theoretical study of the atomic geometry of a silicon 
surface for the two fundamental reconstruction models due to formation of the polyhedral and fractal clusters by means of self-con sistent 
total energy minimization procedure are given.
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ÏÎÂÅÐÕÍÎÑÒÜ ÊÐÅÌÍÈß Ñ ÊËÀÑÒÅÐÀÌÈ

Îáñóæäåíû ýêñïåðèìåíòàëüíûå äàííûå î ïîâåðõíîñòè êðåìíèÿ ñ êëàñòåðàìè. Ñ ïðèìåíåíèåì ïðîöåäóðû ìèíèìèçàöèè 
ïîëíîé ýíåðãèè, ïðåäñòàâëåíû òåîðåòè÷åñêèå ðåçóëüòàòû îá àòîìíîé ãåîìåòðèè ïîâåðõíîñòè êðåìíèÿ äëÿ äâóõ ôóíäàìåí-
òàëüíûõ ìîäåëåé åå ðåêîíñòðóêöèè áëàãîäàðÿ ôîðìèðîâàíèþ ïîëèýäðîâ è ôðàêòàëîâ.
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ÏÎÂÅÐÕÍß ÊÐÅÌÍIÞ Ç ÊËÀÑÒÅÐÀÌÈ

Îáãîâîðåí³ åêñïåðèìåíòàëüí³ äàí³ ùîäî ïîâåðõí³ êðåìí³þ ç êëàñòåðàìè. Ç âèêîðèñòàííÿì  ïðîöåäóðè ì³í³ì³çàö³¿ ïîâíî¿ 
åíåðã³¿, ïðåäñòàâëåí³ òåîðåòè÷í³ ðåçóëüòàòè ïðî àòîìíó ãåîìåòð³þ ïîâåðõí³ êðåìí³þ äëÿ äâîõ ôóíäàìåíòàëüíèõ ìîäåëåé ¿¿ 
ðåêîíñòðóêö³¿ çàâäÿêè ôîðìóâàííþ ïîë³åäð³â ³ ôðàêòàë³â.
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ELECTRONIC STRUCTURE OF THE SURFACE OF THE SINGLE-WALLED 
CARBON NANOTUBE: AB INITIO CALCULATION

Data on the ground state electronic and atomic structures of the carbon nanotube and its energy 
were obtained by “dynamical simulated annealing” (the Car-Parrinello method).

INTRODUCTION

Carbon nano-tube that decorates nano-size parti-
cles of noble metals is became objects of fundamental 
and applied studies. The operations on their synthesis 
and the study of their properties are being performed 
actively in the USA, China, Korea, Japan and others. 
The association of unique properties of nanostructure 
substrates and nanosize particles allows effectively us-
ing such composite materials in nano-electronics, as 
effective catalysts, chemical sensors, and adsorbent of 
hydrogen, as well as electro-catalyst for fuel cells of 
new generation.

The methods of wet chemistry are used for produc-
tion of the composite structures more often. However, 
there are some other ways. The US researchers [1] de-
veloped the controlled method of assembly with use 
of high electric field (ESFDA – electrostatic force di-
rected assembly). It is based on creation of the charge 
nano-size particles stream, which is being deposited 
on single-shell (or multi-shell) carbon tubes placed 
on copper mesh with DC voltage applied. It is possible 
to monitor and control the density of packed nano-
size particles on surface of the carbon nano-tube, and 
to obtain a condensation of nano-size particles with 
the needed size. Method also allows the plotting the 
scheme of metal and semiconductor nano-size parti-
cles mixture on the nano-tube.

The studies of the properties of nano-tube walls in 
nanometer scale are very much difficult due to their 
sub-molecular diameters and curved surface [2]. 
Therefore, the study of general nano-tube properties 
remains perspective due to the possibility of the meth-
ods of computer simulation and calculations of first 
principles (ab initio) use [3].

METHOD OF CALCULATION

The calculations for carbon nano-tube were per-
formed within the local density approximation ac-
cording to the density functional formalism. The 
electron-ion interaction has been modeled by ab ini-
tio norm-conserving pseudopotentials proposed in 
[4]. The ground state electronic and atomic structures 
and its energy were obtained by “dynamical simulated 
annealing” (Car-Parrinello method – (CP) method) 
[5].

The CP method is being based on density-func-
tional theory (DFT) and the Born-Oppenheimer (BO) 

adiabatic approximation. For conventional DFT elec-
tronic structure calculations, the Kohn-Sham (KS) 
equations [6] were solved self-consistently. In BO 
approximation, wave function are considered as the 

functions of ionic positions { } ( ){ }: ; ,l i lR r Rψ , but in 

CP method ( ){ }i rψ  are treated as classical dynamical 

variables independent of { }lR . They are postulated to 
be evolves of Newton’s equations of motion so that 
“dynamical simulated annealing” can be performed 
to search a global minimum of the electronic configu-
ration.

The Lagrangian in CP method is introduced as

{ }
( )

2 2

*
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, , , , ( )

2

[{ ( )},{ }] ( ) ( ) ,

i l l
i l

l l ij i j ij
i j
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ψ ψ = μ ψ + −∑ ∑∫

ψ + ε ψ ψ − δ∑∑ ∫
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where {ψi} are single-electron orbitals, and the elec-

tronic density ( )p r  is assumed to be given by 

( )2
( ) .i

i
p r r= ψ∑  (2)

The first term of Eq. (1) is a fictitious classical me-
chanical kinetic energy of {ψi}. The second term is an 
ionic kinetic energy, and E is the total energy (the sum 
of the electronic energy and the ion-ion Coulomb 
interaction energy). Lagrangian multipliers εij are in-
troduced to satisfy the orthonormality constraints on 
{Ψi}. The detail of the electronic energy is described 
in many papers [for example, 7]. From Eq. (2), equa-

tions of motion for ψi and lR  are derived as

( ) ( ) ( )*i ij j
j

i

E
r r

r

δ
μψ = − + ε ψ∑

δψ  (3)

.l l lM R E= −∇  (4)

If an electronic structure reaches to the state, in 
which no force acts on ψi, that is, the left-hand side of 
Eq. (3) is equal to zero, the equation is identical with 
the KS equation and ψi becomes the eigen-state of the 
KS equation. To attain this, the kinetic energy of {ψi} 
is being gradually reduced until {ψi} are frozen. This 
procedure is called “dynamical simulated annealing.” 
If one also relaxes the ions with Eq. (4), the minimi-
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zation with respect to electronic and ionic configura-
tions could be performed simultaneously.

It is also possible to evolve {Ri} and {ψi} without 
reducing the kinetic energy. If {ψi} are kept close to ei-
gen-states during the time evolution, ionic trajectories 
generated by Eq. (4) are physically meaningful. When 
the CP method is applied to study the dynamic evolu-
tion of a system consisting of ions and electrons, it is 
called “ab initio molecular dynamics”.

RESULTS AND DISCUSSION

The superlattice geometry was chosen for our cal-
culations. The atomic basis of the primitive tetragonal 
unit cell of the superlattice consisted of 12 carbon at-
oms. Their location simulated the infinite single-wall 
nanotube with diameter: 0.4 nm and with chirality: 
(3,0). The parameters of the unit cell has  said  mean-
ing in X- and Y- directions and simulated insulation 
of a nano-tube, but in Z- direction we assume the of 
a nano-tube (A=9.15516 Å; B=9.15516 Å; C=2.8 Å). 
The equilibrium characteristics of the atoms com-
plexes were calculated at a plane wave cutoff energy of 
1.5 Ry at the center of Brillion zone, using 900 itera-
tions in author’s original software program code.

Inspection of the of valence electron density distri-
butions maps allowed to define the principal proper-
ties of the electronic structure of the nano-tube. So, 
the density forms along the across atom some kind of 
a zigzag (Fig. 1 a).

The remaining portion of a cylindrical surface of 
the nano-tube is formed having smaller density and 
could be characterized as more homogeneous (Fig 1 
b, Fig 1 c). 

a

b

c
Fig. 1. Space distribution of the valence electron density for carbon 
nano-tube atomic complexes (a — for density from 0.9 to 1.0 (part 
of the maximum value), b — for density from 0.6 to 0.7, c — for 

density from 0.6 to 0.7 (transversal view of nano-tube))

At the same time, the insignificant part of valence 
electron density is located on internal areas of the 
nano-tube (Fig. 2).

Fig. 2. Distribution map of electronic density of valence electron 
in the (110) plane (a), in the (100) plane (b), in the plane (110) 

– the space projection (c)

Electronic distribution for infinite nano-tube  is 
possible to draw in the flanks form, which are drawn 
with hoops and walls are constructed from soft mate-
rial. Obtained  picture of electron density distribution 
explains the super flexibility of the nano-tube.

For the isolated fragment of nano-tube with the 
open edge  presence of π — bounds is observed in 
electronic distribution, which are oriented perpendic-
ularly to cylindrical surface of the nano-tube (Fig. 3).

Fig. 3. Space distribution of the valence electron density for 
isolated fragments of carbon nano-tube atomic complexes for 

density from 0.9 to 1.0 (part of the maximum value)

In the presence of silver atoms on the surface of 
nano-tube the significant reorganization of elec-
tronic charge is observed, with silver atoms located 
in the center of hexagonal ring in the middle of tube 
(Fig. 4).

 
 a b

Fig. 4. Space distribution of the valence electron density for car-
bon nano-tube atomic complexes with silver in centre of hexago-
nal ring for density from 0.9 to 1.0 (part of the maximum value) 

(a), (b) – its total energy on the unit cell

When silver atoms reside in positions of cross zig-
zag of atomic nano-tube, the electronic charge is not 
changed so significantly (Fig. 5).
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a

b

Fig. 5. Space distribution of the valence electron density for 
carbon nano-tube atomic complexes with silver cross zigzag for 
density from 0.9 to 1.0 (part of the maximum value) (a), (b) – its 

total energy on the unit cell.

a

b

Fig. 6. Space distribution of the valence electron density for 
carbon nano-tube atomic complexes with silver in corner of zigzag 
for density from 0.9 to 1.0 (part of the maximum value) (a), (b) 

– its total energy on the unit cell

CONCLUSION

Comparing energies for each atom configuration 
(Fig. 4, Fig. 5, Fig. 6) and their electronic distribu-
tions, it is possible to draw the conclusion, that the 
positions of silver atoms location in the middle of 
hexagonal ring, in crossed zigzag and in the corner of 
zigzag are almost energetically equal.
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Íà îñíîâå «äèíàìè÷åñêîãî ìîäåëüíîãî îòæèãà» (ìåòîä Êàð-Ïàððèíåëëî) ïîëó÷åíû äàííûå ïî ýëåêòðîííîé è àòîìíîé 
ñòðóêòóðàì îñíîâíîãî ñîñòîÿíèÿ óãëåðîäíîé  íàíîòðóáêè è åå ýíåðãèÿ.
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ÂÓÃËÅÖÅÂÎ¯ ÍÀÍÎÒÐÓÁÊÈ: ÐÎÇÐÀÕÓÍÊÈ ²Ç ÏÅÐØÈÕ ÏÐÈÍÖÈÏ²Â

Íà ï³äñòàâ³ «äèíàì³÷íîãî ìîäåëüíîãî â³äïàëó» (ìåòîä Êàð-Ïàðð³íåëëî) îòðèìàí³ äàí³ ç åëåêòðîííî¿ òà àòîìíî¿ ñòðóêòóð 
îñíîâíîãî ñòàíó âóãëåöåâî¿ íàíîòðóáêè òà ¿¿ åíåðã³ÿ.
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SIMULATION OF THE SURFACE BENDING OF ENERGY BAND FOR BINARY 
CHALCOGENIDE SEMICONDUCTORS 

We have calculated the surface bending of energy bands for binary ZnS(Se), GeS(Se)2, As2 S(Se)3, 
Sb2 S(Se)3 alloys. The calculations were based on the methods of linear combination of atomic orbitals 
and pseudopotential developed in the works by W. A. Harrison. We have constructed the energy band 
diagrams and analyzed dependences of the surface bending of energy bands on the ionicity and band 
gap width. The experimental spectral dependences of photoemission quantum yield, photoconduction 
and absorption coefficient near the fundamental absorption edge for As2S3 and Sb2S3 are presented.

1. INTRODUCTION

Chalcogenide semiconductors find novel applica-
tions as sensor materials for opto-, micro- and nano-
electronics due to their special optical, mechanical and 
electrical properties. The prediction of bulk and surface 
properties of sensor material is one of the top problems 
in the development of solid-state sensors. Earlier we 
have performed calculations of the main bulk param-
eters of energy bands for ZnS, GeS(Se)2, As2 S(Se)3, 
Sb2 S3 binary chalcogenide semiconductors within dif-
ferent approximations [1–5]. In this work the problem 
search for the materials with specified properties is 
considered in terms of relationships between electronic 
structure and properties accounting modern achieve-
ments in this area. To do this we have calculated bulk 
and surface electronic structure for including possibil-
ity of formation of fast surface states and surface bend-
ing of energy bands in view of surface reconstruction.

2. COMPUTATIONAL PROCEDURE

Calculations were performed on binary ZnS(Se), 
GeS(Se)2, As2 S(Se)3, Sb2 S(Se)3  alloys. The calcula-
tions were based on the methods of linear combination 
of atomic orbitals and pseudopotential [6]. The energy 
values have been determined in the Γ-point - the cen-
tre of the Brillouin zone. In construction of the energy 
band diagrams we have used the atomic terms within 
Hartree-Fock approximation (εs, εp, εh, V1) [7] and in-
tratomic Coulomb repulsion energies (U) [8]. The dif-
ference between crystalline and non-crystalline states 
has been taken into account by the variation of intera-
tomic distance between anion and cation atoms. 

We have calculated the main energy contributions 
to the energy band formation, i.e. covalent bond en-
ergy over p-, s- and hybrid states (V2

p, V2
 s, and V2

ph), 
energy of polar bonds (V3

p, V3
s, and V3

ph), metallic 
bond energy calculated in terms of bonding (V1

σ) and 
antibonding (V1

σ*) orbitals with account of polar bond 
(V1

σ= [(1-αp)V1-+(1+αp)V1+]/2, V1
σ* = [(1+αp)V1-

+(1-αp)V1+]/2, αp = V3
ph/(V2

2+ V3
2)1/2). Then, for dif-

ferent materials we have been computed the valence-
band maximum (Ev) accounting for spin-orbital 
splitting (ΔEs-o) [9] following Eq. (1, 3, 5), the con-
duction-band minimum (Ec) from Eq. (2, 4, 6), and 
the band gap. Fermi level (EF) was determined with 
account of position of the levels formed by homopolar 
bonds, non-bonding and hybrid orbitals according the 
procedure described in Ref. [5]. The general formulae 
for different compounds (X = S, Se) are listed below, 
for ZnX (Eq. 1, 2), GeX2 (Eq. 3, 4), and As(Sb)2X3 
(Eq. 5, 6), respectively.

2 2
12 3( ) ( ) ,

2 2

Zn X
p p p p

v s o

U
E V V E V σ

−

ε + ε
= + + + Δ − +  (1)

*2 2
12 3( ) ( ) ,

2 2

Zn X
s s s s

c

U
E V V V σε + ε

= − + + +  (2)

2 2
12 3( ) ( ) ,

2
Ge ph ph

v h s o

U
E V V E V σ

−= ε + + + Δ − +  (3)

*2 2
12 3( ) ( ) ,

2
Ge ph ph

c h

U
E V V V σ

−= ε + + +
 (4)

2 2
12 3( ) ( ) ,

2 2

As X
p p

v s o

U
E V V E V σ

−

ε + ε
= + + + Δ − +  (5)

*2 2
12 3( ) ( ) .

2 2

As X
p p

c

U
E V V V σε + ε

= − + + +
 (6)

3. RESULTS AND DISCUSSION
Fig. 1 shows the procedure of the construction of 

the energy band diagram beginning from the atomic 
terms, and the peculiarities of the energy band for-
mation for chalcogenides under investigation. We 
see, that the energy band for ZnS is formed by Zn 4p, 
Zn 4s, S 3p and S 3s atomic terms (a), for GeS2 by 
atomic terms Ge4p, Ge4s, Ge sp3 and S 3p (b); for 
As2S3 by atomic terms As 4p and S 3p (c), and for Sb2 
S3 by atomic terms Sb 5p and S 3p (d).

The sequence of the energy band formation is 
shown in details in Fig. 1 (d), where 1 - Sb 5p and 
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S 3p atomic terms; 2 - average energy; 3 - the split-
ting into bonding (σ) and antibonding (σ*) states; 
4 - account of the spin-orbital splitting (ΔEs-o); 5 - ac-
count of the metallicity energy over bonding (V1

σ) and 
antibonding (V1

σ*) states; 6 - account of the intratom-
ic Coulomb repulsion (U/2). The calculated energy 
values are given in electron-volts. Experimental data 
for the photoemission threshold and optical band gap 
are given in parentheses.

a

b

c

d

Fig. 1. Formation of the energy bands from the atomic terms for 
ZnS (a), GeS2 (b), As2S3 (c) and Sb2S3 (d). The energy values are 
given in electron-volts. Experimental data for the photoemission 

threshold and optical band gap are given in parentheses

The surface bending of energy bands (Δϕ) for all 
compounds were calculated as

Δϕ = Es – EF , (7)

where Es is the energy of the surface states before re-
construction. We took that the Es levels are shifted to-
wards the Fermi level under the reconstruction. In the 
calculations we have kept in mind that ZnX and GeX2 
compounds are tetrahedral, when As(Sb)2X3 are trigo-
nal ones. For tetrahedral structure Es is determined by 
the hybrid states of the bonds directed inside, and thus 
can be found for ZnX and GeX2 compounds as

,
2 2

Zn X
h h

s

U
E

ε + ε
= +  (8)

.
2

Ge
s h

U
E = ε +

 (9)

For As(Sb)2X3 compounds the energy of the sur-
face states before reconstruction is determined by the 
surface states of lone pair p-electrons of S(Se) atoms.

3 .
2

X
s p

U
E = ε +  (10)

The calculated values for ZnS(Se), GeS(Se)2, 
As2 S(Se)3 and Sb2S(Se)3 compounds are listed in the 
Table 1.

Figure 2 a shows the correlation between surface 
bending of the energy band and polarity. We see that 
surface bending increases with polarity. Surface bend-
ing of the energy band versus band gap is given in Fig-
ure 2, b for sulphides (crosses) and selenides (solid 
circles) of zinc, germanium, arsenic and antimony.

a

b

Fig. 2. Surface bending of the energy band versus polarity (a) and 
band gap (b) for sulphides (crosses) and selenides (solid circles) of 
zinc, germanium, arsenic and antimony. Line in (a) is a linear fit 

for all compounds. Lines in (b) are given as guides to the eye
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Table 1

The p-bond polarity (áp), Coulomb intratomic repulsion energy (U/2), the valence-band maxi-
mum (Ev), the conduction-band minimum (Ec), the Fermi level (EF), energy of the surface states 

before reconstruction (Es), the surface bending of energy band (Δö)

Compound αp U/2, eV -Ev, eV - Ec, eV -EF, eV -Es, eV -Δϕ, eV

ZnS 0.76 3.74 6.29 2.68 4.49 4.05 1.62
ZnSe 0.74 4.23 5.26 2.43 3.85 3.10 1.28
GeS2 0.27*) 4.40 5.91 2.89 4.40 4.89 0.49
GeSe2 0.18*) 4.27 5.82 3.52 4.67 5.02 0.35
As2S3 0.35 4.49 6.80 4.74 6.01 5.80 0.66
As2Se3 0.26 4.38 5.71 3.99 4.85 5.45 0.30
Sb2S3 0.51 4.31 6.17 4.53 5.33 5.56 1.13
Sb2Se3 0.40 3.73 6.33 4.75 5.55 5.68 0.50

*) The value was determined from the hybrid states

These results can be used for the procedure of 
material selection in the design and development of 
solid-state sensor for different applications.

a

b

Fig. 3. Photoemission quantum yield versus photon energy (a); 
photoconduction spectrum (curve 1) and fundamental absorption 

edge (curve 2) (b) for As2S3 and Sb2S3 glasses

An example of the applicability of the developed 
approach for simulation of the surface bending of the 
energy band for binary chalcogenides is seen in Fig-
ure 3, where the experimental results of photoemission 
and photoconduction studies are presented. Fig. 3 a 
shows spectral dependences of photoemission quan-
tum yield. Fig. 3 b gives absorption coefficient near 
the fundamental absorption edge (curve 1) and pho-
toconduction (curve 2) for Sb2S3 and As2S3 glasses. 
The absorption edge and photoconduction for As2S3 
glasses is taken from reference [10], the data for Sb2S3 
glasses — from Ref. [2]. Extrapolation of the steep 
parts of Y1/3 ÷ E dependencies to zero value (Fig. 3, 
a) give equal energy values of 6.2 eV for both com-
pounds. Extrapolation of the flat parts of these de-
pendencies to zero value give the energy values for 
As2S3 and Sb2S3 glasses of 5.0 eV and 5.5 eV, respec-
tively. The calculated values for these parameters have 

been found to be 6.30 eV and 5.96 eV, respectively [3]. 
From Fig. 3, a and b we see that for Sb2S3 above the 
valence band formed by LP states there are electronic 
states extending into the band gap and giving rise to 
the tail in photoemission and weak absorption tail. 
They could be attributed to the surface effects. Their 
existence results in the photoconduction in this spec-
tral range (Fig. 3 (b) curve 1). The results shown in 
Fig. 3 (a) and (b) confirm the agreement in calculated 
and experimental surface bending of the energy bands 
in As2S3 and Sb2S3 glasses.

CONCLUSIONS

The procedure of the simulation of the surface 
bending of the energy bands based on the combina-
tion of tight-binding and pseudopotential picture pro-
posed by W.A.Harrison has been developed and tested 
for ZnS(Se), GeS(Se)2, As2 S(Se)3, Sb2 S(Se)3 binary 
chalcogenide alloys. Good quantitative agreement 
between calculated and experimental values has been 
found. The results are applicable to the prediction of 
material properties for the development of nanoelec-
tronic sensors.
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SIMULATION OF THE SURFACE BENDING OF ENERGY BAND FOR BINARY CHALCOGENIDE SEMICONDUCTORS 

We have calculated the surface bending of energy bands for binary ZnS(Se), GeS(Se)2, As2 S(Se)3, Sb2 S(Se)3  alloys. The calculations 
were based on the methods of linear combination of atomic orbitals and pseudopotential developed in the works by W.A.Harrison. We 
have constructed the energy band diagrams and analyzed dependences of the surface bending of energy bands on the ionicity and band 
gap width. The experimental spectral dependences of photoemission quantum yield, photoconduction and absorption coefficient near 
the fundamental absorption edge for As2S3 and Sb2S3 are presented.

ÓÄÊ: 71.23.

Ì. Ä. Ñàâ÷åíêî, Î.Á. Êîíäðàò, Ò. Ì. Ùóðîâà, Ê. Î. Ïîïîâè÷, Â. Ì. Ðóá³ø, Ã. Ëàéçèíã

ÌÎÄÅËÞÂÀÍÍß ÏÎÂÅÐÕÍÅÂÎÃÎ ÂÈÃÈÍÓ ÅÍÅÐÃÅÒÈ×ÍÎ¯ ÇÎÍÈ Á²ÍÀÐÍÈÕ ÕÀËÜÊÎÃÅÍ²ÄÍÈÕ ÍÀÏ²Â-
ÏÐÎÂ²ÄÍÈÊ²Â

Òåîðåòè÷íî ðîçðàõîâàíî ïîâåðõíåâèé âèãèí çîí ó á³íàðíèõ ñïîëóêàõ ZnS(Se), GeS(Se)2, As2 S(Se)3 òà Sb2 S(Se)3. Âèêî-
ðèñòàíî ìåòîä, ÿêèé ïîºäíóº ìåòîäè ë³í³éíî¿ êîìá³íàö³¿ àòîìíèõ îðá³òàëåé òà ïñåâäîïîòåíö³àëó, ðîçðîáëåíèé â ðîáîòàõ 
Ó. Õàðð³ñîíà. Ïîáóäîâàí³ åíåðãåòè÷í³ ä³àãðàìè çàáîðîíåíèõ çîí äîñë³äæóâàíèõ ìàòåð³àë³â òà àíàë³çóºòüñÿ çàëåæí³ñòü ïîâåð-
õíåâîãî âèãèíó çîí â³ä ñòóïåíÿ ³îííîñò³ òà øèðèíè çàáîðîíåíî¿ çîíè. Íàâîäÿòüñÿ åêñïåðèìåíòàëüí³ ñïåêòðàëüí³ çàëåæíîñò³ 
êâàíòîâîãî âèõîäó ôîòîåëåêòðîí³â, ôîòîïðîâ³äíîñò³ òà êîåô³ö³ºíòà ïîãëèíàííÿ â îáëàñò³ êðàþ ôóíäàìåíòàëüíîãî ïîãëè-
íàííÿ äëÿ ñòåêîë As2S3 òà Sb2S3.

ÓÄÊ: 71.23.
Ò. Í. Ùóðîâà, Í. Ä. Ñàâ÷åíêî, À. Á. Êîíäðàò, 
Ê. Î. Ïîïîâè÷, Â. Ì. Ðóáèø, Ã. Ëàéçèíã

Ìîäåëèðîâàíèå ïîâåðõíîñòíîãî èçãèáà åíåðãåòè÷åñêîé çîíû áèíàðíûõ õàëüêîãåíèäíûõ ïîëóïðî-
âîäíèêîâ 

Òåîðåòè÷åñêè ðàññ÷èòàí ïîâåðõíîñòíûé èçãèá çîí â áèíàðíûõ ñîåäèíåíèÿõ ZnS(Se), GeS(Se)2, As2 S(Se)3, Sb2 S(Se)3. 
Èñïîëüçîâàí ìåòîä, îñíîâàííûé íà ìåòîäàõ ëèíåéíîé êîìáèíàöèè àòîìíûõ îðáèòàëåé è ïñåâäîïîòåíöèàëà, ðàçâèòûé â 
ðàáîòàõ Ó. Õàððèñîíà. Ïîñòðîåíû ýíåðãåòè÷åñêèå äèàãðàììû çàïðåùåííûõ çîí óêàçàííûõ ìàòåðèàëîâ è àíàëèçèðóåòñÿ çà-
âèñèìîñòü ïîâåðõíîñòíîãî èçãèáà çîí îò ñòåïåíè èîííîñòè è øèðèíû çàïðåùåííîé çîíû. Ïðèâîäÿòñÿ ýêñïåðèìåíòàëüíûå 
ñïåêòðàëüíûå çàâèñèìîñòè êâàíòîâîãî âûõîäà ôîòîýëåêòðîíîâ, ôîòîïðîâîäèìîñòè è êîýôôèöèåíòà ïîãëîùåíèÿ â îáëàñòè 
êðàÿ ôóíäàìåíòàëüíîãî ïîãëîùåíèÿ äëÿ ñòåêîë As2S3 è Sb2S3.
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COMPONENTS OF DEPOLARIZATION CURRENTS IN POLYVINYLIDENE 
FLUORIDE CAUSED BY RELAXATION OF HOMO- AND HETEROCHARGE

A procedure has been developed for homocharge and heterocharge components separation of the 
total thermally stimulated depolarization current in corona polarized PVDF films. The relaxation 
behavior of both components has been analyzed and such important parameters of the relaxation 
processes, as activation energies, characteristic frequencies and time constants have been evaluated 
by processing TSD current curves, measured using four modifications of the TSD method and 
supplemented with measurements of isothermal currents and of the electret potential.

1. INTRODUCTION

Polyvinylidene fluoride (PVDF) and its co-poly-
mers have received considerable attention during the 
last years because of their high piezo- and pyroelectric 
activities which origin is not understood fully [1–8]. 
Their specific properties are being attributed usually 
to the high level of the residual polarization [4–7], 
although some researchers believe that the injected 
charge can also play an important role [8].

Despite the fact that PVDF is often considered as 
a ferroelectric polymer [5], and some of its electrical 
properties could be explained in terms of the conven-
tional theory of polar dielectrics and electrets. The 
phenomenological Gross-Swann-Gubkin model of 
electrets [9] assumes the availability of two kinds of 
charges in polar dielectrics, namely the homocharge 
σ(t) which sign coincides with the polarity of elec-
trodes during polarization and the heterocharge Ð(t) 
(internal polarization) arising from micro- and mac-
rodisplacement of intrinsic charges in the dielectric 
under action of the electric field. In the case of PVDF 
one could assume that the heterocharge represents the 
dipole polarization, while the homocharge is formed 
by charges trapped at or near the surface [10]. 

Stability of the electret state in a polar dielectric 
depends on the interaction and the resulting mutual 
relaxation of the homocharge and the heterocharge. 
Since the heterocharge (polarization) is usually of 
the primary importance for PVDF, the role of the ho-
mocharge was not given enough consideration so far, 
although the stabilizing effect of the space charge on 
the residual polarization has been already discussed 
[10,11].

Thermally stimulated depolarization (TSD) is a 
commonly method used commonly for relaxation 
processes identification in charged polymer electrets 
[12-16]. However, it is very difficult to separate the 
influence of the homocharge and the heterocharge 
on the TSD currents, especially if the corresponding 
peaks are superimposed in a wide range of tempera-
tures.

In the present work, we illustrate how to extract 
depolarization currents caused by relaxation of the 
homocharge and the heterocharge from the total TSD 
current by solving the inverse problem and revealing 

the relaxation behavior of both components from the 
TSD current measured experimentally. Moreover, it is 
shown that application of different TSD modes sup-
plemented with the isothermal depolarization currents 
makes it possible to evaluate important parameters of 
the relaxation processes, such as activation energies, 
characteristic frequencies and time constants.

2. EXPERIMENTAL PROCEDURE

The study was performed on uniaxially stretched 
25 μm thick PVDF films supplied by Plastpolymer 
(Russia) and composed of β-form crystallites and 
amorphous phase in nearly equal volume fractions. 
Metal electrode of 0.1 μm thickness was deposited 
on one surface of each sample by thermal evapora-
tion of Al. The other side of the sample was subjected 
to a negative corona discharge initiated by a pointed 
tungsten electrode with the automatically controlled 
potential, while the metallized rear sample surface 
was grounded. The vibrating control grid between the 
sample surface and the corona electrode was kept at a 
constant potential of 3 kV. All samples were charged 
at room temperature under a constant charging cur-
rent density [17–18] of 90 μA/m2 for 30 min and then 
short-circuited and conditioned at room temperature 
for 24 hours (except those prepared for measuring of 
the electret potential kinetics).

Four versions (modes) of depolarization were ap-
plied to study relaxation processes, namely thermally 
stimulated (T) and isothermal (I) depolarization of 
short-circuited (S) and open-circuited (O) samples. 
The modes were thus referred as TS, TO, IS and IO 
modes with the first letter indicating the tempera-
ture regime (thermally stimulated or isothermal) and 
the second one indicating the electric state (short-
circuited or open-circuited). Additional experiments 
have been also performed on the thermally stimulated 
kinetics of the electret potential (TP) after 24 hours of 
conditioning in the open circuit configuration. Teflon 
film of 10 μm thickness was used as a dielectric gap in 
TO and IO modes. All thermally stimulated experi-
ments were performed under a constant heating rate 
of 3 K/min. In isothermal experiments, temperature 
was maintained constant after the desired value was 
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achieved by fast heating. The electret potential in the 
TP mode was measured by the Kelvin method and re-
corded continuously.

3. RESULTS AND DISCUSSION

The following main features of experimental curves 
are seen in Fig. 1 and Fig. 2 

– The depolarization current in the TS mode 
shows a broad “non-classical” peak with a maximum 
around 65°C; 

– The inversion of the TSD current is observed in 
the TO mode, while the direction of the current coin-
cides with that in the TS mode during the initial stage 
of the heating;

– The electret potential in the TP mode has a 
maximum at 40°C.

Fig. 1. Thermally stimulated currents in the TS mode (1) and the 
TO mode (2) and the electret potential in the TP mode (3)

Fig. 2. Isothermal transient currents at different temperatures in 
IS mode (a) and IO mode (b); 1 – 45°C, 2 – 55°C, 3 – 70°C

– The current slowly decreases with time in the IS 
mode at all temperatures, while the isothermal cur-
rent changes its direction in the IO mode at elevated 
temperatures.

The above mentioned features could be explained 
in the framework of a model, assuming the existence 
of the homocharge and the heterocharge in the sam-
ples [1, 9], with the former representing the charge 
trapped at the surface and the latter standing for the 
polarization formed in the bulk due to the electric 

field created by the homocharge. The two types of the 
charge are obviously interdependent.

At first, we examine charging and relaxation pro-
cesses qualitatively. It is reasonable to assume that the 
negatively charged particles (ions and/or electrons), 
supplied by corona discharge are adsorbed and ther-
malized on the surface of the sample because of their 
low (thermal) energy. The redundant charge, local-
ized on the surface or in the near-to-surface layer, 
forms the homocharge having a certain surface den-
sity σ and producing the uniform field E in the bulk of 
the sample. The high electron affinity of the fluorine 
atoms facilitates the charge trapping and formation of 
the stable homocharge. 

The uniform internal polarization P (hetero-
charge) appears mainly due to alignment of CH2-CF2 
dipoles in the field created by the homocharge. This is 
equivalent to developing the bound surface charge P 
having the sign opposite to that of the homocharge σ. 
Among all polarization processes in PVDF, the align-
ment of CH2-CF2 dipoles is the main one, because of 
their large dipole moment of 2.1 D [1, 2].

If the polarization P is zero, the field in the bulk 
of the sample is created by the total surface charge σ. 
When polarization P starts to grow, the depolarizing 
field appears, which is being immediately “neutral-
ized” by a fraction of the surface charge equal to the 
neutralized (screened) polarization. Thus, the electric 
field in the bulk is created now not by the total charge 
σ, but by the difference (σ-P) between the surface 
charge and the polarization. Hence, one can consider 
the total surface charge σ as consisting of two parts 
σ = σ1+σ2, the first one representing the compensat-
ing charge (σ1=P) and the second one σ2= σ –P cre-
ating the electric field in the bulk of the sample. 

After short-circuiting of the charged samples (in 
the TS and the IS modes), the “excessive” charge σ2 
disappears. Then the equilibrium between the ho-
mocharge and the heterocharge (σ = σ1=P), as well 
as zero internal field (E=0) are maintained due to the 
current flowing through the external circuit, so the 
measured current corresponds to the relaxation of the 
heterocharge.

However, if, after the short-circuiting and the 
σ=σ1=P equilibrium creation, a non-conductive di-
electric gap is introduced between one of the electrodes 
and the surface of the sample (TO and IO modes), 
one could observe the relaxation currents of both, the 
heterocharge and the homocharge flowing in opposite 
directions. The field in the bulk is not zero any more, 
so the surface charge (homocharge) is either forced to 
drift in its own field from one surface of the sample to 
another one through the whole thickness of the sam-
ple (in the absence of the intrinsic conductivity), or it 
is slowly neutralized by the charge carriers responsible 
for the intrinsic conductivity. In any case, the relax-
ation of the heterocharge takes place in non-zero field 
conditions and is caused by thermal disordering of the 
aligned dipoles [1, 12].

It will be shown now that the two components of 
the total depolarization current could be obtained 
from the experimental i(T) dependence in the TO 
mode (Fig. 1, curve 2). It is known [1, 12] that the 
TSD current i(t) and the electret potential V(t) in ex-
periments with a non-conducting spacer or an air gap 
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introduced between the sample surface and the elec-
trode depend not only on the interrelation between 
the homocharge and the heterocharge, but also on 
their time derivatives, so that

( ) ( )
( ) ,

dP t d t
i t s

dt dt

σ⎡ ⎤= −⎢ ⎥⎣ ⎦  (1)

1

0 1
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where s = x0ε1/(x1ε +x0ε1), t is the time, ε and x0 the 
dielectric constant and the thickness of the sample, ε1 
and x1 the corresponding values of the dielectric gap, 
ε0 is the permittivity of a vacuum.

The conductive component ic(t) of the total cur-
rent could be expressed as

0

( )
( ) ( ) ,C

g d t
i t V t

x dt

σ
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where g = g0exp(–Q/kT) is the specific conductivity, k 
— Boltzmann’s constant, T — the temperature, Q — 
the activation energy of the intrinsic conductivity, g0 
being the pre-exponential factor. Integrating Eq.(3) 
and substituting time t for temperature T in Eq. (l)–
(4) according to T = T0(1 + bt), where b is the heating 
rate, T0 the initial temperature, we obtain expressions 
for temperature dependences of the homocurrent i1(T) 
and the heterocurrent i2(T), as well as for the voltage 
across the sample (electret potential) V(T)
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All the values at the right hand side of eq. (5)–(7) 
are known, or could be found experimentally. Results 
of the calculations according to the eq. (5)–(7) based 
on the data of Fig. 1 are shown in Fig. 3. Values of 
Q = 0.76 eV and the pre-exponential factor go=0,18 
Ω-l⋅m-1 were obtained from the steady-state values of 
the isothermal charging currents and voltages.

As one could see from Fig. 3, the homocurrent and 
the heterocurrent form two broad peaks with almost 
coinciding maxima. The heterocharge decays faster 
in the low-temperature region, while the homocharge 
remains relatively stable. This is probably the reason 
of the initial increase of the thermally stimulated po-
tential (see curve 3 in Fig. 1 and curve 3 in Fig. 3). 
The current inversion in TO and IO modes is caused 
by the change of ratio between the homocurrent and 
the heterocurrent at high temperatures (curves 1 and 
2 in Fig. 3).

It is known that the inversion of the TSD current 
could be caused by the over-polarization, i.e. by ap-

pearing of the additional heterocharge in the field of 
the homocharge, the voltage in this case should be 
decreasing [12]. However, this has not been observed 
experimentally in our case (Fig. 1). From the other 
side, the initial growth of the electret potential dur-
ing the heating couldn’t be caused by the increase 
of the surface charge density σ, because the charges 
in this case should move in the direction opposite to 
that of the electric field created by the charges, that 
is not possible. Therefore, the first TSD peak and the 
corresponding increase of the electret potential (Fig. 
1) are caused by the faster decay of the heterocharge 
(polarization) in comparison with the homocharge. It 
is possible that not all polarization is being destroyed 
in PVDF during the first stage of the heating, but only 
the least stable part.

Fig. 3. Temperature dependences of the homocurrent (1), the 
heterocurrent (2) and the voltage across the sample (3) calculated 

according to the model proposed

Thus, the heterocharge in PVDF films is not suf-
ficiently stable, therefore its lasting conservation is 
possible only in presence of the stabilizing field of the 
homocharge. We believe that many specific properties 
of PVDF are related to a fortunate combination of the 
large dipole moment of CH2–CF2 units (2.1 D) [2], 
promoting formation of the important heterocharge 
and the high electron affinity of the fluorine atoms 
(3.37 eV) promoting creation of the stable homoch-
arge. Although the electret state in PVDF is unstable, 
the self-balanced mutual relaxation of the homoch-
arge and the heterocharge is delayed due to the stabi-
lizing action of the homocharge. 

It is assumed in the theory of electrets [1, 9] that 
the homocharge and the heterocharge decay expo-
nentially with the temperature dependent time con-
stants. Therefore, the following expressions are valid 
for IO and IS modes
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2 0( ) exp ,
W

T
kT

⎛ ⎞τ = τ ⎜ ⎟
⎝ ⎠  (11)

where W is the activation energy of the heterocharge 
relaxation, τ1 and τ2 the corresponding time con-
stants.

Applying Eq. (8)–(11) to the experimental curve 
shown in Fig. 2, we calculated the following parame-
ters of the homocharge and heterocharge relaxations: 
the activation energies (Q = 0,76 eV and W = 0,54 eV), 
the characteristic frequencies (f2= 1/τ0 =7,4 MHz and 
f1=(g0/ε0ε)=1,7 GHz), the time constants at 20°C (τ1 
=31 000 s and τ2 = 2 800 s). The results indicate that 
the homocharge is much more stable than the hetero-
charge.

4. CONCLUSIONS

It is shown how to extract depolarization homoch-
arge and heterocharge currents from experimentally 
measured TSD current and reveal the relaxation be-
havior of the both components. The application of 
different TSD modes supplemented with the isother-
mal depolarization currents has allowed to find im-
portant parameters of the relaxation processes, such 
as activation energies, characteristic frequencies and 
time constants.

The uniform field approximation assumed in this 
paper is justified only in the case of high poarizing 
fields exceeding 50–60 MV/m. At lower fields, one 
should consider injection of charge carriers in the 
bulk, resulting in non-uniformity of the field and the 
polarization in the thickness direction [6,7].

The proposed method allows to analyze the in-
terrelation between the homocharge and the hetero-
charge not only in PVDF, but also in other dielectrics 
as well. Introduction of polar groups with simultane-
ous creation of deep traps for the charge carriers might 
be a promising procedure for increasing stability of 
the residual polarization in polar polymer dielectrics. 
Therefore, if the appropriate conditions exist for cre-
ation and trapping of the homocharge, then the high 
level of the residual polarization could also be ensured 
for a long period of time. 
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COMPONENTS OF DEPOLARIZATION CURRENTS IN POLYVINYLIDENE FLUORIDE CAUSED BY RELAXATION OF 
HOMO- AND HETEROCHARGE 

A procedure has been developed for separating homocharge and heterocharge components of the total thermally stimulated depolar-
ization current in corona polarized PVDF films. The relaxation behavior of the both components has been analyzed and such important 
parameters of the relaxation processes, as activation energies, characteristic frequencies and time constants have been obtained by pro-
cessing TSD current curves measured using four modifications of the TSD method and supplemented with measurements of isothermal 
currents and the electret potential.
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ÊÎÌÏÎÍÅÍÒÈ ÑÒÐÓÌ²Â ÄÅÏÎËßÐÈÇÀÖ²¯ Â ÏÎË²Â²Í²Ë²ÄÅÍÔÒÎÐÈÄ², ßÊ² ÎÁÓÌÎÂËÅÍ² ÐÅËÀÊÑÀÖ²ªÞ 
ÃÎÌÎ- ² ÃÅÒÅÐÎÇÀÐßÄÓ 

Ðîçðîáëåíèé ìåòîä ðîçä³ëåííÿ ñêëàäîâèõ ÷àñòèí ïîâíîãî ñòðóìó òåðìîñòèìóëüîâàííî¿ äåïîëÿðèçàö³¿ (ÒÑÄ), îáóìîâ-
ëåíèõ ðåëàêñàö³ºþ ãîìî- òà ãåòåðîçàðÿäó â êîðîííîçàðÿäæåííèõ ïë³âêàõ ïîë³â³í³ë³äåíôòîðèäó (ÏÂÄÔ). Ïðîàíàë³çîâàíî 
ðåëàêñàö³éíó ïîâåä³íêó îáîõ êîìïîíåíò ³ ðîçðàõîâàí³ òàê³ âàæëèâ³ ïàðàìåòðè ðåëàêñàö³éíèõ ïðîöåñ³â, ÿê åíåðã³¿ àêòèâàö³¿, 
õàðàêòåðèñòè÷í³ ÷àñòîòè ³ ïîñò³éí³ ÷àñó øëÿõîì îáðîáêè êðèâèõ ñòðóìó äåïîëÿðèçàö³¿, âèì³ðÿíîãî ÷îòèðìà ìîäèô³êàö³ÿìè 
ìåòîäó ÒÑÄ, äîïîâíåíèõ âèì³ðþâàííÿìè ³çîòåðì³÷íèõ ñòðóì³â òà åëåêòðåòíîãî ïîòåíö³àëó.

ÓÄÊ 537.226:678.01 

À. Ô. Áóòåíêî, Ñ. Í. Ôåäîñîâ, À. Å. Ñåðãååâà

ÊÎÌÏÎÍÅÍÒÛ ÒÎÊÎÂ ÄÅÏÎËßÐÈÇÀÖÈÈ Â ÏÎËÈÂÈÍÈËÈÄÅÍÔÒÎÐÈÄÅ, ÎÁÓÑËÎÂËÅÍÍÛÅ ÐÅËÀÊÑÀ-
ÖÈÅÉ ÃÎÌÎ- È ÃÅÒÅÐÎÇÀÐßÄÀ

Ðàçðàáîòàí ìåòîä ðàçäåëåíèÿ ñîñòàâëÿþùèõ ïîëíîãî òîêà òåðìîñòèìóëèðîâàííîé äåïîëÿðèçàöèè (ÒÑÄ), îáóñëîâëåí-
íûõ ðåëàêñàöèåé ãîìî- è ãåòåðîçàðÿäà â êîðîííîçàðÿæåííûõ ïëåíêàõ ïîëèâèíèëèäåíôòîðèäà (ÏÂÄÔ). Ïðîàíàëèçèðîâàíî 
ðåëàêñàöèîííîå ïîâåäåíèå îáåèõ ñîñòàâëÿþùèõ è ðàññ÷èòàíû òàêèå âàæíûå ïàðàìåòðû ðåëàêñàöèîííûõ ïðîöåññîâ, êàê 
ýíåðãèè àêòèâàöèè, õàðàêòåðèñòè÷åñêèå ÷àñòîòû è ïîñòîÿííûå âðåìåíè ïóòåì îáðàáîòêè êðèâûõ òîêà äåïîëÿðèçàöèè, èç-
ìåðåííîãî ÷åòûðüìÿ ìîäèôèêàöèÿìè ìåòîäà ÒÑÄ, äîïîëíåííûõ èçìåðåíèÿìè èçîòåðìè÷åñêèõ òîêîâ è ýëåêòðåòíîãî ïîòåí-
öèàëà.
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EFFECT OF AMMONIA VAPORS ON SURFACE CURRENTS 
IN INGAN P-N JUNCTIONS 

The influence of ammonia vapors in the ambient atmosphere on I–V characteristics of the forward 
and reverse currents in InGaN p-n junctions is studied. The characteristics of the additional surface 
current, due to NH3 ions adsorption, are explained by the model taking into account formation of a 
surface conductive channel in the electric field of these ions. The advantages of InGaN p-n junctions 
as ammonia vapors sensors are a high sensitivity, low background currents, an extended linear section 
of the I-V characteristic. 

1. INTRODUCTION

Forward and reverse currents in p-n junctions on 
GaAs[1], GaP [2], Si [3] are sensitive to ammonia va-
pors at room temperature. This effect can be used for 
creation of gas sensors, which have crystal structure, se-
lectivity to gas components, and can be manufactured 
in microelectronic technology. The ammonia sensitivity 
of the sensors on GaAs and GaP is due to forming of a 
surface conductive channel in the electric field induced 
by the ammonia ions adsorbed on the surface of the nat-
ural oxide layer [1, 2] . The surface current induced by 
adsorption of NH3 molecules in p-n structures on GaAs 
linearly depends on the applied voltage (at low biases) 
and on the ammonia partial pressure (in some range of 
pressures, depending on device parameters). In Si p-n 
junctions, the electric field of ammonia ions enhances 
the surface recombination rate [3].

As observed in [1–4], mechanism of gas sensitivity 
and parameters of p-n junctions as sensors depend on 
parameters of the semiconductor and in particular, on 
band gap and on the surface states density. Wide-band 
semiconductors have higher maximum sensitivity at 
forward biases.   On the other hand, the chemical sta-
bility of the wide-band III–V materials, such as GaN 
and InGaN, is higher than GaAs, which is very im-
portant for sensors of aggressive gases. 

The aim of this work is a study of the influence of 
ammonia vapors on surface currents in InGaN p-n 
junctions of several band gaps. 

2. EXPERIMENT

I-V measurements were carried out on InGaN 
p-n junctions with the structure optimized for LED 
manufacturing. The band gap of the ternary mate-
rial in the p-n structures was 2.46 eV (for bluish green 
LED), 2.64 eV (blue) and 3.1 eV (violet). The effect 
of saturated ammonia vapors over water solutions of 
several NH3 concentrations was studied on stationary 
I-V characteristics, as well as on kinetics of surface 
current in p-n junctions.

I-V characteristic of the forward current in a typi-
cal InGaN p-n structure with Eg = 2.64 eV is present-
ed as curve 1 in Fig. 1. Over the current range between 
10 nA and 1mA the I–V curve can be described with 
the expression 

Fig. 1. Forward branches of I-V charac-teristics of a p-n structure 
in air (1) and in NH3 at pressures: 2 – 5 Pa; 3 – 50 Pa; 4 – 200 

Pa; 5 – 500 Pa

I(V) = I0exp(qV/nkT), (1)

where I0 is a constant; q is the electron charge; V 
denotes bias voltage; k is the Boltzmann constant; 
T is temperature; n ≈2 is the ideality constant. Such 
I–V curves are due to recombination on deep levels 
in the bulk and at the surface [1, 2]. Curves 2 to 5 in 
Fig. 1 were measured in air at several ammonia vapor 
partial pressures. It is seen that NH3 molecules ad-
sorption drastically enhances forward current of the 
p-n structure at low biases (V<2 Volts). The effect in-
creases with the NH3 pressure. Curves 2–5 cannot be 
described by formula (1). The comparison of curves 
2–5 with curve 1 shows that the surface current due 
to NH3 molecules adsorption cannot be attributed to 
surface recombination. Similar results are obtained on 
InGaN p-n junctions of other band gaps mentioned.

Fig 2 depicts the reverse branches of the I–V charac-
teristic of the same sample, obtained at diverse ammo-
nia pressures. In air without NH3 vapors, reverse current 
was Ir <1 nA.

It is evident that ammonia vapors in ambient at-
mosphere essentially enhance the reverse current in 
studied structures. I–V characteristic of the reverse 

© F. O. Ptashchenko, 2008
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current due to ammonia molecules adsorption can-
not be ascribed to minority carrier generation in p-n 
junction. Such results are characteristic of all the p-n 
structures studied.

Fig. 2. Reverse branches of I-V charac-teristics of a p-n structure 
in NH3 at pres-sures: 1 – 5 Pa; 2 – 50 Pa; 3 – 200 Pa; 4 – 500 Pa

Fig. 3 illustrates the dependence of the additional 
surface forward current, due to NH3 molecules ad-
sorption, on the bias voltage at several ammonia par-
tial pressures. I–V characteristics of the additional 
current have linear sections at bias voltages up to 1.7 
Volts. At higher biases, the forward current non-lin-
early grows, and then sharply falls down. Such behav-
ior of I-V curves is characteristic of the studied p-n 
junctions and was observed previously on GaAs, Al-
GaAs, GaP, and Si p-n structures [1–4]. The differ-
ence is that, in the case of wide-band semiconductors 
InGaN, I–V curve, measured at high ammonia pres-
sures (see curve 4 in Fig. 3), does not have a non-lin-
ear section.

Fig. 3.  I-V characteristics of the addi-tional forward current in 
a p-n structure due to ammonia molecules adsorption at NH3 

pressures: 1 – 5 Pa; 2 – 50 Pa; 3 – 200 Pa;  4 – 500 Pa

Fig. 4 represents I–V characteristics of the addi-
tional reverse current in the p-n junction due to NH3 

molecules adsorption, measured at several ammonia 
partial pressures. The characteristics have linear parts 
at low biases, similar to those of the forward current. A 
comparison between the corresponding curves in Figs 
3 and 4 shows that the reverse current is more sensi-
tive to ammonia vapors contamination in the ambient 
atmosphere, than the forward current. 

Fig. 4. I-V characteristics of the addi-tional reverse current in a 
p-n structure due to ammonia molecules adsorption at NH3 pres-

sures: 1 – 5 Pa;  2 – 50 Pa;  3 – 200 Pa;  4 – 500 Pa

3. DISCUSSION 

The effect of ammonia vapors on the forward and re-
verse currents in InGaN p-n junctions can be explained 
using the model, developed in [4]. Fig. 5 depicts the 
schematic of a p-n structure in NH3 vapors. The positive 
ammonia ions are placed on the external surface of the 
natural oxide layer. The compensating negative charge 
is formed by (a) electrons captured on surface states; (b) 
free electrons in the conductive channel, which can be 
formed in the electric field of ions; (c) electrons located 
on the acceptors in the surface depletion region.  The 
linear sections of the I–V curves in Figs 3 and 4 are the 
witness of conductive channel forming in p-n junctions, 
caused by NH3 ions adsorption. In NH3 vapors, the 
charge on surface states is negative, and the conductive 
channel is formed only in the case of the inequality 

Ni > Ns, (2)

where Ni, NS is the surface density of  adsorbed ions 
and surface states, respectively. The conductive chan-
nel shorts the depletion region and gives rise to the 
linear additional current.

At high enough forward bias voltages, electrons 
and holes are injected into the surface conductive 
channel and recombine at the surface states. Thus, the 
additional current nonlinearly rises with the bias volt-
age due to surface recombination enhanced by lat-
eral electric field. It is evident that concentrations of 
electrons and holes, injected into the surface channel 
at a fixed temperature exponentially depends oh the 
potential barrier height. Therefore, in p-n structures 
on semiconductors of wider band gap, the nonlinear 
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section of I–V curve of the additional current must 
begin at higher forward bias voltages.

Fig. 5. Schematic of the p-n structure in NH3 vapors: 1 – oxide 
layer; 2 – ions; 3 – depletion layer; 4 – conducting channel; 

5 – surface states

Curve 1 in Fig. 6 illustrates the influence of the 
band gap on the forward bias voltages, corresponding 
to the beginning of the nonlinear I–V curve section. 
The data, obtained on InGaN structures, are com-
pleted by an analysis of I–V curves for p-n junctions 
in GaAs, AlGaAs, GaP, and Si in our previous works 
[1–4].

Fig. 6. Influence of the band gap on the forward 
bias voltages, corresponding to the beginning of the 
nonlinear I–V curve section (1) and to maximum NH3 
sensitivity (2).

Fig.  6.  Influence of the band gap on the forward bias voltages, 
corresponding to the beginning of the nonlinear I–V curve section 

(1) and to maximum NH3 sensitivity (2)

As seen in Fig. 3, the I–V characteristics of the 
additional forward current, caused by ammonia mol-
ecules adsorption, have maximum. In our model, the 
fall down of the additional current at high enough 
forward bias voltages is explained as a result of de-
stroying the surface channel by the injected electrons 
and holes. This effect occurs at such biases when the 
concentration of carriers, injected into the channel, 
exceeds the electrons concentration, caused by the 
electric field of adsorbed ions.

Curve 2 in Fig. 6 illustrates the influence of the 
band gap of p-n junction on the forward bias voltage, 
corresponding to maximum NH3 sensitivity. The data 
of curve 2 are obtained similarly to those of curve 1. 

4. CONCLUSIONS

I–V characteristics of the forward and reverse cur-
rents in InGaN p-n junctions are strongly affected by 
ammonia vapors in the ambient atmosphere. The char-
acteristics of the additional surface current, due to NH3 
ions adsorption, are explained by the model taking into 
account formation of a surface conductive channel in 
the electric field of these ions. 

The advantages of the InGaN p-n junctions as am-
monia vapors sensors are a high sensitivity, low back-
ground currents, an extended linear section of the I-V 
characteristic.
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EFFECT OF AMMONIA VAPORS ON SURFACE CURRENTS IN INGAN P-N JUNCTIONS

The influence of ammonia vapors in the ambient atmosphere on I–V characteristics of the forward and reverse currents in InGaN 
p-n junctions is studied. The characteristics of the additional surface current, due to NH3 ions adsorption, are explained by the model 
taking into account formation of a surface conductive channel in the electric field of these ions. The advantages of InGaN p-n junctions 
as ammonia vapors sensors are a high sensitivity, low background currents, an extended linear section of the I-V characteristic. 
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Ô. Î. Ïòàùåíêî

ÂÏËÈÂ ÏÀÐ²Â ÀÌ²ÀÊÓ ÍÀ ÏÎÂÅÐÕÍÅÂÈÉ ÑÒÐÓÌ Ó P-N ÏÅÐÅÕÎÄÀÕ ÍÀ ÎÑÍÎÂ² INGAN

Äîñë³äæåíî âïëèâ ïàð³â àì³àêó â íàâêîëèøí³é àòìîñôåð³ íà âîëüò-àìïåðí³ õàðàêòåðèñòèêè ïðÿìîãî ³ çâîðîòíîãî ñòðóì³â 
ó  p-n ïåðåõîäàõ íà îñíîâ³ InGaN. Õàðàêòåðèñòèêè äîäàòêîâîãî ïîâåðõíåâîãî ñòðóìó, îáóìîâëåíîãî àäñîðáö³ºþ ³îí³â NH3, 
ïîÿñíþþòüñÿ íà îñíîâ³ ìîäåë³, ùî âðàõîâóº óòâîðåííÿ ïîâåðõíåâîãî ïðîâ³äíîãî êàíàëó â åëåêòðè÷íîìó ïîë³ âêàçàíèõ ³îí³â. 
Ïåðåâàãàìè p-n ïåðåõîä³â íà îñíîâ³ InGaN ÿê ñåíñîð³â ïàð³â àì³àêó º âèñîêà ÷óòëèâ³ñòü, íèçüê³ ôîíîâ³ ñòðóìè, âèòÿãíóòà 
ë³í³éíà îáëàñòü âîëüò-àìïåðíî¿ õàðàêòåðèñòèêè.
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ÂËÈßÍÈÅ ÏÀÐÎÂ ÀÌÌÈÀÊÀ ÍÀ ÏÎÂÅÐÕÍÎÑÒÍÛÉ ÒÎÊ Â P-N ÏÅÐÅÕÎÄÀÕ ÍÀ ÎÑÍÎÂÅ INGAN 

Èññëåäîâàíî âëèÿíèå ïàðîâ àììèàêà  â îêðóæàþùåé àòìîñôåðå íà âîëüò-àìïåðíûå õàðàêòåðèñòèêè 
ïðÿìîãî è îáðàòíîãî òîêîâ â  p-n ïåðåõîäàõ íà îñíîâå InGaN. Õàðàêòåðèñòèêè äîïîëíèòåëüíîãî ïîâåð-
õíîñòíîãî òîêà, îáóñëîâëåííîãî àäñîðáöèåé èîíîâ NH3, îáúÿñíÿþòñÿ íà îñíîâå ìîäåëè, ó÷èòûâàþùåé 
ôîðìèðîâàíèå ïîâåðõíîñòíîãî ïðîâîäÿùåãî êàíàëà â ýëåêòðè÷åñêîì ïîëå óêàçàííûõ èîíîâ. Ïðåèìóùåñ-
òâà p-n ïåðåõîäîâ íà îñíîâå InGaN êàê ñåíñîðîâ ïàðîâ àììèàêà ÿâëÿþòñÿ âûñîêàÿ ÷óâñòâèòåëüíîñòü, íèç-
êèå ôîíîâûå òîêè, ïðîòÿæåííàÿ ëèíåéíàÿ îáëàñòü âîëüò-àìïåðíîé õàðàêòåðèñòèêè.
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INVESTIGATIONS OF Si/Si-Oy-Si4-y NANOSYSTEM BY THE COMPUTER 
SIMULATION METHOD

The atomic system is simulated by the Monte-Carlo method of computer modeling. Analyzing 
results of computer modeling, we have found out some features of structure of thin oxide of silicon. In 
particular, the function of radial distribution demonstrates certain disorder in an arrangement of atoms 
Si and O and the decrease of values of Si-O-Si bond angle near the surface is observed as well as the 
critical concentration of oxygen, at which silicon cluster is formed, makes 0.9 from a stoichiometric 
value.

INTRODUCTION

The systems Si/SiO2 and Si/Si3N4 are present al-
most in all devices of modern microelectronics, for 
example, in the devices on SONOS-structures (Sili-
con-Oxide-Nitride-Oxide-Silicon). Considering the 
increase of volumes of information preservation re-
sults in diminishing of thicknesses of SONOS-struc-
tures layers to the nano-scale range. 

The features of technology of such nano-sizing 
systems preparation, determine the non-stoichiom-
etry of chemical composition and probability Si, O 
or N precipitates’ generation into the of dielectric 
phases. This leads to the change of conductivity type 
of the layers. Nowadays, the development of data stor-
age which are based on the conducting nano-clusters 
(Si, Ge, Six, Gey) in the dielectric layer is carried out 
[1–3]. 

]The interest is, therefore, supported by the re-
search of atomic structure and chemical composition 
of interface Si/SiO2 and Si/Si3N4 with the thicknesses 
of dielectric layers not more than 10 nm. 

MODEL AND DISCUSSION

By means of computer modeling, we have cre-
ated the model of system with free surfaces and lay-
ers thickness of 16.26 Å. The inter-atomic interaction 
was described by the three-particle Keating potential 
[4]. It takes into account not only the pair, but also 
angular interaction between particles. The repulsive 
between atoms of oxygen was taken into account with 
the help of potential Born-Maier-Haggins without 
the dispersion terms:

0 exp ,i j ij
ij ij

ij

z z Rr
V A

R L

⎛ ⎞⎛ ⎞= ⋅ + −⎜ ⎟⎜ ⎟ ρ⎝ ⎠ ⎝ ⎠

where zi, zj –  are the charges of the ions in terms of 
an elementary charge; r0 — Bohr radius; L — a length 
of a cube edge, Rij — a distance between cooperating 
ions; r = 0.29 Å — the constant; Aij — the energetic 
repulsive parameter, which depends on the sorts of the 
interacting ions.

The real multi-atomic system was replaced with 
the limited cubic cell with introduction of periodic 

boundary conditions, which were imposed on the 
cube face with side 37.94 Å in X and Y directions. The 
choice of such a size depends, first and foremost, on 
significant duration of time relaxation of large vol-
ume systems, secondly by experimental results, which 
specify thickness of a transitive layer between and ap-
proximately 1 nm. 

The prototype system was filled by atoms at the 
positions approximate to ideal crystal and contained 
2352 atoms. The vacuum was simulated on the part of 
Si and Si-Oy-Si4-y layers Si each by the thickness up to 
16.26 Å. In such a way, we have received the model of 
the continuous interface with free surfaces (Fig. 1).

Fig. 1. The schematic image of an experimental cell Si-Oy-Si4-y

The interface Si(100)/Si-Oy-Si4-y (1 ≤ y ≤ 4) was 
investigated. The equilibrium atomic configuration 
was determined by dint of application to model a 
Monte-Carlo procedure at decrease of temperature 
from 1000K to 300K. 1000 shifts of the atomic system 
were made in every 50K. At such shifts’ range, the am-
plitude of shifts depended on temperature.

For definition of concentration of oxygen, de-
pending on depth, the formula was used [5]:

0

( ) 2 1 exp ,
d

x d
d

⎡ ⎤⎛ ⎞
= ⋅ − −⎢ ⎥⎜ ⎟

⎢ ⎥⎝ ⎠⎣ ⎦

where d — is a distance from a surface of silicon; d0 — 
a characteristic length, which depends on conditions 
of oxidation.
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For the analysis of details of the atomic structure 
the following structural characteristics were used:

— Radial distribution functions.
— The energy of the atomic system.
— Three-body correlation functions.
— The value of bond-angle distributions.
— The arrangement of atoms in planes (100), (110) 

and (111).
— The spatial picture of atomic array.
— The presence Si precipitate as the fractal clus-

ters.
As a result of computing experiments the following 

results have received.
The radial distribution function received as a result 

of modeling of structure is presented at Fig. 2. 

Fig. 2. The radial distribution function g(r)Si-O in the region of 
Si-Oy-Si4-y

The coordination number (the first peak) is equal 
to 4, that is characteristic for volume. For other co-
ordination, the spheres in significant deviations from 
arrangment are observed. These deviations increase 
in proportion to the distance from the central atom. 
Analyzing the radial distribution functions (Fig. 2–3), 
we have the conclusion, that for thin oxide of silicon, 
which thickness does not permit to measure up the 
volume stoichiometric composition and the disorder 
in an arrangement of atoms Si and O is observed. 

Fig. 3. The radial distribution function g(r)Si-Si in the region of 
Si-Oy-Si4-y

The spatial picture demonstrates almost the same 
(Fig. 4).

On the diagram of the correlation function (Fig. 5) 
near the surface the appearance of peak is observed. It 
is caused by the increase of number of s, which values 
are less than 120 (the value of a Si-O-Si bond angles 
taken as in the volume).

On the surface of thin oxide, after relaxation, the 
reconstruction is observed, which are similar to for-
mation of a super-lattice, but due to the small thick-
ness of oxide, the formation hasn’t the clearly defined 
character (Fig. 5–6).

Fig.4. The fragment of a spatial picture of arrangement of atoms 
in the model of the system on the part of the surface (unpainted 

spheres — starting positions of atoms)

Fig. 5. The three-particle correlation function

Fig. 6. The arrangement of atoms the surface (100) (painted 
circles — atoms of silicon unpainted - atoms of oxygen, radius of 

circles is increased with depth).

The critical concentration of oxygen, at which 
penetrating structure silicon cluster (Fig. 7) is formed 
according to our experiment makes 0.9 from a stoi-
chiometric value.

Fig. 7. The fractal cluster of Si atoms in the volume Si-Oy-Si4-y
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CONCLUSIONS 

1. Analyzing results of computer modeling, we 
have found out that some features of structure of thin 
oxide of silicon, in particular, the function of radial 
distribution demonstrates the disorder in an arrange-
ment of Si and O atoms

2. Near the surface, the decrease of values of a 
Si-O-Si bond angle is observed; the critical concen-
tration of oxygen, at which silicon cluster is formed, 
makes 0.9 from a stoichiometric value.
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Si-Oy-Si4-y NANOSYSTEM BY THE COMPUTER SIMULATION METHOD

The atomic system is simulated by the Monte-Carlo method of computer modeling. Analyzing results of computer modeling, we 
have found out some features of structure of thin oxide of silicon, in particular function of radial distribution demonstrates disorder in 
an arrangement of atoms Si and O; near the surface the decrease of values of a corner Si-O-Si of connection is observed; the critical 
concentration of oxygen, at which silicon cluster is formed makes 0.9 from a stoichiometric value.
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ÄÎÑË²ÄÆÅÍÍß ÍÀÍÎÑÈÑÒÅÌÈ Si-Oy-Si4-y ÇÀÑÎÁÀÌÈ ÊÎÌÏ’ÞÒÅÐÍÎÃÎ ÌÎÄÅËÞÂÀÍÍß

Ìåòîäîì êîìï’þòåðíîãî ìîäåëþâàííÿ Ìîíòå-Êàðëî çìîäåëüîâàíà àòîìíà ñèñòåìà Si-Oy-Si4-y. Àíàë³ç ðåçóëüòàò³â îá-
÷èñëþâàëüíîãî åêñïåðèìåíòó âèÿâèâ äåÿê³ îñîáëèâîñò³ ñòðóêòóðè òîíêîãî îêèñëó êðåìí³þ, çîêðåìà ôóíêö³ÿ ðàä³àëüíîãî 
ðîçïîä³ëó g(r)Si–O äåìîíñòðóº ïîðóøåííÿ ïîðÿäêó â ðîçòàøóâàíí³ àòîì³â Si òà O; ñïîñòåð³ãàºòüñÿ çìåíøåííÿ çíà÷åííÿ êóòà 
Si–O–Si çâ’ÿçêó ïîáëèçó ïîâåðõí³; ãðàíè÷íà êîíöåíòðàö³ÿ êèñíþ, ïðè ÿê³é óòâîðþºòüñÿ êðåìí³ºâèé êëàñòåð, ñòàíîâèòü 0.9 
â³ä ñòåõ³îìåòðè÷íîãî çíà÷åííÿ.
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ÈÑÑËÅÄÎÂÀÍÈÅ ÍÀÍÎÑÈÑÒÅÌÛ Si/Si-Oy-Si4-y ÑÐÅÄÑÒÂÀÌÈ ÊÎÌÏÜÒÅÐÍÎÃÎ ÌÎÄÅËÈÐÎÂÀÍÈß

Ìåòîäîì êîìïüþòåðíîãî ìîäåëèðîâàíèÿ Ìîíòå-Êàðëî ñìîäåëèðîâàíà àòîìíàÿ ñèñòåìà Si-Oy-Si4-y. Àíàëèç ðåçóëüòàòîâ 
âû÷èñëèòåëüíîãî ýêñïåðèìåíòà âûÿâèë íåêîòîðûå îñîáåííîñòè³ ñòðóêòóðû òîíêîãî îêñèäà êðåìíèÿ, â ÷àñòíîñòè, ôóíêöèÿ 
ðàäèàëüíîãî ðàñïðåäåëåíèÿ g(r)Si–O äåìîíñòðèðóåò íàðóøåíèå ïîðÿäêà â ðàñïîëîæåíèè àòîìîâ Si è O; íàáëþäàåòñÿ óìåíüøå-
íèå çíà÷åíèÿ óãëà Si–O–Si ñâÿçè âáëèçè ïîâåðõíîñòè; ãðàíè÷íàÿ êîíöåíòðàöèÿ êèñëîðîäà, ïðè êîòîðîé îáðàçóåòñÿ êðåìíè-
åâûé êëàñòåð, ðàâíÿåòñÿ 0.9 îò ñòåõèîìåòðè÷åñêîãî çíà÷åíèÿ.
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WAVELET AND MULTIFRACTAL ANALYSIS OF NONLINEAR FEATURES 
IN THE ACOUSTIC DETECTING THE GRANULATED MATERIALS

It is carried out an analysis of nonlinear features in the acoustic detecting and diagnostic of 
the granulated mediums on the basis of wavelet analysis and multifractal formalism. The fractals 
dimensions are lying in the interval [1,3–2,1].

In last years it is of a great importance the experi-
mental and theoretical studying of the non-linear 
dynamical systems with aim to discover the fractal 
features and elements of dynamical chaos (c. f. [1–
25]). This is regarding different wave phenomena in 
the granulated mediums. It is very important to note 
that these phenomena are characterized by the strong 
non-linearity (c. f. [1]). The matter is in the fact that 
anon-linearity parameter in the granulated mediums 
is on three-four orders higher than in homogeneous 
mediums, i. e. it is worth to say about a giant non-
linearity (see below). From the other side it is well 
known  that many  physical, chemical and biological 
systems, including the multi-element semiconduc-
tors and gas lasers, different radio-technical devices 
etc can be considered in the first approximation as 
a self-adapted complicated systems, coupled by dif-
ferent way. The interesting example – system of two 
auto-generators (semiconductor) quantum genera-
tors, coupled by means optical waveguide, have been 
in details considered in ref. [5, 6, 23, 24]. It has been 
studied a regular and chaotic dynamics of the system 
of the Van-der-Poll auto-generators in different cases. 
An important feature of these systems is connected 
with possibility of realizing the stochastic regime of 
oscillations and manifesting the chaos. The PC wave-
let and fractal complex “Geomath” was used. Earlier 
it was used in solving a whole number of tasks of the 
modern environmental and atmosphere physics. In 
particular, speech is about such problems as [14–22]: 
sensing the nonlinear interaction between global tel-
econnection patterns, temporal variability of the at-
mosphere ozone content and prediction of the effect 
of North-Atlantic oscillation, using non-decimated 
wavelet decomposition to analyze time variations of 
North Atlantic Oscillation, eddy kinetic energy, sens-
ing nonlinear interaction between global teleconnec-
tion patterns and firstly a prediction of the possible 
genesis of fractal dimensions in the turbulent pulsa-
tions of cosmic plasma – galactic-origin rays – tur-
bulent pulsation in planetary atmosphere system [22]. 
The fundamental problem here is a determination of 
the fractal and multi-fractal characteristics for medi-
ums and processes and their numerical estimates. In 
this paper we carry out an analysis of nonlinear fea-
tures in the acoustic detecting and diagnostic of the 
granulated mediums (granite crumb) on the basis of 
wavelet analysis and multi-fractal formalism and find 
the corresponding fractals (dimensions) spectrum. 

The physical features of propagation of the acous-
tic oscillations in the granulated mediums significantly 
differs from propagation in the continuous mediums. 
The acoustical properties of the corresponding medi-
ums such as mono-crystals and homogeneous liquids 
are  defined by the deformation features on molecular 
level and the same in the granulated mediums is con-
nected with their structure. The matter is in the fact 
that mechanical properties of the granulated materials 
are provided by contacts between granules.  In this es-
sence it attracts a great interest studying these materi-
als on the example of separated granule. The impor-
tant result is that the oscillations of separated granule 
in an acoustic field are characterized by the slow fluc-
tuations (c. f. [1]). Experimental studying slow fluctu-
ations of  the nonlinear oscillations of granules under 
action of propagating acoustic field  has been carried 
out in ref. [25]. As the granulated medium it was used 
the granite crumb (size 1–2 cm). The sound emitting 
is produced by pesosceramic plate and the sound re-
ceiving is realized by the accelerometers The tone fre-
quency is 5,6 kHz. The maximal level of the received  
signal  corresponds to vibrations of the emitted plate 
with acceleration 0,6 m/cm2 and the amplitude of 
vibrations is 5Å. These parameters of vibrations the 
plate correspond to emission level 10 dB. The level 
of the granule vibrations is less on 10 dB. Non-mo-
notonic dependence of the received response level for 
separated granule upon the medium loading value is 
treated usually as a result of percolation realization 
of links between separated granules. In figure 1 there 
are presented the experimental dependences of the 
signal harmonic components upon a time (in hours): 
1 – levels of signal on the receivers in a granulated 
medium, frequency 5,6 kHz; 2 — levels of the second 
harmonics on the receivers in a granulated medium, 
frequency 11,2 kHz; 3- levels of the sub harmonics 
on the receivers in a granulated medium, frequency 
2,8 kHz (the detailed data are presented in [1, 25]). 
It is important to note that there is a sub harmon-
ics component in the spectrum of received signal. In 
general a character of the signal fluctuations is similar 
for all components. The signal level on the main fre-
quency 5,6 kHz is randomly changed more on more 
than 5-6dB. The levels of fluctuations of the harmon-
ics components are very big, i.e. speech is about giant 
fluctuations of the acoustic signals in the granulated 
medium. The most intensive are the fluctuations of 
the sub harmonics components. The detailed analysis 
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of the obtained experimental data is presented in ref. 
[1, 25].

Fig. 1. The experimental dependences of signal harmonic 
components on a time (hours): 1 – level of signal on the receivers 
in a granulated medium (RGM), frequency w=5.6 kHz; 2-level 
of 2nd harmonics on RGM, 11.2 kHz; 3-level of sub harmonics on 

RGM, 2.8 kHz [25]

Further let us analyze a spectrum of fluctuations of 
the harmonics components of the signal and estimate 
the fractal properties of the corresponding depend-
ences. The main purpose is estimating of the fractal 
dimensions too. As the detailed description of the 
fractal and wavelet methodic (our version) is earlier  
given (c. f. [11–22]), below, following these refs., we 
remember the key moments of the used wavelet analysis 
and multi-fractal formalism.

Here we use non-decimated wavelet transform that 
has temporal resolution at coarser scales. The dilation 
and translation of the mother wavelet ψ(t) generates 
the wavelet as follows: ψj,k(t) = 2j/2ψ(2jt – k). For a 
suitably chosen mother wavelet ψ(t), the set {ψj,k}j,k 
provides an orthogonal basis, and the function f which 
is defined on the whole real line is

( ) ( ) ( )0 0, ,
1

,
J

k k jk j k
k j k

f t c t d t
∞ ∞

=−∞ = =−∞
= ϕ + ψ∑ ∑ ∑

 (1)

where the maximum scale J is determined by the 
number of data, the coefficients c0k represent the 
lowest frequency smooth components, and the coef-
ficients djk deliver information about the behaviour 
of the function f concentrating on effects of scale 
around 2–j near time k × 2–j. The non-decimated 
wavelet transform (WT) of data (f(t1), …, f(tn)) at 
equally spaced points ti = i/n is defined as the set of 
all decimated WT’s formed from the n possible shifts 
of the data by amounts i/n; i = 1–n. There are 2j coef-
ficients on the jth resolution level, there are n equally 
spaced wavelet coefficients in non-decimated WT: 

( )1 2
12 2 ,j jn

ijk id n i n k n y−
= ⎡ ⎤= ψ −∑ ⎣ ⎦  k = 0, …, n–1, 

on each resolution level j. Another way of viewing the 
result of a non-decimated WT is to represent the tem-
poral evolution of the data at a given scale. To obtain 
the results, smooth signal S0 and the detail signals Dj 
(j =1, …, J) are 
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The fine scale features are captured mainly by the 
fine scale detail components DJ and DJ–1. The coarse 

scale components S0, D1, and D2 correspond to low-
er frequency oscillations of a signal. Using a link of 
wavelets and fractals, one can calculate the multi-
fractal spectrum. A task of its calculation reduces to 
definition of singular spectrum f(α) of measure μ. It 
associates Hausdorff dimension and singular indica-
tor α, that allows calculating a degree of singularity:  
Nα(ε)=ε-f(α). The  way of estimate of f(α) is in analy-
sis of changing a dependence of distribution function 
Z(q, a) on modules of maxs of splash-transfers under 
scale changes:
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where I = 1, …, N(a); N(a) is a number of local-
ized maximums of transformation WΨ[F](b,a) for 
each scale à, where function õ is considering; func-
tion  ω(à)can be defined in terms of coefficients of the 
splash-transformations as:
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where li∈L(a); L(a) is a set of such lines, which make 
coupling the splash-transformation coefficient maxi-
mums. To calculate the singularity spectrum, a ca-
nonical approach is used: 
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D(a,q) = qh(a,q) – ln Z(a,q).

Spectra D(q) and h(q) are defined as:

0 0
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ln lna a

D a q h a q
D q h q

a a→ →
= =
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We have applied the wavelet and multifractal for-
malism to analysis of the nonlinear features in the 
acoustic detecting and diagnostic of the granulated 
material on results of the experiment [25]. Finally we 
found that the  corresponding fractals dimensions are 
lying in the interval [1,3–2,1]. 
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WAVELET AND MULTIFRACTAL ANALYSIS OF NONLINEAR FEATURES IN THE ACOUSTIC DETECTING THE 
GRANULATED MATERIALS

It is carried out an analysis of nonlinear features in the acoustic detecting and diagnostic of the granulated mediums on the basis of 
wavelet analysis and multifractal formalism. The fractals dimensions are lying in the interval [1,3–2,1].
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Âûïîëíåí àíàëèç íåëèíåéíûõ îñîáåííîñòåé ïðè àêóñòè÷åñêîé äèàãíîñòèêå ãðàíóëèðîâàííûõ ñðåä íà îñíîâå âåéâëåò è 
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ELECTROLUMINESCENCE, CHARGE TRAPPING AND DEGRADATION OF 
THE SILICON DIOXIDE IMPLANTED BY CARBON AND SILICON IONS

In this paper we explore the electroluminescence (EL) properties of thermally grown350 nm thick 
SiO2 layers co-implanted with Si+ and C+ions. The implant fluences were chosen in such away that 
peak concentration of excess Si and C of5010 at.% were achieved. Combined measurements of charge 
trapping and EL intensity as a function of injected charge and current have been carried out with the 
aim of clarifying the mechanisms of electroluminescence. EL was demonstrated to have defect-related 
nature. Cross sections of both electron traps and hole traps were determined. EL quenching at a great 
levels of injected charge is associated with strong negative charge capture, next positive charge capture 
leading to electrical breakdown of SiO2 structures.

INTRODUCTION

Silicon-based light emission is a promising ap-
proach to design and realization of optoelectronic 
inter- and intra-chip communication in future com-
puter systems. Additionally, there is a great interest 
in multi-functional micro-systems (e.g. lab-on-chip 
applications). Since a lot of such micro-systems are 
based on standard Si-SiO2 technology, there is also 
a strong demand for Si-based light emitters, espe-
cially to achieve low-cost production processes. One 
method for the formation of the Si-based light emit-
ting structures is ion beam synthesis. Electrolumines-
cence (EL) from the Ge-rich SiO2 layers was found to 
be in the red/infrared and in the blue/violet spectral 
regions [1]. The Si-rich SiO2 layer emits red light [2]. 
Ion–beam implantation, using a few co-implants, is 
of interest from the two standpoints. 

At first, such procedure allows to expend spec-
tral range of light emission. Secondly, co-implanta-
tion can create more stable precipitates and/or stable 
impurity distribution inside the SiO2. Using this ap-
proach, white photoluminescence and electrolumi-
nescence of co-implanted SiO2 by silicon and carbon 
ions have been observed respectively in [3] and [4]. 
However, from our knowledge, the study of electrical 
characteristics and degradation of electrical and lu-
minescent properties during operation of such light-
emitting devices was studied insufficiently. Thus, the 
present paper addresses the research of electrolumi-
nescence, electrical characterization and their degra-
dation in the Si/C co-implanted SiO2 structures.

2. SAMPLES AND EXPERIMENTAL 
TECHNIQUES

The SiO2 layers with 350 nm thickness were ther-
mally grown on ‹100›-oriented, n-type Si-substrates 
at 1000°C. 

Firstly, the oxide films were double-implanted with 
Si+ ions at an energy of 90 keV followed by a second 
Si+ implantation at 47 keV. Three sets of samples with 
different implanted doses were prepared. The doses 
were chosen in such a way, that a broad implant pro-
file with a nearly constant concentration of excess Si 
about 5%, 7.5% and 10% at a depth of 60–180 nm 
below the oxide surface was formed. 

Fig. 1 shows the implantation profile, calculated 
with the TRIM code [5]. After such implantations, 
the devices were annealed at 1100 0C for 30 min in 
a N2 ambient. This annealing step was carried out in 
order to initiate the formation of first Si nano-clusters 
which have to be acted as seeds for the final clusters. 
Then, C+ ions were implanted at energy of 43 keV, 
followed by a second C+ implantation at 22 keV. A 
post-implantation heat treatment at 800°C for 60 min 
was followed by a final annealing step at 1100°C for 
60 min was performed.

The investigation of the EL requires transparent 
and conductive gate electrodes. On the top of the ox-
ide an indium-tin-oxide (ITO) layer, a special kind of 
a transparent conductive oxide, was deposited using 
a sputtering process. The thickness of the layers was 
80 nm. The gate electrode was processed using stand-
ard lithography. The sizes of the devices were 0.5 mm 
in diameter in a periodic pattern of 2 mm pitch. 

A portion of so fabricated MOS Light Emitting 
Devices (MOSLEDs) had been subjected to RF plas-
ma treatment (13.56 MHz) in a low pressure, paral-
lel plate (diode type) reactor, with the ITO electrode 
being exposed to the plasma discharge. The plasma 
working gas was a mixture of 90% nitrogen and 10% 
hydrogen. The plasma power density was in range 
of 0.5–1.5 W cm-2. Additional substrate pre-heating 
from a heat source, independently of the plasma dis-
charge, was used over the temperature range of 100°C 
to 300°C and elevated temperature was maintained 
during the plasma treatment. The plasma treatment 
duration was 15 min. Details of the plasma reactor 
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and the used processing parameters were published in 
[6].

 
Fig. 1. TRIM-profile of a Si/C co-implanted SiO2 layer. Two 
implantations at different energies were carried out for both, Si and 
C. The small symbols are related to the each single implantation

EL spectra were measured on MOSLEDs with a 
circular ITO at a constant current supplied by a multi-
meter Keithley 2410. The EL signal was recorded at 
room temperature with a monochromator Jobin Yvon 
Triax 320 and a photo-sensor module Hamamatsu 
H7732-10 in the range of wave lengths between 300 
and 750 nm. The measurement was performed with 
electron injection in constant-current mode from ITO 
electrode into the SiO2. The typical current density for 
EL excitation was 10-3 ÷10-5 A/cm2. The charge trap-
ping during EL excitation was studied by the analyse 
of the applied voltage at constant current injection 
(VCC) from the ITO to the SiO2 . 

3 RESULTS AND DISCUSSION

3.1. The distinguishing features of the EL spectra

Fig 2 represents EL spectra for the MOSLEDs, 
fabricated at different implantation doses. In this 
experiment the MOSLEDs were operated under 
electron injection from ITO at a current density 
2.5∙10-3A∙cm-2.

Fig. 2 a

Fig. 2. The EL spectra of the Si and C co-implanted SiO2 layers 
as a function of implantation dose. Dashed line presents multy-
Gaussian fitting for 5% Si/C implants. (Current of 5∙10-6 A was 
used for all samples) (a); Variation of the EL intensity sub-peaks 

(see Fig. 2) as a function of implanted dose (b)

As seen from Fig. 2 a, the EL spectra peaks are 
relatively broad and consist of several peaks. There is 
visible correlation between EL spectra and concentra-
tion of implants. The multi-Gaussian deconvolution 
of all spectra could be performed and the set of band 
positions have been determined. For the lowest con-
centration (5%) the clear double-peak structure is ob-
served with maxima about at 425÷435 nm and 515÷
525 nm. 

The latter maximum belongs to relatively broad 
peak which consists of two sub-peaks on the shoul-
ders. Integral intensity of EL spectra falls down when 
concentration of implanted Si and C increases, high 
energy peak decreases too, but relative intensities af 
broad peaks are nearly constant (Fig. 2 a). Similar 
characteristics of photoluminescence (PL), showing 
a decrease of the high energy tail (340÷410 nm) for 
higher Si/C concentration, have been observed early 
[4].

Additional measurements were carried out in or-
der to investigate the influence of the injection current 
density on the shape of the EL spectrum (Fig. 3).

Fig. 3. The EL spectra of Si/C co-implanted MOSLEDs, operated 
at different currents (dot area: 0.2 mm2)

Basically no changes occur in the spectrum with 
increasing current density and, therefore, also with in-
creasing electric field. This means that the difference 
in the shape of the spectra for different Si/C concen-
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trations is related only to the different microstructure 
and not to the distribution of hot electrons, but effect 
of the injected charge on the EL spectra demands fur-
ther investigation. 

Thus, we have analyzed the variation of the EL 
spectra while multi scanning regime: that is EL spec-
tra have been recorded repetitively one after another 
(Fig. 4). It should be noted, that about 3.725∙1018 e/
cm-2 are injected during one EL scan. As one could 
see, high energy band (in interval of 390÷400 nm) is 
suppressed strongly when number of EL scans in-
creased, during which integral EL intensity decreased 
just linearly (see the insert in Fig. 4).

Fig. 4. The EL spectra of the 7.5 % Si/C co-implanted MOSLED, 
obtained in multi-scanning procedure. Scan numbers are shown 

near the curve

Insert: variation of integral EL intensity as a func-
tion of numbers of scans. 

The mechanism of the MOSLED operation is be-
lieved to be based upon impact ionization of specific 
defect-type luminescent centers (LCs) by hot elec-
trons moving in the conduction band of the oxide [1]. 
It follows that observed line of 520 nm could be attrib-
uted to Eδ center [7], the lines of 385 nm and 490 nm 
are related to the Si-C bonds [8] and the Si/C/O com-
plexes [9], correspondingly, and line of 390–400 nm 
— to the oxygen deficiency centre (≡Si-Si≡) [10] or 
two-fold coordinated silicon (=Si) [11]. Line of 440÷
450 nm could be described both SiC precipitates [12, 
13] and neutral oxygen vacancy [7]. On the low energy 
shoulder one can see increasing of line 620 nm for the 
largest current density. This line could be attributed to 
non-bridging oxygen hole center [14]

As it was considered earlier, in [15-17], the radio-
frequency (RF) plasma treatment (PT) of ion-im-
planted MOS structures may result in a considerable 
modification of their structural and electrical proper-
ties. Especially it is regarded to post implanted defects 
both in Si and SiO2. Low temperature defect anneal-
ing in SiO2 under the PT can be explained within the 
framework of the recombination enhanced defect 
reactions [18, 19] caused by alternate injection both 
electrons and holes and there recombination at the 
defects. Effect of the RF plasma treatments on the EL 
characteristics is exhibited at the Fig. 5.

It should be noted that the integral EL intensity 
tends to decrease when the RF plasma power exceeds 
0.7 W/cm2, the high energy shoulder is suppressed 
considerably. Such a manner of the EL spectra varia-

tion at RF plasma treatment is the demonstration that 
the studied EL is determined by complexes of post 
implanted defects with inclusion of implanted ions.

Fig. 5. Influence of plasma treatment on the EL spectra of Si/C 
co-omplanted MOSLED

3.2 Current-voltage characteristics of the Si / C co-
implanted MOS structures

Current-voltage (I-V) characteristics for the case 
of electron injection from ITO are represented in 
Fig. 6.

Fig. 6. The current –voltage characteristics of the MOSLEDs (in-
jection from ITO) (a); The same characteristics, converted to the 

Fowler-Nordheim coordinates (b)

The constant current regime used for the EL ex-
citation corresponds to high-field portions in the I-
V characteristics of the MOS structures. As it could 
be seen, the cut-off injection voltage (manifested as a 
sharp bend in the I-V curve) shifts to lower value when 
dose of implantation increases; that is, the EL emis-
sion arises at the lower electric field. 

Actually, (for the EL processes) section of the I-
V curve is linearized well in coordinates J/E2 vs 1/E, 
where E is the electric field in the oxide layer. There-
fore, the charge transport in the Si/C implanted SiO2 
is governed by Fowler-Nordheim tunneling, or tun-
nel injection of carriers to the conduction band of the 
oxide through a triangularly shaped barrier. Current 
density of the F-N tunneling may be expressed, as

2
2 3 28 2 *

exp ,
8 3FN B

B

m qq
J E

h hE

⎛ ⎞π
= − ϕ⎜ ⎟⎜ ⎟π ϕ ⎝ ⎠  (3.1)

where ϕÂ is the barrier height, m* is the effective mass 
of electron, other quantities are common accepted.
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From the slope of linear part ln(J/E2)–f(1/E) — 
dependence, for the Si-SiO2 structures with 5% of Si/
C implants, the barrier height have been obtained as 
3.05 ýÂ (in assumption of m* = 0.52m0). The barrier 
height falls up to 2.8 eV when the dose of the Si/C 
implantation increases up to 10% (at the same value 
of effective mass). It is notice worthy, that the value is 
significantly lower than the injection barrier of elec-
trons for pure SiO2 (3.15eV [20]). This phenomenon is 
the evidence of enhancement of the electron injection 
into SiO2 due to the increasing concentration of SiC-
related complexes and associated with trap-assisted 
tunneling mechanisms [21].

3.3. EL intensity and charge trapping as a function 
of injected charge

Changing the voltage (VCC), applied to the MOS 
structure, at constant current regime of high-field 
electron injection from ITO one could obtain the 
function of injected charge, depicted by Fig. 7. The 
decrease of the voltage during the high-field electron 
injection (up to ~9∙1014 electron/cm2), suggests the 
positive charge trapping in the oxide at the distance 
more that tunneling length from injecting ITO-SiO2 
interface. Then, the voltage tends to increase steadily, 
what is indicative for negative charge trapping.

Fig. 7. Constant current voltage (Vcc), as a function of injected 
charge

Assuming the first-order trapping kinetics, the 
trapped charge (both negative and positive one) ver-
sus injected charge could be described by following 
expression [22] 

max[1 exp( )],t t i injQ Q Q= − −σ
 (3.2)

where Qt is the trapped charge, Qt
max is the maximal 

trapped charge and σi is the effective capture cross-
section of the trap.

If trapping efficiency (P) is presented as the first 
derivative of injected charge of Eq. (3.2), then one 
obtains 

( )max exp .t
i t i inj

inj

dQ
P Q Q

dQ
= = σ −σ

 (3.3)

From Eq. (3.3), it is easy to see, that for every trap, 
the plot of ln(P) vs. Qinj will consist of linear part with 
the slope corresponding to σi. The extrapolation to 
Qinj=0 for such a plot, provides σiQt

max. Thus, using the 

proposed method [23], the number and main trap pa-
rameters could be estimated.

Our calculations have demonstrated, that three 
kind of electron traps with average value of the cap-
ture cross-section (σe

1 = 3.6×10-16 cm2, σe
2 = 8×10-18 

cm2 and σe
3 = 2×10-19 cm2,) and the two kinds of hole 

traps (σ1
h>1õ10-14 cm2, σ2

h = 6.6õ10-15 cm2) could be 
found by proposed method. It should be noted, that 
hole traps with σ2

h=6.6õ10-15 cm2 is typical for Si-SiO2 

structures with excess Si content in SiO2,  subjected to 
rapid thermal annealing [24].

In order to study the relationship between the EL 
intensity and the charge trapping in the dielectric, the 
results of combined measurements of the EL inten-
sity at 440 nm and ΔVCC versus injected charge (Qinj) at 
high constant current levels were studied. The inject-
ed charge could be calculated from the measurement 
time using the expression:

0

( ) .
t

injQ J t dt= ∫  (3.4)

Fig. 8 demonstrates the direct correlation between 
EL intensity and constant current voltage up to inject-
ed charge ~2∙1018 electron/cm2 , or that the excitation 
of the EL is governed by impact ionization. 

When injected charge reaches 3∙1019 electron/cm2 , 
the EL intensity tends to decrease, though the applied 
voltage increases. The dependence Vcc as the function 
of Qinj  manifests strong electron capture by traps with 
cross section estimated above as σe

3 = 2×10-19 cm2. 
This process is seen clearly on the Vcc – Qinj curve for 
7.5% Si/C co-implantation (see Fig. 8).

Fowler-Nordheim tunnelling is offered as the 
main mechanism of charge transport in the Si/C co-
implanted Si-SiÎ2 structures in actual for the EL volt-
age range.

Modification of the EL spectra by plasma treat-
ment testifies that the EL mechanism has its origins 
in defect-related processes more, than in SiC cluster-
related ones. 

In paper [25] it was shown, that small capture 
cross-section values of negative charge, correlated 
with quenching of some EL lines, are associated with a 
probability of defect luminescent centers reconstruc-
tion during their excitation by electron impact ioniza-
tion and have to be designated for clarity as a quench-
ing cross-section, σq, for given EL line. So, a value 
of the σe

3≡ σq, 440nm has to be linked with a probability 
of reconstruction and/or destroying of the EL center, 
revealing a light emission at 440 nm, with following 
electron trapping in the new generated defect. Since, 
the EL at 440 nm in SiO2 can be associated with ex-
citation of neutral vacancy (O3≡Si-Si≡O3) or two-fold 
coordinated silicon (=Si) the quenching process can 
be described the following reactions

O3 ≡ Si – Si ≡ O3 + e(hot) → O3≡Si(-) ∙∙∙ Si≡O4 (3.5)

3 3

( ) ( )
3 32 ( ) .

O Si O O Si O Si O

e hot O Si O Si

••

− −

− − + ≡ − − ≡ +

+ → ≡ + ≡  (3.6)



127

Fig. 8. Constant current voltage (Vcc), as a function of injected 
charge ( a); the EL intensity (λ=440 nm) as a function of injected 
charge (b). Injection is performed from ITO, current density is 

1x10-3 A/cm2 

The reaction (3.6) assumes a breakup of Si-Si bond 
by hot electron and relaxation of Si atom on distance 
more than 4Å with bonding of neighbor oxygen atom. 
Such the four-fold coordinated Si and the silicon dan-
gling bond can represent the electron trap [26]. 

In case of the reaction (3.6), two-fold coordinated 
Si interacts with broken Si-O bond in neighbor Si-
O-Si fragment that results in formation of two silicon 
dangling bonds (O3≡Si) which could work as the elec-
tron traps.

Further electron injection (more than 3×1019 e/
cm2) leads to positive charge generation and drastic 
EL quenching, resulting to electrical breakdown of 
the MOSLEDs.

4. CONCLUSIONS

1. Combined studies of the MOSLED’s EL in-
tensity and charge trapping vs. time for high field 
electron injection into the Si/C implanted SiO2  have 
shown, for the first time, that EL correlates well with 
charge trapping governed  by that three kind of elec-
tron traps with average value of the capture cross-sec-
tion (σe

1 = 3.6×10-16 cm2, σe
2 = 8×10-18 cm2 and σe

3 = 
2×10-19 cm2,) and two kind of hole traps (σ1

h>1õ10-14 
cì2, σ2

h=6.6×10-15 cì2 ). 
2. The EL quenching caused by electron impact 

ionization resulting in reconstruction of defect LC 
with following electron trap generation. The quench-

ing cross-section for observed process is %q,440nm
 = 

2×10-19 cm2. 
3. Positive charge generation arises at high levels of 

charge injection leading to electrical breakdown. 
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ELECTROLUMINESCENCE, CHARGE TRAPPING AND DEGRADATION OF THE SILICON DIOXIDE IMPLANTED BY 
CARBON AND SILICON IONS

In this paper we explore the electroluminescence (EL) properties of thermally grown350 nm thick SiO2 layers co-implanted with 
Si+ and C+ions. The implant fluences were chosen in such away that peak concentration of excess Si and C of5010 at.% were achieved. 
Combined measurements of charge trapping and EL intensity as a function of injected charge and current have been carried out with 
the aim of clarifying the mechanisms of electroluminescence. EL was demonstrated to have defect-related nature. Cross sections of both 
electron traps and hole traps were determined. EL quenching at a great levels of injected charge is associated with strong negative charge 
capture, next positive charge capture leading to electrical breakdown of SiO2 structures.
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ÝËÅÊÒÐÎËÞÌÈÍÅÑÖÅÍÖÈß, ÇÀÕÂÀÒ ÇÀÐßÄÀ È ÄÅÃÐÀÄÀÖÈß ÄÂÓÎÊÈÑÈ ÊÐÅÌÍÈß, ÈÌÏËÀÍÒÈÐÎÂÀÍ-
ÍÎÉ ÈÎÍÀÌÈ ÓÃËÅÐÎÄÀ È ÊÐÅÌÍÈß 

Â ñòàòüå èññëåäîâàíû ýëåêòðîëþìèíåñöåíòíûå (ÝË) ñâîéñòâà ñëî¸â SiO2, èìïëàíòèðîâàííûõ èîíàìè Si è C. Ñëîè SiO2 
òîëùèíîé 350 íì áûëè ïîëó÷åíû òåðìè÷åñêèì îêèñëåíèåì  Si. Ïîòîêè èîíîâ áûëè âûáðàíû òàêèì îáðàçîì, ÷òîáû èçáû-
òî÷íàÿ êîíöåíòðàöèÿ àòîìîâ Si è C ñîñòàâëÿëà 5–10 îáú¸ìíûõ ïðîöåíòîâ. Êîìáèíèðîâàííûå èçìåðåíèÿ çàõâàòà çàðÿäà è 
ÝË, êàê ôóíêöèè çàõâà÷åííîãî çàðÿäà è ïëîòíîñòè òîêà ïðîâîäèëèñü ñ öåëüþ âûÿñíåíèÿ ïðèðîäû ýëåêòðîëþìèíåñöåíöèè. 
Ïîêàçàíî, ÷òî ýëåêòðîëþìèíåñöåíöèÿ â îñíîâíîì îáóñëîâëåíà äåôåêòàìè ñòðóêòóðû. Áûëè îïðåäåëåíû ñå÷åíèÿ çàõâàòà 
ëîâóøåê ýëåêòðîííîãî è äûðî÷íîãî òèïîâ. Ïîêàçàíî, ÷òî ãàøåíèå ýëåêòðîëþìèíåñöåíöèè ïðè áîëüøèõ óðîâíÿõ èíæåêòè-
ðîâàííîãî çàðÿäà  ñâÿçàíî ñ ñèëüíûì çàõâàòîì îòðèöàòåëüíîãî çàðÿäà, ïðè÷¸ì ïîñëåäóþùèé çàõâàò ïîëîæèòåëüíîãî çàðÿäà 
ïðèâîäèò ê ýëåêòðè÷åñêîìó ïðîáîþ SiO2 ñòðóêòóðû.
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ÝËÅÊÒÐÎËÞÌ²ÍÅÑÖÅÍÖ²ß, ÇÀÕÎÏËÅÍÍß ÇÀÐßÄÓ I ÄÅÃÐÀÄÀÖ²ß ÄÂÎÎÊÈÑÓ ÊÐÅÌÍ²Þ, ²ÌÏËÀÍÒÎÂÀ-
ÍÎ¯ ²ÎÍÀÌÈ ÂÓÃËÅÖÞ ÒÀ ÊÐÅÌÍ²Þ

Ó ðîáîò³ äîñë³äæåí³ åëåêòðîëþì³íåñöåíòí³ (ªË) âëàñòèâîñò³ øàð³â S³Î2, ùî ³ìïëàíòîâàí³ ³îíàìè S³ òà C. Øàðè S³Î2 òîâ-
ùèíîþ 350 íì áóëè îòðèìàí³ çà äîïîìîãîþ òåðì³÷íîãî îêèñëåííÿ S³. Ïîòîêè ³îí³â áóëè îáðàí³ òàêèì ÷èíîì, ùîá íàäëèø-
êîâà êîíöåíòðàö³ÿ àòîì³â Si òà C ñòàíîâèëà 5–10 îá’ºìíèõ â³äñîòê³â. Ç ìåòîþ ç’ÿñóâàííÿ ïðèðîäè åëåêòðîëþì³íåñöåíö³¿ 
áóëè ïðîâåäåí³ êîìá³íîâàí³ âèì³ðè çàõîïëåííÿ çàðÿäó òà ªË, ÿê ôóíêö³¿ çàõîïëåíîãî çàðÿäó ³ ãóñòèíè ñòðóìó. Ïîêàçàíî, 
ùî åëåêòðîëþì³íåñöåíö³ÿ ïåðåâàæíî îáóìîâëåíà äåôåêòàìè ñòðóêòóðè. Áóëè âèçíà÷åí³ ïåðåòèíè çàõîïëåííÿ ïàñòîê 
åëåêòðîííîãî é ä³ðêîâîãî òèï³â. Ïîêàçàíî, ùî ãàñ³ííÿ åëåêòðîëþì³íåñöåíö³¿ ïðè âåëèêèõ ð³âíÿõ çàðÿäó, ùî ³íæåêòóºòüñÿ 
ïîâ’ÿçàíå ç ñèëüíèì çàõîïëåííÿì íåãàòèâíîãî çàðÿäó, äî òîãî æ ïîäàëüøå çàõîïëåííÿ ïîçèòèâíîãî çàðÿäó ïðèâîäèòü äî 
åëåêòðè÷íîãî ïðîáîþ S³Î2 ñòðóêòóðè.
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CONSISTENT QUANTUM APPROACH TO QUARKONY ENERGY SPECTRUM 
AND SEMICONDUCTOR SUPERATOM  AND IN EXTERNAL ELECTRIC 
FIELD 

The problems of calculation of the bound states energies for semiconductor superatom (spherical 
nucleus of some semiconductor material that is selectively doped by donors; it is surrounded by the 
intrinsic matrix from material with low band gap) and heavy quarkony in external strong electric field 
are  considered.  Ab initio effective potential approach in combination with the operator  perturbation 
theory method is used in calculation. 

In last years studying  behaviour of the mesosys-
tems such as  superatom and 1D super-lattice attracts, 
exciton, bi-exciton complexes, elementary atomic 
systems etc. in external electric and magnetic field 
attracts a great interest (c. f. [1–5]). Superatom rep-
resents the spherical nucleus of some semiconductive 
material, that is selectively doped by donors and sur-
rounded by the intrinsic matrix of material with low 
band gap. All these systems can be calculated on the 
basis of the same unified quantum mechanical method. 
In this paper we  consider  the corresponding method 
(energy approach) in order to carry out the accurate 
calculations of the energy characteristics for systems 
above cited. Earlier we have developed the  accurate 
consistent methods for calculation of properties of 
such systems (c. f. [5, 6]), in particular, relativistic per-
turbation theory with effective potential of the zeroth 
order (energy approach), ab initio quasi-particle den-
sity functional formalism (Dirac-Kohn-Sham-Ivanov 
schemes).  The main purpose of this work is to make 
more exact the data regarding the energy character-
istics of the quarkony and semiconductor superatom 
systems. We will use these approches, namely, ab ini-
tio effective potential approach in combination with 
the operator Glushkov-Ivanov perturbation theory 
method [7] as basis for formulation of the correspond-
ing theory cited systems in an external strong electric 
and magnetic field. Let us note that earlier we gave the 
preliminary estimates for cited characteristics [12]. 

2. Let us start from considering  superatom [3–5]. 
In the zeroth approximation we use usually the ef-
fective ab initio model functional, constructed on 
the basis of the gauge invariance principle [6]. The 
zeroth order basis is generated by the solution of the 
Dirac equation with spherically symmetric potential 
that includes the potential of ionized donors, the Di-
rac-Fock-Kohn-Sham functional. The relativistic 
Dirac equation can be written in the central field in 
a two-component form as follows (reltivistic units are 
used):

( ) ( )1 0
F F

m V G
r r

∂
+ + χ − ε + − =

∂

( ) ( )1 0.
G G

m V F
r r

∂
+ − χ + ε − − =

∂  (1)

Here we put the fine structure constant α = 1. The 
moment number

( )1 1 , 1
,

1, 1

j

j

⎧− + >
χ = ⎨

<⎩

where F and G are the big and small components of 
the Dirac wave function, ε — energy, r – distance from 
center of nucleus, other designations are standard. Ef-
fective potential V(r) for super atom is supposed to be 
by the spherically symmetric and has the following 
form:

0 0( ) ) ( ) ( ),N H XCV r V r r V r V V r= θ( − + + +  (2)

where ro is the nuclear radius, V0 is the positive overfall 
of minimums of conductivity zones for nucleus and 
matrix; θ(x)=0, x<0 and =1 if x>0; VN is a potential 
of the ionized donors; VH, VXC are the Hartree and ex-
change-correlation potentials. The shape of potential 
(2) is presented in the fig. 1. 

Fig. 1. The shape of potential (2) (see text)

The next sep is an account the external electric 
filed potential. As it is well known, external electric 
field shifts and broadens the bound state atomic levels. 
The standard quantum-mechanical approach relates 
complex eigen- energies (EE) E=Er+0,5iG and com-
plex eigen-functions (EF) to the shape resonances [6]. 
The calculation difficulties in the standard quantum 
mechanical approach are well known. In Glushkov-
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Ivanov paper [6,7] it has been developed a consistent 
uniform quantum — mechanical approach to the non-
stationary state problems solution including the Stark 
effect and also scattering problems. The essence of the 
method is the inclusion of the well-known method of 
“distorted waves approximation” in the frame of the 
formally exact perturbation theory. In the case of the 
optimal zeroth order spectrum, the PT smallness pa-
rameter is of the order of G/E, where G and E are the 
field width and bound energy of the state level. It has 
been shown that G/E ≤1/n even in the vicinity of the 
"new continuum" boundary (n is the principal quan-
tum number). This method is called as the operator 
PT (OPT) [6,7]. It is very important to note that the 
hamiltonian H0 is defined so that it coincides with the 
total Hamiltonian H at ε ⇒ 0 (ε is the electric  field 
strength; potential is -zε). 

The Dirac equation for the electron function with 
taking into account the uniform electric field and the 
field of the nucleus: 

[α cp – βmc2 – V(r) + ε z – E] ψ = 0. (3)

Here E is the electron energy. The key moment 
of the further considering is to establish coupling 
between basis of functions of the zeroth approxime-
tion (eq. (1)) in the spherical coorrdinates and cor-
responding basis in parabolic co-ordinates. According 
to standard quantum defect theory for multielectron 
systems with the separated closed shells core and ex-
ternal quasiparticles, relation between quantum de-
fect value μl, electron energy E and principal quantum 
number n is: μl=n-z*(–2E)-1/2. In an electric field all 
the electron states can be classified due to quantum 
numbers: n, n1, n2,m (principal, parabolic, azimuthal: 
n = n1+ n2+m +1). Then the quantum defect in the 
parabolic co-ordinates δ(n1n2m) is connected with the 
quantum defect value of the free (ε=0) atomic system 
by the following relation [7]:

1
2

1 2 , ;

1 2

( ) (1/ ) (2 1)( ) ,

( 1)/2, ( )/2.

n
JM
J M m lm l

l m
n n m n l C

J n M n n m

−

−
=

δ = + μ∑

= − = − +  (4)

Naturally, it is possible to use more complicated 
forms for the ion core potential. Equation 95) gives 
the recept of coupling between basis of functions of 
the zeroth approximation (eq. (1)) in the spherical 
coordinates and corresponding basis in parabolic co-
ordinates. 

3. The next key moment is connected with ac-
count of the correlation corrections to energy. It can 
be done by means relativistic density functional for-
malism and QED perturbation theory (c. f. [6, 8, 12]). 
This approach allows accounting all correlation cor-
rections of the perturbation theory second order and 
also a contribution of the high orders diagrams (par-
ticle-hole interaction, mass operator iterations etc.). 
It is very important to note that the nuclear diameter 
in the superatom is compared with the general size of 
system and a singularity in the coordinates center is 
absent in contradistinction of the heavy atom. That 
is why, the levels with large angular moment become 
more energetically profitable. In ref. [5, 12, 13] it 
has been carried out a calcualtion, which has  shown 
for  superatom (nucleus: Al0,35Ga0,65As; nuclei charge 

Z=20; nucleus radius: 175A; matrice: GaAs) that the 
configuration 1s22p63d102f 2 is corresponding to the 
ground state of system. The calculation of the supera-
tom system (superatomic nucleus Al0,35Ga0,65As; nucle-
ar charge Z=20; matrix: GaAs; radius of the nucleus: 
125A) was carried out and obtained the correspond-
ing sequence of energy levels 1s22p63d102s2 . With other 
parameters (radius of the nucleus 170A and Z=20) 
the ground state of system is corresponding to another 
configuration 1s22p63d102f 2. The superatomic radius is 
estimated 351A. It is clear that the properties of the 
superatom can be changed according to the shape of 
potential (2). It is obvvious that these properties can 
be essentially changed in a presence of external field. 
The preliminary estimate shows that the Stark shift 
for the considered super atom in DC external electric 
field (strength 0,001 atomic units) is 0,15 meV. 

4. For heavy quarkony the corresponding theory 
has the same form, excepting only the numerical pa-
rameters of corresponding effective potential. Earlier 
in ref. [5] we presented the results of calculating the 
energy splitting for quarkony with the use of the dif-
ferent forms of potential [9–11]. We have also carried 
out the energy splitting calculation for quarkony sys-
tem with the use of the different forms of potential.  
In the zeroth limit for E(2s)-E(2p) the more exacted 
value is 830 MeV under m(Q)=45 GeV. If r→∝, the 
2s-2p and 2s-1s splitting results in ~145 MeV. Espe-
cial interest attracts behavior of the value:

2
1| / | ) | 0,5 0,6s

2
2σΨ(0) | Ψ(0 = −  (5)

under m(Q)=45 GeV (this value is obtained in a case 
of the use of the potential : V(r)~1/rLn(Ar) when r→
0 and V~ar when r→oo; A=0,1 GeV and a=0,2 GeV). 
These properties can be essentially changed in a pres-
ence of the strong external electric or magnetic field.

5. So, we present here a consistent quantum ap-
proach to calculation of the bound states energies for 
following systems: superatom (spherical nucleus of 
some semiconductor material that is selectively doped 
by donors; it is surrounded by the intrinsic matrix from 
material with low band gap) in weak external electric 
field and more exacted data for heavy quarkony. As 
it has been indicated earlier a consideration together 
such different physical systems as semiconductor su-
peratom and heavy quarkony is connected with a fact 
that the mathematical structure of the master equa-
tions is practically the same, excepting surely the en-
ergy parameters of the corresponding effective poten-
tials.
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àòîìà (ñôåðè÷åñêîå ÿäðî ïîëóïðîâîäíèêîâîãî ìàòåðèàëà, ëåãèðîâàí íîãî äîíîðàìè è îêðóæåííîãî áåñïðèìåñíîé ìàòðèöåé 
èç ìàòåðèàëà ñ ìåíüøåé øèðèíîé çàïðåùåííîé çîíû) âî âíåøíåì ñèëüíîì ýëåêòðè÷åñêîì ïîëå. Ìåòîä àb initio ýôôåêòèâ-
íîãî ïîòåíöèàëà â êîìáèíàöèè ñ îïåðàòîðíîé òåîðèåé âîçìóùåíèé  èñïîëüçîâàí äëÿ ðàñ÷åòîâ. 
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PHOTOSENSITIVITY OF NANOSTRUCTURED GALLIUM ARSENIDE 
IN CONTACT WITH ELECTROLYTE

It has been shown that the nanostructurization of the gallium arsenide surface with metal and CdS 
particles affected greatly the photoelectrochemical properties of GaAs. The increase in the quantum 
yield of photocurrent ηi in the visible region after the nanostructurization of GaAs surface with Pt, CdS 
and Zn accounted for by an decrease in the rate of surface recombination of holes. In the ultraviolet 
region the decrease in ηi is attributed to an increase in the contribution  of cathodic photocurrent 
(for a KOH solution, photocathodic reaction is hydrogen evolution and for polysulfide solution - 
photoreduction of polysulfide ions). For nanostructured GaAs the efficiency of the conversion of solar 
to electrical energy in polysulfide electrolyte was 23–24%.

The physicochemical properties of semiconduct-
ing nanomaterials differ greatly from those of similar 
materials, which have no pronounced nanostructure 
or characteristic size. This relates both to the set of 
their electrophysical, optical and luminescent proper-
ties and to the ability to exhibit a high electrocatalytic 
and photocatalytic activity in many chemical reac-
tions [1–3]. One of the methods for the nanostruc-
turization of the semiconductor surface is deposition 
of layers of nanosized particles of metals or semicon-
ducting compounds. The properties of the material 
obtained depend largely both on the physicochemical 
properties of the deposited particles and on the mode 
of their interaction with the semiconductor surface, 
which is determined to a large extent by the method 
for producing the nanostructured surface.

This paper presents results of studying the photo-
electrochemical properties of a GaAs electrode na-
nostructured with Zn, Pt and CdS particles. A salient 
feature of this material is a high quantum yield of pho-
toelectrochemical current, which makes it promising 
for use in electrochemical systems for solar energy 
conversion.

EXPERIMENTAL 

We performed the nanostructurization of the GaAs 
surface with metal particles by the electrochemical 
and photoelectrochemical methods. For instance, to 
apply Pt nanoparticles to the GaAs surface with elec-
tronic conduction type (n-type), we employed the 
method of cathodic electrodeposition from a solu-
tion of chloroplatinic acid under strong semiconduc-
tor lighting (P=0,4-0,5 watt/cm2) in the fundamen-
tal light absorption region [4]. Zn nanoparticles were 
produced under strong lighting of semiconductor by 
cathodic electrodeposition at low current densities 
(10 – 20 μA/cm2) from an aqueous solution of ZnCl2. 
CdS nanoparticles were deposited on GaAs during the 
formation of colloidal CdS particles in aqueous solu-
tion. To produce CdS nanoparticles, we used solutions 
containing cadmium citrate (or acetate) and sodium 
sulfide at a reagent concentration of 10-4 – 10-2 mol/
L; to stabilize the solution, gelatin was used; the dep-

osition temperature was 20–22°C. The GaAs surface 
was studied by means of a 09–I–OC–10–005 Auger 
spectrometer and EM–200 electron microscope. The 
spectral dependences of photocurrent were meas-
ured in a quartz cell on a setup, which included an 
MDR–2 monochromator, and the light source was 
a DKSSh–500 xenon lamp with stabilized discharge 
current. The absorption spectra of CdS colloidal solu-
tions were measured with a Specord UV–VIS spec-
trophotometer. The photoelectrochemical measure-
ments have been made using a PI–50–1 potentiostat. 
The electrode impedance was measured with a Tesla 
BM 401 ac bridge. The solar energy conversion effi-
ciency was determined in a polysulfide electrolyte of 
the composition 2 mol/l Na2S + 2 mol/l NaOH + 1 
mol/l S + 0.02 mol/l Se, in which GaAs is relatively 
stable. The electrode potential was measured with re-
spect to a silver– chloride reference electrode.

Fig. 1. Spectral dependence of the quantum yield of photo-
electrochemical current, ηi, for a GaAs electrode, on whose 
surface Pt (2), Zn (3) and CdS (4) nanoparticles have been 
deposited; (1) starting electrode; (5) theoretical plot of ηi(λ). 1 
mol/l KÎÍ solution, potential Å = –0.4 V (with respect to Ag/

AgCl reference electrode)

RESULTS AND DISCUSSION 

Figure 1(a) shows a micrograph of the surface of 
monocrystalline n-type GaAs modified by Pt nano-
particles. It was found that the diameter of platinum 
particles ranged between several nanometers and tens 
of nanometers, most particles having a mean diam-
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eter of d ~10 nm. The coverage of the surface with Pt 
nanoparticles was δ = 30 – 70%. The d values for Zn 
particles did not exceed 10 nm in the low deposition 
current range, at high currents, became larger, and 
threadlike particles appeared. To determine the size 
of colloidal CdS particles (d) in solution, a standard 
approach was used, which consists in determining the 
energy gap width of particles, Eg, from measurements 
of colloid absorption spectrum and calculation of the 
d value using the results of quantum-chemical calcu-
lations [1, 2]. It was found that the mean particle di-
ameter ranged between 1.3 and 5.5 nm, depending on 
the concentration of the starting reagents. The CdS 
particles deposit on the surface were uniformly as ag-
gregates, whose mean size is larger by several fold than 
that of CdS particles in colloidal solution.

The nanostructurization of the gallium arsenide 
surface with metal and CdS particles affected greatly 
in some cases the photoelectrochemical properties 
of GaAs. Figure 1 shows the spectral dependence of 
the quantum yield of photoelectrochemical current, 
ηi, for GaAs electrode. A decrease in ηi in the short-
wavelength region of the spectrum (Fig. 2, curve 1) 
is characteristic of the starting GaAs electrode, on 
whose surface there were no nanoparticles [5].

Fig. 2. Current-voltage curves for GaAs electrode, nanostructured 
with CdS (2), Zn (3) and Pt (4), in 1 mol/l KOH; (1) starting 

electrode

It was found that nanostructurization of the surface 
led to an increase in ηi in a wide spectral range. The larg-
est increase in ηi was observed in the case of CdS (Fig. 
2, curve 4). After the deposition of Pt nanoparticles, an 
increase in ηi in the visible region and its decrease in the 
ultraviolet region were observed (Fig. 2, curve 2).

To analyze the results obtained, use may be made 
of the theory of photogenerated charge carrier trans-
fer across the semiconductor/electrolyte interface [5] 
with allowance for the fact that the total photocurrent 
across the interface consists of minority-carrier cur-
rent (hole photocurrent ip(λ)) for GaAs with n-type 
conductivity and majority-carrier current (electronic 
photocurrent ic(λ)):

i(λ) = ip(λ) – ic(λ), (1)

where hole photocurrent is given by:
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Here Φ is the light intensity, Fs is the electric field 
at the semiconductor surface, Dp and Lp are the diffu-
sion coefficient and diffusion length of minority car-
riers (holes) respectively, Dn is the diffusion length of 
electrons, l is the width of space-charge region (SCR) 
near the semiconductor surface, K is the light absorp-
tion coefficient, which depends on the optical wave-
length λ, Ys is the potential drop in the semiconductor 
SCR (in kT/e units), ks

a and ks
c are the rates of anodic 

and cathodic reactions respectively, Sp and Sn are the 
rates of surface recombination of holes and electrons. 
It should be noted that equations (1) and (2) take into 
account the general case of photoelectrochemical 
reaction involving charge carriers of permitted semi-
conductor bands and surface electronic states (SES) 
with the electron and hole flows on SES’s being not 
equal. The increase in the quantum yield of photo-
current, ηi, in the visible region after the nanostruc-
turization surface with Pt, Zn and CdS (Fig. 2) may 
be accounted for by an increase in the photocatalytic 
activity of the nanostructured surface (increase in ks

a) 
and hence by an increase in anodic photocurrent ip 
(expression (2)).

As was shown in Refs [5], the decrease in the 
quantum yield of photocurrent, ηi, in the ultraviolet 
region for GaAs electrode with n-type conductivity is 
due to the high rate of electron transfer (increase in 
cathodic photocurrent) into the electrolyte via SES’s 
and to their surface recombination. As follows from 
expression (3), the ic value depends both on the ca-
thodic reaction rate ks

c and on the rate of surface re-
combination of electrons, Sn, surface electronic states 
being also involved in the electron transfer across the 
interface for the case where Sp ≠ Sn. The calculation of 
the quantum yield of photoelectrochemical current, 
ηi, was performed by us in a wide spectral range for 
the following parameters of the semiconductor in-
vestigated by us: Lp = 1.5 μm, Dp = 15 cm2/s, Dn = 
35 cm2/s. The Ys values were determined using a linear 
dependence, obtained by us, of the reciprocal square 
of differential capacity, C–2, measured at a high fre-
quency (f = 30 kHz) on electrode potential E (in this 
case, Ys = 0 at the flat-band potential Efb). The value 
of l was determined on the basis of bulk electron con-
centration in semiconductor, n0:
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(for the electrodes under study, n0 = 3×1016 cm–3); ε 
and ε0 are the permittivity of semiconductor and free 
space respectively; Fs = (E – Efb)/l.

Figure 2 (curve 5) shows a theoretical plot of 
ηi(λ) in the anodic potential region Ys = 20, when 
the contribution of cathodic photocurrent ic to ηi is 
small. In this case, the ηi quantity is a weak function 
of optical wavelength in the short- wavelength region 
of the spectrum and decreases in its long-wavelength 
region because of a decrease in light absorption coef-
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ficient K. In this case, a noticeable decrease in ηi in 
the short-wavelength region of the spectrum due to 
the contribution of photocathode reaction occurs at 
K ≥ 5×104 cm–1 and Fs ≤ 1.2×104 V/cm and on con-
dition that (Sn + ks

c) > eFsDn/kT) [5], as was found 
experimentally for starting GaAs electrode (Fig. 2, 
curve 1). Analysis of experimental data using expres-
sion (3) shows that after modifying the GaAs surface 
by Pt, an additional increase in cathodic reaction rate 
(for a KOH solution, cathodic reaction is hydrogen 
evolution and for polysulfide solution photoreduction 
of polysulfide ions). The experimental data presented 
in Fig. 3 speak in favor of this fact. The voltammet-
ric curve for the starting GaAs electrode exhibited 
at potentials of E = -0.8 to -1.3 V in a NaOH solu-
tion limiting oxygen reduction current (Fig. 2, curve 
1) (which decreased as a rule after blowing through 
the solution with purified Ar) and hydrogen evolution 
current at E < –1.3 V. 

Fig. 3 Frequency dependence of differential capacity C of GaAs 
electrode nanostructured with Zn (2), Pt (3) and CdS (4); (1) 
starting electrode. Solution: 2 mol/l Na2S + 2 mol/l NaOH + 1 

mol/l S. E = -0.4 V

After the deposition of Pt nanoparticles, the hy-
drogen evolution overpotential decreased substantial-
ly (Fig. 3, curve 4), which was caused by an increase in 
the catalytic activity of the nanostructured Pt surface. 
The CdS nanoparticles deposited on the GaAs surface 
had a lower electrocatalytic activity in the hydrogen 
evolution reaction as against platinum (Fig. 3, curves 
2); at the same time, the electrocatalytic activity of Zn 
nanoparticles was somewhat higher than that of CdS 
nanoparticles (Fig. 3, curve 3). Therefore, the effect 
of CdS nanoparticles on the trend of the plot of ηi(λ) 
mainly reduces to an increase in the photocatalytic 
activity of the surface and a possible decrease in the 
surface recombination rate of electrons, Sn, as a result 
of which the total photocurrent in the short- wave-
length region of the spectrum also increased (Fig. 1, 
curves 4). At the same time, Zn nanoparticles, as Pt 
nanoparticles, led to a greater increase in cathodic 
photocurrent and caused a stronger spectral depend-
ence ηi(λ) in the ultraviolet region (Fig. 1, curve 2, 
3). A decrease in surface recombination rate after the 
nanostructurization of GaAs electrode is also indi-
cated by a decrease in the frequency dependence of 
differential capacity C, measured according to a par-
allel equivalent circuit (Fig. 4). From capacity meas-
urements, one can determine the concentration of 
surface electronic states (SES), Nt, on GaAs after its 
modification by Pt nanoparticles. The Nt quantity was 
defined as follows:

2
,
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e
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where θ is the electron population of SES’s (θ = 0.5 
when SES’s are not involved in the electrochemical re-
action), ΔC = Cl – CSCR is the difference between low- 
frequency capacitance (the calculations were made 
for f = 200 Hz (Fig. 2)) and SCR capacitance, deter-
mined at f = 30 kHz. It was found that the electronic 
state concentration determined in this way was lowest 
after the deposition of CdS and Pt nanoparticles on 
the GaAs surface and was Nt = (0.3 – 0.5)×1010 cm–2, 
whereas the SES concentration on starting samples 
was higher by an order of magnitude. This effect of 
nanoparticles on recombination processes may ac-
counted for by the fact that they deposit mainly on ac-
tive centers on the surface, which are formed by sur-
face defects of different types or surface oxides, and 
are charge carrier recombination or trapping centers; 
they neutralize the action of these centers by reducing 
their concentration and changing their energetics and 
electron and hole trapping coefficients. We found that 
after the nanostructurization of the GaAs electrode 
surface, the efficiency of the conversion of solar to 
electrical energy in polysulfide solution reached 23–
24% when Cu2S was used as counter electrode. In this 
case, the short- circuit current was 25–28 mA/cm2 at 
a solar illumination power of 100 mW/cm2, the open- 
circuit voltage was 1.15 – 1.20 V, the fill factor of cur-
rent-voltage curve varied between 0.53 and 0.76.

CONCLUSIONS
The nanostructurization of the GaAs electrode 

surface with Zn and CdS particles leads to an increase 
in the quantum yield of photoelectrochemical cur-
rent in a wide spectral range, which is attributed to 
an increase in the photocatalytic activity of the sur-
face and to decrease in the rate of surface recombina-
tion of electrons. For Pt nanoparticles, an increase in 
electrode photosensitivity in the visible region and its 
decrease in the ultraviolet region, which is associated 
with the influence of cathodic photocurrent, were 
observed. The nanostructured GaAs electrodes were 
characterized by high efficiency of conversion of solar 
energy to electrical.
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ÔÎÒÎ×ÓÂÑÒÂÈÒÅËÜÍÎÑÒÜ ÍÀÍÎÑÒÐÓÊÒÓÐÈÐÎÂÀÍÍÎÃÎ ÀÐÑÅÍÈÄÀ ÃÀËËÈß Â ÊÎÍÒÀÊÒÅ Ñ ÝËÅÊÒÐÎ-
ËÈÒÎÌ

Ïîêàçàíî, ÷òî íàíîñòðóêòóðèðîâàíèå ïîâåðõíîñòè àðñåíèäà ãàëëèÿ ÷àñòèöàìè ìåòàëëîâ è CdS ñóùåñòâåííî âëèÿåò íà 
ôîòîýëåêòðîõèìè÷åñêèå ñâîéñòâà GaAs. Óâåëè÷åíèå êâàíòîâîãî âûõîäà ôîòîòîêà ηi â âèäèìîé îáëàñòè ñïåêòðà ïîñëå íàíî-
ñòðóêòóðèðîâàíèÿ  ïîâåðõíîñòè GaAs Pt, CdS è Zn îáúÿñíÿåòñÿ óìåíüøåíèåì ñêîðîñòè ïîâåðõíîñòíîé ðåêîìáèíàöèè äû-
ðîê. Â óëüòðàôèîëåòîâîé îáëàñòè óìåíüøåíèå ηi âûçâàíî óâåëè÷åíèåì âêëàäà êàòîäíîãî ôîòîòîêà (äëÿ ðàñòâîðà KOH - ôî-
òîêàòîäíîé ðåàêöèåé âûäåëåíèÿ  âîäîðîäà è äëÿ ïîëèñóëüôèäíîãî ðàñòâîðà - ôîòîâîññòàíîâëåíèåì ïîëèñóëüôèä-èîíîâ). 
Äëÿ íàíîñòðóêòóðèðîâàííîãî GaAs ýôôåêòèâíîñòü ïðåîáðàçîâàíèÿ ñîëíå÷íîé ýíåðãèè â ýëåêòðè÷åñêóþ ïîëèñóëüôèäíîì 
ýëåêòðîëèòå ñîñòàâëÿëà 23–24%. 

ÓÄÊ 544.52:541.138:621.352

Ã. ß. Êîëáàñîâ, ². À. Ðóñåöüêèé

ÔÎÒÎ×ÓÒËÈÂ²ÑÒÜ ÍÀÍÎÑÒÐÓÊÒÓÐÎÂÀÍÎÃÎ ÀÐÑÅÍ²ÄÓ ÃÀË²Þ Â ÊÎÍÒÀÊÒ² Ç ÅËÅÊÒÐÎË²ÒÎÌ

Ïîêàçàíî, ùî íàíîñòðóêòóðóâàííÿ ïîâåðõí³ àðñåí³äó ãàë³þ ÷àñòêàìè ìåòàë³â ³ CdS ³ñòîòíî âïëèâàº íà ôîòîåëåêòðîõ³ì³÷-
í³ âëàñòèâîñò³ GaAs. Çá³ëüøåííÿ êâàíòîâîãî âèõîäó ôîòîñòðóìó ηi ó âèäèì³é îáëàñò³ ñïåêòðà ï³ñëÿ íàíîñòðóêòóðóâàííÿ ïî-
âåðõí³ GaAs Pt, CdS ³ Zn ïîÿñíþºòüñÿ çìåíøåííÿì øâèäêîñò³ ïîâåðõíåâî¿ ðåêîìá³íàö³¿ ä³ðîê. Â óëüòðàô³îëåòîâ³é îáëàñò³ 
çìåíøåííÿ ηi âèêëèêàíî çá³ëüøåííÿì âíåñêó êàòîäíîãî ôîòîñòðóìó (äëÿ ðîç÷èíó KOH - ôîòîêàòîäíîþ ðåàêö³ºþ âèä³ëåííÿ  
âîäíþ é äëÿ ïîë³ñóëüô³äíîãî ðîç÷èíó - ôîòîâ³äíîâëåííÿì ïîë³ñóëüô³ä-³îí³â). Äëÿ íàíîñòðóêòóðîâàíîãî GaAs åôåêòèâí³ñòü 
ïåðåòâîðåííÿ ñîíÿ÷íî¿ åíåðã³¿ â åëåêòðè÷íó ó ïîë³ñóëüô³äíîìó åëåêòðîë³ò³ ñòàíîâèëà  23–24%.
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RUTHERFORD BACKSCATTERING AND X-RAY DIFRACTION ANALYSIS OF 
Ag/ZnS/glass MULTILAYER SYSTEM

Experimental results on the study of the element depth profiles, structural and roughness properties 
of Ag/ZnS/glass multilayer system are reported. The ZnS films in this system were obtained by close-
spaced vacuum sublimation method (CSVS) under different substrate temperature. Examination of 
layers morphology and structure was performed by optical microscopy with laser interferometry phase 
shifting and X-ray diffraction method respectively. Element depth profiles and film thickness were 
studied using energy dispersive X-ray analysis (EDAX), such non-destructive accurate qualitative 
absolute techniques as Rutherford backscattering spectrometry (RBS) and elastic Backscattering 
Spectroscopy (BS) of 4He+ and 1H+ ions, respectively. Two temperature ranges where the film growth 
is going under different mechanism were determined. It was established that ZnS films deposited 
at 373<Ts<573 Ê have ZB structure. At Ts > 573 Ê the traces of WZ phase are appearing in ZnS 
films, their amount somewhat increases under increasing the Ts. RBS and BS techniques allow to 
determine atomic concentration of compound elements and atomic concentration of the element 
depth distributions. It was shown that thickness averaged stoichiometry of ZnS films were determined 
by deposition regimes.

1. INTRODUCTION

The maximum efficiency of the best thin film solar 
cells (SC) based on heterojunctions n-CdS/p-CdTe 
is 16.5%, but the rate of its increasing became con-
siderably slower [1]. The most effective back-con-
tact solar cells have close-spaced chemical deposited 
semiconductor layers are formed at high temperature 
(Tn~873 Ê). This process needs the use of the special 
heat-resistant glass substrates. Therefore for indus-
try producing of solar cells base layers common use 
low-temperature (~773 Ê) method of gas-transport 
reactions. It enables to use low-cost soda-lime glass 
substrates. However the efficiency of these solar cells 
does not exceed 10%, and a prime price of energy is 
high enough [2].

It is thought that the increase of the efficiency of 
SCs with CdTe absorbing layer may be achieved by 
change of the material of optical window [3–5]. Thin 
ZnS layers (Eg=3.68 eV) can be considered as an al-
ternative to ÑdS (Eg=2.42 eV) films. Zinc sulfide has 
a sufficiently larger gap than cadmium sulfide, what 
makes it possible to expand the photosensitivity range 
and to increase short circuit currents of the corre-
sponding SCs. ZnS has the same type of the crystal 
lattice as CdTe and both materials form a continuous 
row of solid solutions. Besides that, ZnS is not a toxic 
material due to absence of hard metals as compound 
components and appears as a friendly material for the 
environment. At the same time, a large lattice mis-
match of ZnS and CdTe (~18%) causes a low efficien-
cy of available ZnS/CdTe SCs (~4%) [3]. However, 
this disadvantage can be compensated by forming 
transition layers at the interface under the diffusion 
process as well as by technological way [4]. 

The efficiency of ZnO/CBD-ZnS/CIGS solar 
cells increased to 18.6% in recent years [5]. How-
ever vacuum condensates of ZnS as wide-gap solar 
cell windows in this case practically were not used 

and their properties are investigated poorly. Optimi-
zation of ZnS thin films characteristics is important. 
Interaction processes also require research between a 
glass lining and a semi-conductor layer which occur at 
the moment of halcohenide condensation. It also has 
caused the work purpose.

2. EXPERIMENTAL DETAILS

Zinc sulfide thin films were deposited on soda-
lime glass substrates by the close-spaced vacuum sub-
limation (CSVS) method [6]. The evaporation of two-
phased stoichiometric ZnS powder with exceeded 
content of hexagonal phase (wurtzite) in the charge 
was carried out. The temperature Tev of evaporator was 
1273 K. The temperature Ts of substrate was varied in 
the range 373÷973 Ê.

The thin Ag layer was applied on the ZnS film for 
support of charge gathering from the film surface dur-
ing measurements using charge particles. Under such 
conditions the temperature of the ZnS surface was 
573 K.

Surface morphology of the films had been investi-
gated by optical microscopy. The calculation of sur-
face roughness was performed according the standard 
ISO/R 468 [7], while the average arithmetic devia-

tion Ra of profile was defined by formula 1

1
,

n

a i
i

R y
n =

= ∑  
where yi — profile deviation of film surface from the 
mean line, n – the number of profile peaks.

Structural investigations of the films were per-
formed with X-ray diffractometer DRON 4-07 using 
Ni-filtered Kα Cu radiation source and conventional 
Bragg-Brentano geometry. Continuous mode scan-
ning over the range of diffraction angles 20° ≤ 2θ ≤ 60° 
(where 2θ is the Bragg angle) was applied to examine 
the surface of the samples Obtained diffraction pat-
terns were normalized to the intensity of (111) peak 

© A. G. Balogh, S. Ì. Duvanov, D. ². Êurbatov, 
A. S. Opanasyuk, 2008



137

of the cubic phase. Phase analysis was done by com-
parison of interplane distances and relative intensities 
from the investigated samples and references accord-
ing to Joint Committee on Powder Diffraction Stand-
ards (JCPDS) data [8].

Chemical composition and films thickness stud-
ied by energy dispersive X-ray analysis (EDAX) and 
Rutherford back scattering (RBS) method of protons 
and high energy (2,5 MeV) helium ions [9]. Distribu-
tion of concentration in EDAX method was probed in 
five points on films surfaces.

As the source of charged protons (in RBS meth-
od) the electrostatic accelerator on 2 MeV (Institute 
of nuclear physics, Frankfort University, Germany) 
was utilized. As the source of helium ions was used 
electrostatic accelerator on 2.5 MeV (Scientific in-
stitute of nuclear physics, Moscow State University, 
Russia). The primary beam of protons bombarded the 
target normally, scattering angle was 170° and 171° re-
spectively. As the detecting system the semiconductor 
detector of charged particles were used. The energy 
resolution of this detector was ~15 keV. 

SIMNRA and DVBS programs performed the 
RBS spectra processing. It is considered that oxygen 
is compulsory part of A2B6 compounds. Coming from 
it chemical composition of ZnS films is certain in 
supposition, that in a layer except for basic material 
is contained this impurity and hydrogen, absorbable 
from substrate.

3. RESULTS AND DISCUSSION

Surface morphology and condensate structure 
studies showed that zinc sulfide films are transparent, 
polycrystalline and homogeneous in area with a good 
adhesion to the substrate. Growth of ZnS layers takes 
place as follows. A fine-grained transition region is 
forming on the substrate with following overgrowth of 
crystallites oriented by the (111) plane parallel to the 
substrate.

The increase of crystallite sizes D with the increas-
ing film thickness l as a consequence of a secondary 
nucleation during their condensation is almost not 
occurred at Ts < 720 Ê. As a result, the grains become 
a form close to a uniaxial one. Increasing the substrate 
temperature leads to another growth mechanism: a 
columnar-like mechanism becomes dominant.

The rise of condensation temperature is going with 
increase in height of layers relief and therefore it’s sur-
face roughness. The typical micrographs of conden-
sates surfaces and surface profilograms are presented 
in fig. 1. 

The determination of parameter Ra shows that un-
der rising in temperature from Ts = 423 K to 863 K the 
surface roughness in increasing from Ra ≈0.062 μm to 
0.147 μm at L~3 μm. The dependence of profile av-
erage arithmetic deviation for ZnS films versus Ts is 
shown in fig. 2. The sharper arising of average arith-
metic deviation Ra of films surface profile occurs in 
the range of deposition temperature, where the col-
umn mechanism of film growth is realized.

Analysis of XRD patterns demonstrated that ZnS 
films deposited at 373<Ts<573Ê have ZB structure. 
Hexagonal phase in the as-grown films is not observed  

in X-ray diffractograms of the condensates (fig.3) 
despite the double-phase composition of the initial  
charge characterized by dominating WZ amount. As 
a rule, XRD patterns show reflexes from (111), (311), 
(222), (331) planes of ZB. The (111) peaks with dom-
inant maximum intensities are presenting in most 
cases and exhibit the strong texture of the films.

a

 
b

Fig. 1 – The optical morphology with surface profiles of the films 
grown under different substrate temperatures: Ts =573 K (a); Ts 

= 863K (b)

Fig. 2 – Dependencies of arithmetic average to absolute surface 
deviation Ra values on the substrate temperatures Ts

At Ts > 573 Ê the traces of WZ phase are appearing 
in ZnS films, their amount somewhat increases un-
der increasing the Ts. It should be noted that in bulk 
samples theWZ phase is stable at Ò>1297 K. XRD 

patterns mainly demonstrate reflexes only from (101) 
wurtzite plane and indicate existence of texture in 
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this phase. In the issue the high-temperature conden-
sates of ZnS are double-phased compounds. X-ray 
analysis not found out oxides and other extraneous 

phases.
Fig. 3 – X-ray patterns of ZnS films obtained under different 

condensation temperatures Ts

The typical EDAX spectrums from the “ZnS/so-
dalime glass” films is illustrated in fig. 4. Along with 
lines from Zn and S on spectrums there are lines from 
Si, Ca, K, which belong to lining material. It is related 
to the small thickness of investigational films by com-
parison to the depth of X-radiation. The lines of Na, 
which is one of basic constituents of substrate, coin-
cide with lines of other elements and that is why does 
not appear.

a

b

Fig. 4 – Typical EDAX spectrums of the ZnS films on sodalime 
glass substrates: à — depth L=3,2 μm; b — L=1,1 μm

This is why such techniques as RBS and BS were 
applied to explore an elemental composition of the 
multilayer Ag/ZnS/glass system. It is necessary to 
mention that these techniques were used very seldom 
to study ZnS films [10–12]. The BS has improved 

sensitivity to detect low-Z traces in high-Z matrix and 
deeper probing. At the same time, the RBS technique 
has better sensitivity to analyze high-Z elements in 
low-Z substrates, lower value of profiling depth. From 
the other side RBS has higher depth resolution and 
more accurate detection of the absolute trace ele-
ment concentration [10]. Thus both techniques are 
complementary each other and give us possibility to 
obtain more detailed information about the ZnS film 
depth, thickness averaged stoichiometry of ZnS films 
and roughness of the Ag-ZnS and ZnS-glass interface 
layers. 

Typical BS and RBS spectra obtained from Ag/ZnS/
glass system are shown in Fig. 5,6. As we can see, over-
lapping of the partial spectra from the matrix and thin 
layers occurs. Values of thickness were extracted from BS 
spectra and found out to be L=1.1, 1.8 and 3.2 μm.

Fig. 5. Elastic proton backscattering spectras from multilayer 
Ag/ZnS/glass system obtained by different grow conditions. 
Kinematic edges of the elemental partial spectra are shown by 

arrows

Fig. 5 shows that the peaks from Zn, S are good 
separated from each other at 573 K in the case of ZnS 
thin film (L=1.1 microns), but in the case of more 
thick layers (L=1.8-3.2 microns) the partial spectra 
overlap at 623 and 873 K, and it makes data han-
dling more difficult. Using 4He+ analysing beam, the 
spectra overlap even in the case of ZnS thinnest layer 
(Fig. 6).

Fig. 6. Energetic 4He+ RBS spectra from multilayer Ag/ZnS/glass 
systems obtained by different grow conditions. Kinematic edges of 

the elemental partial spectra are shown by arrows
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As a result of the simulations using SIMNRA and 
DVBS codes, depth concentration distribution of the 
multi-layer system was extracted. Some results of the 

Table 1
Elemental depth distribution in multilayer Ag/ZnS/glass system 

L,
nm

C, àòomic %

Ag Zn S Ca Si Al Mg Na O H
104,7 73,0 24,6 2,4 0 0 0 0 0 0 0
166,5 17,2 32,7 48,9 0 0 0 0 0 0 1,1
219,0 1,2 34,9 51,5 0 0 0 0 0 6,7 5,6
250,4 0 42,1 55,3 0 0 0 0 0 1,7 1,0
399,2 0 43,1 55,8 0 0 0 0 0 0 1,1
763,8 0 43,6 56,1 0 0 0 0 0 0 0,2
1146,9 0 43,8 56,0 0 0 0 0 0 0 0,2
1534,2 0 43,8 56,0 0 0 0 0 0 0 0,2
1836,8 0 43,1 55,1 0 0 0 0 0 0 0,8
1989,6 0 37,4 54,4 0,4 0,1 0 0 0 7,7 0,7
2096,7 0 32,7 49,4 2,5 2,9 0 0 0 9,2 3,3
2350,8 0 25,1 38,6 2,3 12,3 0 0 0 10,9 10,8
2611,1 0 13,5 8,0 2,7 17,4 0 0 0 29,3 29,0
35340,5 0 0 0 3 25 1 1 10 60 0

data handling for the sample prepared at Ts = 873 Ê 
are presented in Table 1.

Traces of Si, Ca, Na diffused from glass substrate 
to chalcogenide were explored in ZnS film at high 
temperatures of the layer growth Tn. Some small con-
centration of W impurity caused by using of tungsten 
evaporator for the deposition to obtain  ZnS films was 
detected on the surface of the films. Oxygen was ob-
served only in the near-surface layers of the film where 
the oxide phase formation is possible, for example, 
ZnO, and in the film interface layers. It is necessary 
to mention that oxygen concentration reaches 3–8% 
in the ZnS films prepared by pyrolysis and chemical 
solutions methods and such films are rather solid state 
solution like ZnSxO1-x [3]. In the vacuum condensates, 
typical concentration of oxygen does not exceed 1–2% 
which has been confirmed experimentally. Carbon 
impurities were also found out on the surface of ZnS 
films. As additional studies have shown, these impuri-
ties ingress into samples from the residual gas atmos-
phere of the vacuum scattering chamber of RBS beam 
lines. For RBS spectra simulation hydrogen concen-
tration is usually used in the sample composition as a 
model of the film pores, single vacancies etc.

Fig.7 shows the resulted types of depth distributing 
of concentrations  components (Zn, S) of Ag/ZnS/
glass multilayer structure obtained by RBS method. 
Results of «tailing» size of Zn/S concentration pro-
files in the transitional layer of Ag-ZnS in number and 

high-quality conform to information from measuring 
of roughness of films surfaces resulted on Fig. 2.

Fig. 7 – Effective elemental depth profiles of Ag/ZnS/glass system 
obtained by Elastic backscattering spectrometry 

Fig. 7 shows that stoichiometry of ZnS films de-
pending on Òs  and layer thickness. For the film depos-
ited at Òs = 863 Ê, it is observed some increasing in S 
in the narrow near-surface sublayer.

Table 2 presents the results of average layer ZnS 
film stoichiometry obtained using RBS and BS tech-
niques.

Table 2
Estimation of the effective stochiometric composition of ZnS layer 

Sample Te, Ê Òs, Ê
BS data RBS data

ÑZn, at.% ÑS, at.% ÑZn/ÑS ÑZn, at.% ÑS, at.% ÑZn /ÑS

ZnS-1 1373 573 49,5 48,9 1,01 39,0 49,0 0,80
ZnS-3 1373 623 43,8 56,1 0,78 39,5 49,0 0,81
ZnS-2 1373 873 42,6 57,2 0,75 38,0 49,0 0,77

A relative error of the effective stoichiometry com-
position value of ZnS layer extracted from the BS data 
could be more than 20%, at the same time that de-
rived from the RBS spectra does not exceed 2–4%. 

Comparing the results obtained using different tech-
niques, it is clear that those are within the limits of 
experimental error.
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The obtained element concentration ratio ÑZn/ÑS 

~0.8 of the compound is found out quite unexpected 
and require to be elucidated using different analys-
ing techniques. According to RBS results, ZnS films 
ought to be double phase and sulphur reached. But 
XRD, optical and SEM data are in contradiction with 
the RBS findings. The last techniques do not detect 
the sulphur precipitates.

The other literature works on the using of the RBS 
technique to study of ZnS films show that ratio of 
ÑZn/ÑS~0.91 [11], 1.02 [12] and 1.22 [13] that is to say 
there are enrichment of Zn-atoms in the condensates. 
From the other side in the Ref. [15] where explored 
ZnS films were deposited using photo-chemical dep-
osition method and characterised using SEM/EDAX 
technique the authors had obtained the results similar 
to our ones — ÑZn/ÑS~0.71–0.81. The paper [16] at-
tracts especial interest where the authors were stud-
ied a variation of the stoichiometric composition ZnS 
films at different substrate temperatures using SEM/
EDAX which is quite similar to RBS technique. It was 
found out that ÑZn/ÑS ratio increase from 0.88 up to 
1.19 at increasing of Òs from 473 to 623 Ê, respective-
ly. The ÑZn/ÑS ration is also varied in depth from the 
value of 0.97 naer substrate up to 1.11 near the surface 
layer, respectively [17].

4. CONCLUSIONS

The structural investigation was spent and nonde-
structive elemental analysis of multylayer Ag/ZnS/glass 
structure obtained by CSVS technique under different 
grow temperatures was carried out. Two temperature 
ranges where the film growth is going under different 
mechanism were determined. It was established that 
ZnS films deposited at 373<Ts<573 Ê have ZB struc-
ture. At Ts > 573 Ê the traces of WZ phase are appear-
ing in ZnS films, their amount somewhat increases 
under increasing the Ts. By means of RBS and BS 
methods the chemical composition of condensates was 
determined and component distribution of compound 
as function of multylayer system depth was obtained. 
It was shown that thickness averaged stoichiometry of 
ZnS films were determined by deposition regimes and 
were varying in Zn-to-S ratio range 0.77÷0.81.
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ÄÎÑË²ÄÆÅÍÍß ÅËÅÌÅÍÒÍÎÃÎ ÑÊËÀÄÓ ÒÀ ÑÒÐÓÊÒÓÐÈ ÁÀÃÀÒÎØÀÐÎÂÎ¯ ÑÈÑÒÅÌÈ Ag/ZnS/CÊËÎ 

Â ðîáîò³ ïðîâåäåíå äîñë³äæåííÿ ïðîô³ë³â ðîçïîä³ëó åëåìåíò³â çà òîâùèíîþ, ñòðóêòóðíèõ âëàñòèâîñòåé òà øîðñòêîñò³ 
ïîâåðõí³ ïë³âîê ZnS â áàãàòîøàðîâ³é ñèñòåì³ Ag/ZnS/ñêëî. Øàðè ñóëüô³äó öèíêó â ñèñòåì³ áóëè îòðèìàí³ ìåòîäîì âàêóóìíî¿ 
ñóáë³ìàö³¿ â çàìêíóòîìó îá‘ºì³ (CSVS) ïðè ð³çíèõ òåìïåðàòóðàõ êîíäåíñàö³¿. Âèâ÷åííÿ ìîðôîëîã³¿ ïîâåðõí³ ïðîâîäèëîñü çà 
äîïîìîãîþ ëàçåðíî¿ ³íòåðôåðîìåòð³¿ ç³ çì³ùåíîþ ôàçîþ. Ñòðóêòóðí³ äîñë³äæåííÿ ïðîâîäèëèñü ç âèêîðèñòàííÿì ìåòîäó ðåí-
òãåí³âñüêî¿ äèôðàêö³¿ (XRD). Âèâ÷åííÿ ðîçïîä³ëó åëåìåíò³â çà òîâùèíîþ òà òîâùèíè ïë³âîê ZnS áóëî çä³éñíåíî çà äîïîìî-
ãîþ ðåçåðôîðä³âñüêîãî ³ ïðóæíîãî çâîðîòíîãî ðîçñ³þâàííÿ ïðîòîí³â òà ³îí³â ãåë³þ-4 (RBS). Ïîêàçàíî, ùî ïðè 373<Tï<573 Ê 
ïë³âêè ZnS ìàþòü êóá³÷íó ñòðóêòóðó, â òîé ÷àñ ÿê ïðè âèùèõ òåìïåðàòóðàõ ï³äêëàäêè âîíè ñòàþòü äâîõôàçíèìè. Â ðåçóëüòàò³ 
âèçíà÷åíèé åëåìåíòíèé ñêëàä êîíäåíñàò³â, ïîáóäîâàíèé ðîçïîä³ë åëåìåíò³â áàãàòîøàðîâî¿ ñèñòåìè òà ñòåõ³îìåòð³ÿ ïë³âîê 
ZnS çà òîâùèíîþ.

ÓÄÊ621.382

A. Ã. Áàëîã, Ñ. Ì. Äóâàíîâ, Ä. ². Êóðáàòîâ, À. Ñ. Îïàíàñþê

ÈÑÑËÅÄÎÂÀÍÈÅ ÅËÅÌÅÍÒÍÎÃÎ ÑÎÑÒÀÂÀ È ÑÒÐÓÊÒÓÐÛ ÌÍÎÃÎÑËÎÉÍÎÉ ÑÈÑÒÅÌÛ Ag/ZnS/CÒÅÊËÎ 

Â ðàáîòå ïðîâåäåíî èçó÷åíèå ïðîôèëåé ðàñïðåäåëåíèÿ ýëåìåíòîâ ïî òîëùèíå, ñòðóêòóðíûõ ñâîéñòâ è øåðîõîâàòîñòè ïî-
âåðõíîñòè äëÿ ïëåíîê ZnS â ìíîãîñëîéíîé ïëåíî÷íîé ñèñòåìå Ag/ZnS/ñòåêëî. Ïëåíêè ñóëüôèäà öèíêà â ñèñòåìå áûëè ïî-
ëó÷åíû ìåòîäîì âàêóóìíîé ñóáëèìàöèè â çàìêíóòîì îáúåìå (CSVS) ïðè ðàçíûõ òåìïåðàòóðàõ êîíäåíñàöèè. Èçó÷åíèå ìîð-
ôîëîãèè ïîâåðõíîñòè ïðîâîäèëîñü ñ ïîìîùüþ ëàçåðíîé èíòåðôåðîìåòðèè ñî ñìåùåííîé ôàçîé. Ñòðóêòóðíûå èññëåäîâàíèÿ 
ïðîâîäèëèñü ñ èñïîëüçîâàíèåì ìåòîäà ðåíòãåíîâñêîé äèôðàêöèè (XRD). Èçó÷åíèå ïðîôèëåé ðàñïðåäåëåíèÿ ýëåìåíòîâ ïî 
òîëùèíå è òîëùèíû ïëåíîê ZnS áûëî îñóùåñòâëåíî ñ ïîìîùüþ ðåçåðôîðäîâñêîãî è óïðóãîãî îáðàòíîãî ðàññåÿíèÿ ïðîòî-
íîâ è èîíîâ ãåëèÿ-4 (RBS). Ïîêàçàíî, ÷òî ïðè 373<Tï<573 Ê ïëåíêè ZnS èìåþò êóáè÷åñêóþ ñòðóêòóðó, à ïðè áîëåå âûñîêèõ 
òåìïåðàòóðàõ ïîäëîæêè îíè ñòàíîâÿòñÿ äâóõôàçíûìè. Â ðåçóëüòàòå îïðåäåëåí ýëåìåíòíûé ñîñòàâ êîíäåíñàòîâ, ïîñòðîåíî 
ðàñïðåäåëåíèå ýëåìåíòîâ ìíîãîñëîéíîé ñèñòåìû è ñòåõèîìåòðèè ïëåíîê ZnS ïî òîëùèíå. 



142

ÒÐÅÁÎÂÀÍÈß Ê ÎÔÎÐÌËÅÍÈÞ ÑÒÀÒÅÉ Â ÑÁÎÐÍÈÊ 
«ÔÎÒÎÝËÅÊÒÐÎÍÈÊÀ» ÈÍÔÎÐÌÀÖÈß ÄËß ÀÂÒÎÐÎÂ

Â ñáîðíèêå «Ôîòîýëåêòðîíèêà» ïå÷àòàþòñÿ 
ñòàòüè, ñîäåðæàùèå ðåçóëüòàòû ôóíäàìåíòàëüíûõ 
è ïðèêëàäíûõ èññëåäîâàíèé, ïî ñëåäóþùèì 
íàïðàâëåíèÿì:

— ôèçèêà ïîëóïðîâîäíèêîâ;
— ãåòåðî- è íèçêîðàçìåðíûå ñòðóêòóðû;
— ôèçèêà ìèêðîýëåêòðîííûõ ïðèáîðîâ;
— ëèíåéíàÿ è íåëèíåéíàÿ îïòèêà òâåðäîãî òåëà;
— îïòîýëåêòðîíèêà è îïòîåëåêòðîííûå ïðèáî-

ðû;
— êâàíòîâàÿ ýëåêòðîíèêà;
— ñåíñîðèêà.
Ìàòåðèàëû, ïðèñûëàåìûå â Ðåäàêöèþ, äîë-

æíû áûòü íàïèñàíû ñ ìàêñèìàëüíîé ÿñíîñòüþ è 
÷åòêîñòüþ èçëîæåíèÿ òåêñòà íà àíãëèéñêîì è ðóñ-
ñêîì ÿçûêàõ. Â ïðåäñòàâëåííîé ðóêîïèñè äîëæíà 
áûòü îáîñíîâàíà àêòóàëüíîñòü ðåøàåìîé çàäà÷è, 
ñôîðìóëèðîâàíà öåëü èññëåäîâàíèÿ, ñîäåðæàòüñÿ 
îðèãèíàëüíàÿ ÷àñòü è âûâîäû, îáåñïå÷èâàþùèå 
ïîíèìàíèå ñóòè ïîëó÷åííûõ ðåçóëüòàòîâ è èõ 
íîâèçíó. 

Ðåäàêöèÿ æóðíàëà ïðîñèò àâòîðîâ ïðè íà-
ïðàâ ëåíèè ñòàòåé â ïå÷àòü ðóêîâîäñòâîâàòüñÿ 
ñëåäóþùèìè ïðàâèëàìè:

1. Ðóêîïèñè äîëæíû íàïðàâëÿòüñÿ â äâóõ 
ýêçåìïëÿðàõ íà àíãëèéñêîì è ðóññêîì ÿçûêàõ 
è ñîïðîâîæäàòüñÿ ôàéëàìè òåêñòà è ðèñóíêîâ 
íà äèñêåòå. Ýëåêòðîííàÿ êîïèÿ ìîæåò áûòü 
ïðåäñòàâëåíà ýëåêòðîííîé ïî÷òîé.

2. Ïðèåìëåìûå ôîðìàòû òåêñòà: MultiEdit 
(txt), WordPerfect, MS Word (.rtf). 

3. Ïðèåìëåìûå ãðàôè÷åñêèå ôîðìàòû äëÿ 
ðèñóíêîâ: .EPS, .TIFF, .BMP, .PCX, .CDR, .WMF, 
MS Word è MS Graf, JPEG. Ðèñóíêè ñîçäàííûå 
ñ ïîìîùüþ ïðîãðàììíîãî îáåñïå÷åíèÿ äëÿ 
ìàòåìàòè÷åñêèõ è ñòàòèñòè÷åñêèõ âû÷èñëåíèé, 
äîëæíû áûòü ïðåîáðàçîâàíû ê îäíîìó èç ýòèõ 
ôîðìàòîâ è íàõîäèòüñÿ â òîì ìåñòå ñòàòüè, ãäå  
àâòîð íà íèõ ññûëàåòñÿ.

ÏÐÀÂÈËÀ ÏÎÄÃÎÒÎÂÊÈ ÐÓÊÎÏÈÑÈ:

Ðóêîïèñè äîëæíû áûòü ñíàáæåíû:
— Ðàçðåøåíèåì ïóáëèêàöèè: â îòêðûòîé 

ïå÷àòè (ýêñïåðòíûì çàêëþ÷åíèåì) — òîëüêî äëÿ 
àâòîðîâ èç Óêðàèíû.

Àâòîðñêîå ïðàâî ïåðåõîäèò Èçäàòåëþ.

Òèòóëüíûé ëèñò

1. PACS è Óíèâåðñàëüíûé Äåñÿòè÷íûé Êîä 
Êëàññèôèêàöèè (ÓÄÊ) (äëÿ àâòîðîâ èç ñòðàí 
ÑÍÃ) — â âåðõíåì ëåâîì óãëó. Äîïóñêàåòñÿ 
íåñêîëüêî îòäåëåííûõ çàïÿòîé êîäîâ.

2. Ôàìèëèÿ(è) àâòîðà (-îâ) íèæå, ÷åðåç îäèí 
èíòåðâàë, îòäåëüíîé ñòðîêîé (ïî öåíòðó, øðèôò 
12 pt). 

3. Íàçâàíèå ó÷ðåæäåíèÿ, ïîëíûé àäðåñ, 
òåëåôîíû è ôàêñû, e-mail äëÿ êàæäîãî àâòîðà 

íèæå, ÷åðåç îäèí èíòåðâàë, îòäåëüíîé ñòðîêîé 
(ïî öåíòðó, øðèôò 12 pt).

4. Íàçâàíèå ðàáîòû (ïî öåíòðó øðèôò 14 pt, 
æèðíî).

Òåêñò äîëæåí áûòü íàïå÷àòàí ÷åðåç 1,5 èí-
òåðâàëà íà áåëîé áóìàãå (ôîðìàòà A4) ñ ïîëÿìè: 
ñëåâà – 3 ñì, ñïðàâà – 1,5 ñì, ñâåðõó è ñíèçó 
– 2,5 ñì. Øðèôò 12 pt. Ïîäçàãîëîâêè, åñëè îíè 
ââîäÿòñÿ, äîëæíû áûòü íàïå÷àòàíû ïðîïèñíûìè 
áóêâàìè, æèðíî.

Óðàâíåíèÿ äîëæíû áûòü ââåäåíû, èñïîëüçóÿ 
MS Equation Editor èëè MathType. Ðàáîòû ñ ðóêî-
ïèñíûìè âñòàâêàìè íå ïðèíèìàþòñÿ.

Ñïèñîê ëèòåðàòóðû äîëæåí áûòü íàïå÷àòàí 
÷åðåç 1,5 èíòåðâàëà, â ñîîòâåòñòâèè ñî ññûëêàìè, 
ïðîíóìåðîâàííûìè â ïîðÿäêå èõ ïîÿâëåíèÿ â òåê-
ñòå, íà ÿçûêå îðèãèíàëà. Æåëàòåëüíî ññûëàòüñÿ íà 
ëèòåðàòóðó, èçäàííóþ â 2000–2008 ãã.

Ïðèìåðû îôîðìëåíèÿ ëèòåðàòóðû:

1. Áåðåñòîâñêèé Â. Á., Ëèôøèö Å. Ì., Ïèòàåâñêèé Ë. Ï. Êâàí-
òîâàÿ ýëåêòðîäèíàìèêà. — Ì.: Íàóêà, 1984. — 430 ñ.

2. Ñåðãèåíêî À. Ì., ×åðíîâà Ð. È., Ñåðãèåíêî À. ß. Îïòèìèçà-
öèÿ öèôðîâîé ñåòè // ÔÒÒ. — 1992. — Ò. 7, ¹ 6. — Ñ. 34–
38.

3. Gas sensor research / R. Bramley, J. M. Faber, C. N. Nelson et 
al. // Phys. Rev. — 1978. — N 6. — Ð. 34–38.

4. Stirling A. N., Watson D. Progress in Low Temperature Physics 
/ Ed. by D. F. Brewer. — North Holland, Amsterdam, 1986. 
— 248 p.

5. Ãðîìîâ Ê. Ä., Ëàíäñáåðã Ì. Ý. Îïòèìàëüíîå íàçíà÷åíèå 
ïðèîðèòåòîâ // Òð. ìåæäóíàð. êîíô. «Ëîêàëüíûå âû÷èñ-
ëèòåëüíûå ñåòè» (ËÎÊÑÅÒÜ 88). — Ðèãà, 1988. — Ò. 1. 
— Ñ. 149–153.

6. Elliot M. P., Rumford V., Smith A. A. The research of the opti-
cal sensors. — N. Y., 1976. — 37 p. — (Reprint./ TH 4302-
CERN).

7. Øàëèìîâà À. Í., Êðþêîâ À. Ñ. Èññëåäîâàíèå îïòè÷åñêèõ 
ñåíñîðîâ. — Ê: 1976. —37 ñ. — (Ïðåïð./ÀÍ Óêðàèíû. 
Èí-ò êèáåðíåòèêè; 76–76).

8. Âàñèëüºâ Í. Â. Îïòè÷í³ ñåíñîðè íà À2Â6: Äèñ... êàíä. 
ô³ç.-ìàò. íàóê: 05.05.04 / Èí-ò êèáåðíåòèêè. — Ê., 1993. 
— 212 ñ.
Ðèñóíêè áóäóò ñêàíèðîâàíû äëÿ öèôðîâîãî 

âîñïðîèçâåäåíèÿ. Ïîýòîìó ïðèíèìàþòñÿ òîëüêî 
âûñîêîêà÷åñòâåííûå ðèñóíêè.

Íàäïèñè è ñèìâîëû äîëæíû áûòü íà-
ïå÷àòàíû âíóòðè ðèñóíêà. Íåãàòèâû, ñëàéäû, 
è äèàïîçèòèâû íå ïðèíèìàþòñÿ. Èëëþñòðàöèè 
áóäóò ñêàíèðîâàòüñÿ öèôðîâûì ñêàíåðîì. Ïðèíè-
ìàþòñÿ â ïå÷àòü òîëüêî âûñîêîêà÷åñòâåííûå èë-
ëþñòðàöèè. Ïîäïèñè è ñèìâîëû äîëæíû áûòü 
âïå÷àòàíû. Íå ïðèíèìàþòñÿ â ïå÷àòü íåãàòèâû, 
ñëàéäû, òðàíñïîðàíòû.

Ðèñóíêè äîëæíû èìåòü ñîîòâåòñòâóþùèé ê 
ôîðìàòó æóðíàëà ðàçìåð íå áîëüøå 160 × 200. 
Òåêñò íà ðèñóíêàõ äîëæåí âûïîëíÿòüñÿ øðèôòîì 
12 ïóíêòîâ. Íà ãðàôèêàõ åäèíèöû èçìåðåíèÿ 
óêàçûâàþòñÿ ÷åðåç çàïÿòóþ (à íå â ñêîáêàõ). 
Åñëè ðèñóíîê äåëèòñÿ íà ÷àñòè (à, á, ...), òî 
ñîîòâåòñòâóþùåå îáîçíà÷åíèå ïðèâîäèòñÿ ïîä 
ðèñóíêîì êóðñèâîì.

Ïîäïèñè ê ðèñóíêàì äîëæíû áûòü íàïå÷àòàíû 
â ðóêîïèñè ïîä ðèñóíêàìè ñ äâóìÿ ïðîáåëàìè.



Ê òåêñòó ñòàòüè ïðèëàãàþòñÿ Àííîòàöèè:
Àííîòàöèÿ: äî 200 ñëîâ íà àíãëèéñêîì, óêðàèí-

ñêîì (òîëüêî äëÿ àâòîðîâ èç Óêðàèíû) è ðóññêîì 
ÿçûêàõ. Ïåðåä òåêñòîì àííîòàöèè íóæíî óêàçàòü 
íà òîì æå ÿçûêå: ÓÄÊ, ôàìèëèè è èíèöèàëû âñåõ 
àâòîðîâ, íàçâàíèå ðàáîòû.

ÐÓÊÎÏÈÑÈ ÍÀÏÐÀÂËßÞÒÑß ÏÎ 
ÀÄÐÅÑÓ:

Êóòàëîâîé Ì. È. – îòâ. ñåêð. ñá.» Ôîòî-
ýëåêòðîíèêà».

óë. Ïàñòåðà, 42, Ôèçè÷åñêèé ôàê. ÎÍÓ 
ã. Îäåññà, 65026 

Å-mail: wadz@mail.ru, òåë. 0482 – 726 6356.
Ïðàâèëà îôîðìëåíèÿ è ñïðàâêè íàõîäÿòñÿ íà 

ñàéòå:http://photoelectronics. onu. edu.ua
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