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INFLUENCE MECHANICAL TREATMENT, ELECTRICAL
CURRENT, CHANGING OF DEFECT STRUCTURE ON INELASTIC
CHARACTERISTICS OF Si + SiO, WAFER-PLATES, GeSi AND SiO,

The method is created for nondestructive control of structure
defects in semiconductors plates, which determines the integral density
of structure defects, their distribution and the broken layer from the
internal friction difference of free elastic vibrations on neighboring
harmonics f, and f,. The dislocation density and the broken layer
are measured from the curve of dependence for plates Si + SiO,.
The results of influencing of direct and variable electrical current at
simultaneous influence of ultrasonic deformation on internal friction
and the elastic module of crystal GeSi after cutting and polishing were
studied. The decreasing of elastic module and the raise of internal
friction was obtained under condition when the critical value of the

electrical current is exceeded.

Introduction

Internal friction (IF) depends essentially from
nature and density of structure defects. IF depends
on different relaxation processes, that connected
with plate defect structure. The local heterogene-
ities are the factor, which gains strength the influ-
ence of direct current I on state of impurities in
GeSi. The measuring of amplitude dependent IF
(ADIF) can be used as the highly sensitive control
method of nanoplastic deformation GeSi crystals.
The measuring of ADIF allows to fix the moment
of tearing away of dislocation segments L from
stops. Therefore the purpose of this work was a
study of influence of electrical current I on tearing
away from the stops of dislocation segments L
during simultaneous ultrasound deformation o
GeSi crystals with orientation [111] after mechani-
cal cutting and polishing.

Experiment

For measuring of the temperature dependences
of IF Q'(T) and elastic module E(T) of mono
crystal GeSi of orientation [111] with sizes 2x2x16
mm’ with the dislocation density N, = 10* m™ af-
ter cutting and polishing the methods of complete

piezoelectric oscillator on frequency f= 118 kHz
and bending resonance vibrations on frequency
f = 1 kHz during alternative deformation ¢ = 10
in vacuum P = 1073 Pa were used [1-3]. The mea-
suring error of IF was AQ'/Q' = 10% and the elas-
tic module relative changing was AE/E_ = 0,1%.
The temperature dependencies of IF Q!(T) and
elastic module E(T) experimentally simultaneous-
ly were measured, that are allowed more exactly fo
determine the critical deformation amplitude &€,
at which the dislocation segments average length
L tear off from stops — point defects. The high
exactness of the elastic module E measuring, espe-
cially its relative changing, is conditioned the high
exactness of determination resonance frequency
specimen oscillation f.

The method of determining the integral density
structure defects mono crystal discs Si + SiO, —
plates, which were element of metal- dielectric-
semiconductor (MDS) — structure at manufactur-
ing the big integral schemes (BIS) for industrial
express operation technology control of structure
perfection of multilayer epitaxial structures and
the increase of reliability valid p-n crossing was
created.



The method and the machinery were developed
for nondestructive for the control of the structure
defects semiconductors plates, which permit on IF
difference AQ! free elastic vibrations on neighbor-
ing harmonics f, and f, to determine the integral
density of structure defects N, their distribution
and the broken layer h,. It is necessary take into
account attenuation, arising as a result of absorp-
tion of elastic mechanical vibrations energy — IF
and of fastening of plate at examination the vibra-
tions of disks with recording of their structure
imperfections. In developed acoustic machinery
for operation control at manufacture of semicon-
ductor devices the research plate - disk with thick-
ness h » 500 um and diameter D = 100200 mm
fasten off in centre and electrostatic method in it
are excited the elastic umbrella vibrations. The
measuring of difference IF AQ' = Q' - Q" on
different frequencies f, and f, takes to minimum
measuring error. The method and the machinery
were developed — machinery, that generate elastic
bending vibrations in disk for study of free elastic
vibrations in disks Si + SiO, — plates, which are
fastened in centre. The principle of machinery
work is consisting. The variable voltage U gives
to the disk and capacitive gage, which is on dis-
tance d = 50100 pm. Resonance elastic bending
free vibrations, umbrella type, are excited at co-
incidence of frequency electrical value with own
frequency f = 1 kHz. The capacitive gage is for
generation and receiving of free vibrations of disk.
Own frequency f vibrations of disk and IF are de-
termined with help electronic frequency meter and
amplitude discriminator, which makes way for the
value in given amplitude interval from A to A..

Results and discussion

The research results of elastic US wave’s ab-
sorption are on imperfections of crystal structure
after mechanical, temperature and radiation treat-
ments. There are studied the kinetics of structure
defects annealing. This method may be used for
the control of structure defects Si, Si + SiO,, GaAs
plates after technological mechanical, temperature
and radiation treatments. The measuring results
are presented on fig. 1 and fig. 2. The dependence
of IF difference AQ™ in Si + SiO, plate with ori-
entation (111), diameter D =~ 60 mm and thickness

6

h = 500 pm on neighboring harmonics f, and f,
from the dislocation density N is presented on fig.
1. The integral dislocation density after different
treatments changes in limits N, = 10*+-10° sm™ on
fig. 1.

6 ToodNa), smae

Fig. 1. Dependence of internal friction difference AQ"!
of Si + SiO, plate with orientation (111) from the dis-
location density N

IF difference AQ"' = Q' - Q"', on different fre-
quencies f, and f, deposit on vertical axis, and
on horizontal — dislocation density N,. The dis-
location density N, was determined by standard
etch-pit method for construction of the calibration
graphic. Specimens Si + SiO, were washing in
alcohol and in distilled water before etching. The
using of method layer-specific polishing, which
alternate with chemical etching at T = 290 K in
Sirtl etching agent Cr,O, : HO : HF =1:2: 3, al-
low to observed, that US treatment (UST) hardens
the layer, which ranges from surface on depths h
» 100000 nm. The etch pits for vacancy clusters
V-V-V were disappeared on this depth. The etch
pits were oval, rounded form, which connected
with presence in near-surface crystal layers va-
cancy clusters, coagulants of diffuse impurities on
surface Si specimens after UST. The dependence
of difference IF AQ™' Si plate with diameter D =
60 mm and thickness h = 500 um on neighboring
harmonics f, and f, from the broken layer depth
h,, that was created by the polishing of Si plates
with help of diamond pastes with different grain
was studied. The broken layer depth h, were mea-
sured by roentgen method. The IF difference AQ!
Si plate with diameter D = 60 mm and thickness
h = 500 um on neighboring harmonics f, and f,
linear increases with the broken layer depth h, can
see from fig. 2. The broken layer depth is presents
on curve fig. 2 and was changing in limits h, =
1000+3000 nm.



A 1x10 =

Fig. 2. Dependence of internal friction difference AQ'!
of Si + SiO, plate with orientation (111) from the bro-
ken layer h,

The solution of differential equation of round
disks vibrations under action of periodical external
force allow to get circular resonance frequency of
disc free vibrations [1]:

A (1)
R\ ph

It is necessary take into account that the attenu-
ation arise as a result of the attaching of plate and
absorption of mechanical vibrations energy — IF
at examination of resonance frequency . IF 00y-
cnosneHo different relaxation processes, that con-
nected with plates defect structure. The account of
dispersion of elastic mechanical vibrations energy
of Si+Si0, plate on the structure defects results in
expression for frequency of disk free vibrations

[1]:
DIBZ Q—I 2
w = T 272'2[—J ,
PhR T
where cylindrical inflexibility of disc D, deter-

mined through the elastic module E, plate thick-
ness h and Puasson coefficient p:
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where V;, — longitudinal velocity US of elastic
wave, V_, — quick shear velocity US of elastic
wave. f — is dimensionless coefficient, the value
of which depends on the number of key circumfer-
ences, p — the specific density of plate, R — the
disk radius, Q! — IF, T — the disk vibrations
period. The measuring of vibrations resonance
frequency f allow to determine the elastic module
E plate (without attenuation recording) on formula

[1]:

)

12p0*R*(1— p)
ﬂ2h2 ¢
IF was measured in regime of free attenuate
vibrations on formula [4,5]:

E =

(6)

where A and A —upper and lower discrimina-
tion level accordingly, N — number of free vibra-
tions at amplitude decreasing from A to A,

The parameters of vibrations on neighboring
harmonics f, and f, were measured for exclusion
of contribution in IF, which depend on the attach-
ing of plate — disk in centre. The changing from
first harmonic f, to second f, without transposition
the plate allow to except the instrumental errors,
which connected with it fastening in centre. The
measured losses of mechanical vibrations ener-
gy of plate consist from two summands: own IF
plates Q'lp and IF instrumental losses Q"' , which
connected with fastening of plate. The difference
of measured loss mechanical vibrations energy on
two neighboring harmonics f, and f, is equal the
difference of values IF on this frequencies AQ!
= Q' - Q"' and instrumental losses are reduced.
There was a small value of IF background in SiO,
Q,'=210°to T <385 K. In comparison of results
on the same Si + SiO, plate on propose method
h, = 7000+1000 nm and with standard roentgen
method h, = 60005000 nm, at that productivity
of experiment increase on two order.

The influence of the external fields (electrical
and magnetic) is possible to explain on IF within
the framework of string dislocation mechanism of
elastic vibrations attenuation in GeSi, designing
the motion of the charged dislocations in these
fields. Will consider GeSi crystal with orienta-
tion [111], which periodic mechanical tension
r =71, is added to, and which is under the
combined influence of external electric field £

and external magnetic field B . If dislocation seg-
ment &(x, y), that are vibrated under the act of ten-

si0£1 T, 18 charged, additional force%wgll operate on
it F, =ep(&)E and F = ep(g)[a_, B], where
t

p(&) - is the distribution function of electrical
charge density on the dislocation segment.



The system of equations, which describes the
movement of the charged dislocation under act of
the mechanical, electrical E and magnetic B fields,
within the framework of string dislocation model
acquires the following kind:

2 2
My, T8 008 e e w2
ot ox ot I g
0 ¢ (7
+ep(S)E +ep(@)—=.Bl,
Tr PP _ Ol
i "G =P <h U foda >,
()

ot
— effective mass of unit of dislocation length,

o°& S 2
where | M -—= | — inertial force, M ~ pb

p — crystal density, b — Byurgers vector, t —

2
time, (Vd 6_§J — force which is conditioned ef-
ox

fective strain of bended dislocation line, V, =~ G
Gb’

(1= p)
line dislocations, G — the displacement module,

b? for screw dislocations and vV, ~ for

o¢
[Q E) — the force of the viscid braking, Q
— damping constant or coefficient viscid brak-
ing, bt — external force, which operates on unit
of dislocation length, b7, — force, which oper-
ates on unit of dislocation length and tensions is
conditioned, which arise up as a result of potential

oU

pattern of crystalline grate, ( N, — force,

which operates on unit of dislocation length from

the side of point defects, which co-operate with
dislocation and located on dislocation line with
the density N, (x), U(§) — potential energy of
co-operation, / — length of dislocation segment,
N(I) — the distributing function of dislocation
segments for lengths, which is conditioned N, (x).

Practically interesting is a case, when the ex-
ternal electrical and magnetic fields are periodic,

8

that: E = E, "™, B =B, . When the variable
electrical current density J~ is the same ultrasonic
(US) frequency o, = o . Examinations for influ-
ence of J~ on IF Q'(J7) on fig. 3 and elastic

module E(J7) on fig. 4.

’’’’’’’’’’

Fig. 3. Current dependence internal friction Q'(J) in
GeSi of orientation [111] with the dislocation density
N, = 10® m* after cutting and polishing from variable
electrical current with frequency equal US frequency
o, = 0, at T =296 K and constant amplitude US de-
formation g = 2:10°

The variable electrical current J~, which flowed
through the sample, was in the phase with the
voltage, which applied on piezoelectric vibrator
to make ultrasonic strain .

as.5

o 10 20 20 a0 50 o 70 1, A/m2

Fig. 4. Current dependence elastic module E,  (J) of
GeSi after cutting and polishing from variable electri-
cal current with o, = o at T = 296 K and constant
amplitude US deformation g (= 2-10°

As one can see from fig. 5, for variable elec-
trical current J~ when the critical value J, =
60-10° A/m? realized the raise of IF Q!(J ™) with
simultaneous the decrease the value of elastic
module E(J7) is observed at the subsequent in-
crease of variable current.



Fig. 5. Current dependence internal friction Q'(J) and

elastic module E |, (J) (indicatory surface of inelastic-
ity-elasticity body) GeSi after cutting and polishing
from variable electrical current with frequency equal

ultrasound frequency o, = ¢ at T =296 K

For explanation of correlation Q'(J) and E(J)
one can see equations (7) and (8). Compare the
equations (7) and (8) with the experimental results
on fig. 3, fig. 4 and fig. 5 made conclusion, that the
influence performance of electrical current on IF
Q'(J7) and elastic module E(J7) sharply increasing,
when variable electrical current with frequency
equal US frequency o, = 0.

The increasing of IF Q'(J) is related to that the
electrons of certain energy co-operate with the dis-
location segments L, which vibrate under the ac-
tion of US deformation ¢ , and assist in their tear-
ing away from stops — point defects. The changing
of absolute value US deformation amplitude €
did not influence on quality motion of IF depen-
dence from the electrical current Q'(J), although
here US deformation amplitude changed to & =
4-10°, at the same time at temperatures to T <470
K there was ANDIF. The diminishing of critical
value current J, at the increase of temperature
testifies that the thermofluctuations vibrations of
dislocation segments L. grow with temperature T
growth, which in same allows the lesser stream
of electrons to tear away dislocations from stops.
The changing of steepness of curves dependences
IF from the current Q'(J) during constant US de-
formation on fig. 3 can be consider as an indicator
of tearing-fixing away of dislocations. An eloped
direct and reverse motions of dependence IF from
the current Q'(J) represents the absence of ir-
reversible changes of dislocation structure in the
process of measuring IF. 3D atomic-force micros-
copy (AFM) of microstructure image of GeSi with
orientation (111) is represented on fig. 6.
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Fig. 6. 3D atomic-force microscopy of microstructure
image of GeSi with orientation (111) (I1x1 mkm)

The shallow dispersion fleshy plain surface,
the intergrowth of little islands are observed, their
configuration are rounded. The crystal sites have
the fragmentary structure, which formed from
weakly disorient one from another islands.

The single-row chain of impurity atoms under
super-plane can’t provide all relaxation of dislo-
cation elastic field o, [6,7].The impurity atoms
Si accumulate in planes, which perpendicular to
dislocation line, to full compensation of it’s field
o, [8-10]. The beginning of temperature depen-
dence IF Q'(J,&,T) correspond to peripheral atoms
Si going out of stopper atmosphere, that reduce
attaching effect of dislocation segments L .. The
resorption of atmospheres around stoppers take
place at further increasing of temperature. The
increase of length between stoppers — the increas-
ing of the middle effective dislocation segments
length L. begins after completion this process.
When the resorption of impurity atmospheres near
the stoppers finished, IF Q(J,&,T) intensive de-
crease with temperature increasing. The values of
critical amplitude deformation ¢ are stabilizing
at temperature T, which correspond to full absence
of fixing centres. It’s showed, that inelastic Q' and
elastic E characteristics are essentially depended
from morphology of surface layer. 3D atomic-
force microscopy (AFM) of microstructure image
of Si + Si0O, with orientation (100) is represented
on fig. 7.



AFM are testified the presence of wafer-plate
relief. There are many defects at film from abroad
the influence of wafer-plate, which formed at in-
creasing of islands. The structure defects don’t to
skin over in time at first growth stages at little film
thickness h < 1000 nm.

Conclusion

Thus, the studying of structure defects influ-
ence on attenuation of elastic vibrations in Si +
SiO, plates allow to estimate the degree of crystal
structure perfection. The maximal error of defini-
tion of dislocation density N, don’t exceed 1,5+2
twice, that in combination with small measured
time allow to use the modify method for experi-
ment. The integral dislocation density in limit N
= 10°+-10° m and broken layer depths in limit h,
= 0+40000 nm were measured from calibrating
curves for Si + SiO, plates. The measuring of IF
background Q' after different heat, mechanical,
radiation treatments gives information about the
changing of the thermoelastic strains fields o, in
Si+Si0,, GeSi plates. The growth of IF maxi-
mums heights Q' testifies the growth of struc-
tural defects concentration, and the broadening
of IF maximums AQ,," represents the relaxation
processes of structural defects new type.

400
300
200
100

EER U

Fig. 7. 3D atomic-force microscopy of microstructure
image of Si + SiO, type KDB-6.0 with orientation
(100) (15x15 mkm)

It is found out in crystal GeSi with orientation
[111] the influence of direct J and variable elec-
tric current J~ on growth of IF Q'(J) and on the
simultaneous diminishing of absolute value of the
elastic module E(J), that may be related to that
the electrons of certain energy co-operate with
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dislocation segments L. under US deformation ¢
and is instrumental in their tearing off from points
defects. It is obtained, that at presence of variable
electrical current with the same frequency and
phase, as the strain, that leads to US deformation
g, the critical value of variable current J,~ is
nearly by an order of magnitude lesser, than in
case of direct current J, , which is necessary to
observe the same IF Q'(J) raise at increasing of
direct current. It is suggested the highly sensitive
method of nanoplasticity deformation control of
GeSi crystals by measuring of amplitude depen-
dent IF.
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Onanko A. P, Lyashenko O. V., Prodayvoda G. T., Vyzhva S. A., Onanko Y. A.

INFLUENCE MECHANICAL TREATMENT, ELECTRICAL CURRENT, CHANGING OF
DEFECT STRUCTURE ON INELASTIC CHARACTERISTICS of Si + SiO, wafer-plates,
GeSi and SiO,.

Abstract

The method is created for nondestructive control of structure defects in semiconductors plates,
which determines the integral density of structure defects, their distribution and the broken layer from
the internal friction difference of free elastic vibrations on neighboring harmonics f, and f,. The dis-
location density and the broken layer are measured from the curve of dependence for wafer-plates Si
+ Si0,. The results of influencing of direct and variable electrical current at simultaneous influence
of ultrasonic deformation on internal friction and the elastic module of crystal GeSi after cutting and
polishing were studied. The decreasing of elastic module and the raise of internal friction was obtained
under condition when the critical value of the electrical current is exceeded.

Keywords: semiconductor wafer-plate, structure defects, ultrasound deformation, internal friction,
elastic module.

VIIK 548:539.32, 534.222.2
Onanxo A. I1., Jlawenxo O. B., I[Ipooaiieooa I T., Buxcea C. A., Ounanxo IO. A.

BIIVINB MEXAHIYHOI OBPOBKH, EJJEKTPUYHOI'O TOKY, 3SMIHU I[E(I)EKTHOi
CTPYKTYPH HA HEIIPY’KHI xapakrepucruxku miakaanok Si + SiO,, GeSi u SiO,

Pe3rome

Jlnst HepyiHIBHOTO KOHTPOJIIO CTPYKTYPHUX Je()EKTiB HAIIBIPOBIAHUKOBUX IJIACTHH pO3po0iieHa
METOJIMKA, L0 J03BOJISE MO PI3HULI BHYTPIIIHBOTO TEPTS BUIBHUX MPY>KHUX KOJUBAHb HA CYCIJIHIX
rapmonikax f i f, BU3Ha4aTH IHTErpabHy IIBHICTE CTPYKTYPHHUX A€(EKTIB, iX PO3MOALT 1 IMOMHY
nopyuenoro wmapy. s migknagox Si+ SiO, 3mipsHa iHTerpajibHa IMIbHICTh JUCIOKALIH 1 ITMOuHa
MOPYIICHOTO APy 10 FPaAyoBaNIbHII KPUBIH. PO3MIsIHYTHIT BIUIMB TIOCTIHHOTO 1 3MiHHOTO €JIEKTPHY-
HOTO TOKY NP OAHOYACHIH Aii yapTpa3ByKoBoi AedopMallii Ha BHYTPILIHE TEPTS 1 MOAYIb IPY>KHOCTI
MoHokpucTana GeSi micas pizanHa 1 nUTidpyBaHHs. BUsBieHo 3MEHIIIEHHS MOAYIIS IPY>KHOCTI 1 3poc-
TaHHS BHYTPIITHBOTO TEPTS JTOCITIIH KPUTHYHOT BEJIMYMHHU CIIEKTPUIHOTO TOKY.

Ki1rouoBi cs10Ba: HamiBIpoBiTHUKOBA MiIKIA/IKa, CTPYKTYpHI edeKTH, IbTpa3ByKoBa Jedopmariis,
BHYTPIIIIHE TEPTs, MOIYJIb IPYKHOCTI.
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Onanxo A. 11., JIawenxo O. B., I[Ipooauieooa I T., Buiowcea C. A., Onanxo IO.

BJIUSIHUE MEXAHUYECKOMN OBPABOTKH, JJIEKTPUYECKOI'O TOKA,
W3MEHEHUS JE®PEKTHOMN CTPYKTYPHI HA HEYIIPYTHUE xapakTepHcTHKH
nomioxkek Si + Si0,, GeSi u SiO,

Pe3rome

Jlyis Hepa3pymalonero KOHTPOJIsl CTPYKTYPHBIX Je(EKTOB MOIYTPOBOAHMUKOBBIX IJIACTHH pa3pa-
0oTaHa METOAMKA, TIO3BOJISIONIAS IO PA3HOCTH BHYTPEHHETO TPEHUSI CBOOOTHBIX YIIPYTHX KOJICOaHU
Ha COCEIHUX rapMoHuKax f, u f, onpenensaTs HHTErpanbHyIO MIOTHOCTE CTPYKTYPHBIX N€(QEKTOB, X
pacnpezienenne u ryouny HapymieHHoro ciost. Jlns noanoxek Si + SiO, usmepena MHTErpaibHas
TUIOTHOCTH JUCIIOKAIMN U TIIyOMHA HAPYIICHHOTO CJIOS TI0 TPaayHupOBOYHON KpuBOil. PaccMoTpeno
BJIMSIHUE MTOCTOSTHHOTO M IEPEMEHHOTO 3JICKTPUYECKOTO TOKa IPY OTHOBPEMEHHOM JICHCTBHUH YIbTpa-
3BYKOBOH JeopMaliii Ha BHYTPEHHEE TPEHUE M MOIYNb yNpyroctu MoHokpuctaiuia GeSi mocie
pe3ku 1 nuugoBkr. OOHAPYKEHO YMEHBIICHUE MOl YIIPYTOCTH U POCT BHYTPEHHETO TPEHUS MPH
JOCTHKEHUHU KPUTHYECKOW BEJIMYMHBI AIEKTPHUECKOTO TOKA.

KiroueBble c10Ba: MOIyIIPOBOJHUKOBAS MOIOKKA, CTPYKTYpHBIE 1€(DEKThI, yIBTPa3ByKOBas Jie-
¢dopmanus, BHyTpeHHEE TPEHUE, MOLYJIb YIIPYTOCTH.
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INFLUENCE OF A PRECURSOR PROPERTIES ON THE SURFACE
MORPHOLOGY OF NANOSCALE TIN DIOXIDE FILMS

The work presents the results of the nanosize tin dioxide films’
surface morphology investigation which is dependent on the precur-
sor complex’s technological properties used for their production. The
used precursors differ only due to the technology of their preparation
at the final stage. This defines the presence of the bound water in their
composition. The water acts as a looser at the thermal decomposition
which gives the possibility to obtain the nanosized films with nano
grains of different sizes dependently on the precursor’s type.

INTRODUCTION

Thin films of oxide materials with nano-sized
grains are widely used as sensors in modern gas
analyzers, the transparent electrodes for solar
cells, catalysts of the oxidation processes [1-3].
The well-known production method for nano-
size tin dioxide, as well as other metal oxides,
for sensitive elements of sensors are liquid-phase
chemical methods: sol-gel method, chemical pre-
cipitation from solution, etc. [4,5] The basic pro-
cess for such technologies is the decomposition
of thermally unstable tin compounds to form tin
dioxide as the final product. The small number of
such compounds, as well as limited and contradic-
tory literature data on their physical and chemical
properties causes the necessity for selection of a
suitable precursor for nanosized tin dioxide.

In [6] we have proposed a technique for obtain-
ing SnO, films based on the method of chemical
precipitation from solution using polyvinyl acetate
(PVA) as structuring agents. The films investigated
in the present work were obtained by this method.
Complex based on Bis(acetylacetonato)dichlorotin
(BADCT) served as a precursor of tin dioxide.
According to [7] this compound (Sn(C.H.O,),Cl,)
was firstly obtained in 1903. In the literature [8-
10] obtaining BADCT was reported using chlo-
roform or dry toluene [9] as a solvent. The pecu-
liarity of our method is using of water as a sol-

vent. Characterization of BADCT obtained by our
method is shown in [11].

In [12] it was reported on preparation of ZrO,
thin films using such compounds, namely, zir-
conium acetylacetonate. Using a BADCT based
complex prepared by our original method gives
a thin transparent film of tin dioxide with nano-
sized grains [13]. Precursor complexes necessary
for comparative studies were obtained by two
methods, differing only at the latest technological
stage: the drying process. A comparative study of
these precursor complexes were fulfilled using
thermogravimetric methods [13]. Supposedly the
different drying processes determine conserva-
tion of water molecules in the precursor complex
which influences the structure and morphology of
the resulting film. The principal goal of the pres-
ent work is the investigation of the mentioned
precursor’s peculiarities influence on the surface
morphology of the obtained tin dioxide films.

METHODS OF FILMS PRODUCTION AND
INVESTIGATIONS

Samples for the investigation were pre-
pared by the technique described in [6].
Bis(acetylacetonato)dichlorotin (BADCT) was
used as a tin dioxide precursor [11]. Initially it
was a preparation of the precursor: the production
solution N1 was prepared of 50 ml (0,5 mol) of
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acetilaceton dissolved in 250 ml of the distilled
water and then put away for 24 hours for full dis-
solution. Next, the production solution N2 was
prepared of 14ml (0,12 mol) of tin tetrachloride
and 50 ml of cold (2-5°) distilled water. Further,
the production solutions N1 and N2 were mixed
adding 5 ml of 20% of aqueous NH, solution.
The mixture obtained was being mixed for two
hours by the magnetic mixer which resulted in
deposition of thick white sediment. 600 ml of
distilled water was added to it. After 10-15 min-
utes of settling the upper layer was decanted. The
sediment was separated by the vacuum filtering by
the Shott filter (residue pressure P = 500 mm Hg)
then washed by the distilled water and dried up at
20-25°C during 3 days. Finally, it was washed by
benzyl and dried up for 5-6 hours at 60°C: com-
plex N1 in the air, and complex N2 — in vacuum.

This difference of these two complexes has be-
come their principle production peculiarity which
was investigated in the present work due to its
influence on the topology properties of the films.

Freshly prepared BADCT was dissolved in
acetone at different concentrations, then equal vol-
umes of each solution were mixed with the same
volumes of Polyvinlyacetate (PVAC) solutions in
acetone prepared at different PVAC concentra-
tions. The mixtures were then sprayed onto the
microscope cover glass of 22 mm x22 mm size.
Samples were kept at room temperature for about
15 minutes to allow the removal of acetone prior
to annealing them at 600 °C for 6 hours in air for
the thermal decomposition of organic components
of the film (BADCT and PVAC) and subsequent
removal of decay products. Removal of organic
components was confirmed by our thermogravi-
metric studies of the precursor [11] and by the data
[14] on the PVAC decomposition at temperatures
above 200 °C, particularly in the presence of cata-
lytic oxides (tin dioxide in our case). After anneal-
ing, the tin dioxide film was left on the substrate.
PVAC was employed to structurize the film during
the removal of its decay products.

The tin dioxide layer’s surface morphology
was investigated by the industrial Atom Force
microscope (AFM) Nano Scope 111a (Digital in-
struments, USA). The measurements were fulfilled
by siliceous probe with a nominal radius ~10 nm
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(the production firm NT-MDT, Russia) in a re-
gime of periodical contacts (Tapping Mode™).
The investigated surface area was in the interval
of 500x500 nm? to 45x45 mkm?.

RESULTS AND DISCUSSION

Figure 1 shows the AFM-image of the tin di-
oxide films surface morphology obtained from the
precursor complex number 1. The higher points
at Fig. 1, correspond to the lighter parts of the
snapshot, the dark parts reflects the deeper zones.
Amount of precursor in the initial solution was 1
and 5 wt %.

35.95 nm 32.49 nm

Fig. 1. AFM-images of the surface morphology of
tin dioxide films obtained from precursor complex
number 1. The content of the precursor in the
original solution: a — 1 wt %, b — 5 wt %.

As it can be seen from the images obtained for
the complex number one, the film of tin dioxide
has a well-developed surface and structured at a
nanoscale. The minimal grains’ size, visible in the
images is in the interval from 10 to 15 nm. One
may notice that the films’ thickness visually evalu-
ated increases with the precursor’s concentration
increasing.

Figure 2 shows the AFM-images of the sur-
face of tin dioxide films obtained from precursor
complex number 2 (dried in vacuum). As in the
previous case, the precursor’s content in the initial
solution was 1 and 5 wt%.

As it can be clearly seen at the figures, the films
have developed surfaces and are composed of
agglomerate groups of different sizes, mostly of
columnar structure. The crystallites grain sizes in
the films (precursor number 2) is an average from
200 nm (at lower concentrations) to 500 nm and
more (with a greater concentration of the precur-



sor), which is in strict correspondence with AFM
image scaling. Consequently, there is a definite
dependence of the morphology and grain sizes in
the films on the concentration of the initial solu-
tions for films obtained. The high concentrations
of tin dioxide precursor in the films gave the larger
crystallites.

The
precursor
content

Sizes of the studied sites

45x45 pm

5xSpm

1%

5%

Fig. 2. AFM-images of the surfaces of tin dioxide films
obtained from precursor complex number

2. The precursor content and the sizes of the studied
sites are indicated.

The images of Figures 1 and 2 comparison
shows that the hydrated precursor (complex num-
ber 1) gives films with smaller grain size of 10-20
nm. At the same time, the grain sizes of the films
obtained from a complex number 2 (anhydrous
DHDAO) were 200-500 nm. Hence, the present
studies support the idea that a complex of hydrated
precursor is preferable in production of tin dioxide
films of smaller (nanoscale) grain size, and there-
fore the more developed surface morphology.

CONCLUSION

The studies of tin dioxide films’ surface mor-
phology obtained from two different precursor
complexes had established a significant effect of
even small differences in the process of obtaining
of tin dioxide precursor on the morphology of the
surface and structure.

It was found that differences in the drying pro-
cess used in the production of precursor complex-
es’ films are the significant factor in the topologi-
cal features of the films. The main feature which

defines this influence is the bound water in the
precursor’s composition.

At the complex thermal decomposition, the
water, which is in its composition acts as a loosen-
er, which allows to obtain tin dioxide films with
nanograins of different sizes, depending on the
precursor’s type. Consequently, the use of a com-
plex containing a hydrated precursor (Ne 1) should
be preferable in obtaining nano-sized tin dioxide
films with a well-developed surface, thus provid-
ing high sensitivity of its physical parameters to
the environmental changes and, and therefore,
widely used as sensors.
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V.S. Grinevych, V. A. Smyntyna, L. M. Filevska

INFLUENCE OF A PRECURSOR PROPERTIES ON THE SURFACE MORPHOLOGY
OF NANOSCALE TIN DIOXIDE FILMS

Abstract.

The work presents the results of the nanosize tindioxide films’ surface morphology investigation
which is dependent on the precursor complex’s technological properties used for their production. The
used precursors differ only due to the technology of their preparation at the final stage. This defines
the presence of the bound water in their composition. The water acts as a looser at the thermal decom-
position which gives the possibility to obtain the nanosized films with nano grains of different sizes
dependently on the precursor’s type.

Keywords: tin dioxide, Bis(acetylacetonato)dichlorotin, thin films, surface morphology.

16



VJIK 54.03
B. C. I punesuu, B. A. Cuoinmuina, JI. H. Qunesckas

BJIMSHUE OCOBEHHOCTEHA MPEKYPCOPA HA MOP®OJIOTUIO
INOBEPXHOCTHU HAHOPASMEPHBIX IIVIEHOK JTMOKCH/JA OJIOBA

AHHOTAIHA.

B pabote mpencTaBieHbl pe3yibTaThl UCCIEIOBAHUNA MOP(OIOTHH TTOBEPXHOCTH HAHOPA3ZMEPHBIX
MJICHOK JIBYOKHCH OJI0BA B 3aBUCHMOCTH OT OCOOEHHOCTEH MOyYEHUSI KOMIUIEKCOB TIPEKypcopa s
UX Tony4eHusAVICrob30BaHHBIE TIPEKYPCOPHI Pa3IUYAOTCS TOJIBKO 0COOCHHOCTSIMHU TTPUTOTOBIICHUS
Ha MOCJIETHEM 3Tarle, YTO OMpPEIEseT pa3InuHOE COIepKAaHUE B UX COCTaBe CBA3aHHOU Boabl. [Ipu
TEPMUYECKOM PA3TI0KEHUU KOMIUIEKCA BO/IA B €T0 COCTaBE BBIMONHACT (DYHKIIMIO Pa3pPhIXJICHUS, YTO
MO3BOJISIET TIOyYaTh TJICHKH JBYOKHCH OJIOBA C HAHO3EPHAMH Pa3HOTO pasMepa B 3aBUCUMOCTH OT
THIIA TIPEKypcopa.

KuroueBble cj10Ba. JIBYOKHCH OJIOBA, TUXJIOPIHMALICTUIIAIIETOHAT OJI0OBA, TOHKHE TUICHKH, MOpP(}O-
JIOTHS TIOBEPXHOCTH.

VIIK 54.03
B. C. I'pinesuu, B. A. Cmunmuna, JI. M. @inescvra

BILJINB OCOBJINBOCTEM ITPEKYPCOPY HA MOP®OJIOTI'TIO IIOBEPXHI
HAHOPO3MIPHHUX IVIIBOK JIOKCHUAY OJIOBA

AHoTaNisA.

VY po6oTi npecTaBiaeHi pe3yabTaTi TOCTIKEHh MOPQOJIOTii MOBEPXHI HAHOPO3MIPHHX TUTIBOK JBO-
OKHCY OJIOBA B 3QJIC)KHOCTI BijJl 0COOIMBOCTEH OTPUMAHHS KOMIUIEKCIB ITPEeKypcopa sl iX OTpUMaHHSL.
Bukopucrani npexypcopy po3pi3HSIFOTHCS TUTBKH 0COOIUBOCTSIMH MPUTOTYBAHHS HA OCTAHHBROMY €Talli,
1110 BU3HAYAE PI3HUM 3MICT Y 1X cKiai 3B’ s13aH0i Boau. [Ipu TepMivHOMY pO3KIIajaHHI KOMIUIEKCY BOJa
B IOTO CKJIa/i BUKOHYE (DYHKIIIFO PO3MYIICHHS, IO JO3BOJISIE OTPUMYBATH IUTIBKU JIOKCUIY OJIOBa 3
HaHO3EepHAMHU Pi3HOTO PO3MIPY B 3aJIKHOCTI B1JI TUITY TIPEKypCcopa.

Kuro4oBi c10Ba: 1BOOKHC 0JI0Ba, MIXJIOpAialeTiIAIETOHAT OJI0Ba, TOHKI IUTIBKH, MOP(OJIOTis 1Mo-
BEpXHi.
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LOCAL DENSITY OF STATES OF ELECTRONS IN GRAPHEN

The local density of states of electrons in a graphen cal-
culation provided based on a Green’s function method
for Bethe lattice approximation.

A rapid development of nanotechnologies re-
quires at least qualitative theoretical research of
physical properties of newly synthesized materi-
als. Precise mathematical description of energy
and oscillatory specters of such materials is well
enough problematic due to multiplicity of their
structure and composition. That is why, in a re-
cent time theoretical interpretation of experimen-
tal data can only be made on a base of highly sim-
plified model calculation, which, though, must
correctly represent main features of these data.

Among the shared concepts in the theory of
electron structure in a disordered materials, the
preferences should be given to approximations
based on a Green’s functions calculation, as these
functions are directly related with the density of
states and doesn’t require introduction of long-
range order concepts.

For determination of local density of states of
electron (LDSE) in hexagonal monolayer (gra-
phen) we’ll use Green’s function method with
semi-empirical single-electron tight-binding Ham-
iltonian included all important two center interac-
tions between nearest atoms. Structure of graphen
is being modeled with a Bethe lattice, holding hex-
agonal arrangement of neighboring atoms. As the
basis for tight-binding Hamiltonian we’ll chose
one s- and two p,, p, - atomic orbitals.

According to Sletter-Coster notation [1], pa-
rameters of interaction in a two center approxima-
tion have a look:

18

£, =(S,||S,): E,=(RlAlR)
; U=<S0|ﬁ|Si>;
H

X

V=(R,

P); X=(S,|H

P,);

w=(pr, |H|P,) "

here subscript 0 related with the central atom, i
—with its nearest neighbors. In a nodal representa-
tion the Hamiltonian’s matrix has block structure.
Each block of 3x3 dimensionality (according to
number of basis functions), represents a matrix
of interactions of nearby atoms. According to ac-
cepted notations (1) it can be written as

E 0 0
Hy, =10 E, 0}
0 0 E,
u X 0
H,y=-X TV 0 @
o o0 w

It is easily can be shown that other matrices of
interaction can be gained from (2) with the help
of symmetry transformations



Hy, =L'H, L, (3)

where 7
-1 0 0
L, =| 0 —cos@ sinf |’ 4)
0 -—sin@d -—cosl
-1 0 0
Ly =| 0 —cos@ —sind
0 sinf —cosé

here q — a valence angle.

It is obviously that:

-1, _ )
Li=L"; LiL ==L ;

(5)
i, j k=13

The Green’s function for i node can be calcu-
lated from the Dyson’s equation:

: (6)
(E,-H,)G, =1, +;HkGﬁ

where I, - identity matrix, and the summing
provided for nearest neighbors. Let us interested
in a density of states for central, 0", atom. Then,
(6) will represent an infinite sequence of equa-
tions:

(E _Ho )Ga :I+ZH0kaO
k

(7)
(E - Ho )GkO = HoTkGo + ZHOk'Gk’O
k'#k

This sequence can be closed only if we’ll use

two basic properties of the Bethe lattice: first,

each node of the lattice can be transformed into

another by a finite number of transformations;

secondly, any two nearest nodes are bonded only

with each other. This fact allows us to introduce
so-called transfer matrices:

CDL(V) =G, Ga;l. (DL(,U) =G, Go_l_
’ T ®)
L(v) L(u) =123
Substituting (8) in to system (7), for 0™ atom
we’ll have:

G, =|[E -H, -2]",

where, a self-energy part is:

)

(10)

L= ZH OVCDL(V)

and the transferv matrices can be determined
from the equations:

®,,=[E, -H, -S+H @, ['H (11)

_ a2
CDL(/l)z[Eﬂ -H, -2+H, (DLW)TH#

~ .
here2 = ;H v Dy - For homopolar Bethe
lattice the transfer matrices @, and ) L(w

are related with each other by the transposition
operation. Thus it will be sufficient to solve only
one of these two matrix equations. We chose the
second one. For different bonds the transfer ma-
trices can be transformed into each other by the
same symmetry operations as for the interaction
matrices, So:

u x 0
O, =-x v O (13)
0O 0 wi

0, = L;q)ll'z ,CD3

b

= Ll_slq)ll'lzu

Equation (12) can be rearranged as

[E -H, -2+ H,®,J®, =H, (14)

or, multiplying (14) from the right on H, ,
we’ll obtain a matrix equation for determination
of transfer matrix:
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7 =H,®,

(8—Z+ZA)Z§=HOH®T
here ¢ = E _Ho'

In a common case it is a quite difficult to solve

(15)

equations (15). Analytical solution can be found
if we neglect ppm interaction between p-orbitals
of neighboring atoms:

1 1 (16)
Gy, =—  and Gy =—
z z

s p

(17)

o _EEE 40U+ X)) (2-99")

’ 2(2-9¢%)
5 7% +Jel = O + xj) ~£2)(2-99%) (18)
2-9¢
where

2.2 2.2 2 2
5 8sgp—7/i\/(gsgp—27) —-45 (19)
A

and used the notations

y=600X*+V)—¢e)+
+e.(99(X* +U?) —¢l)—96,
S=3XU-V),
( ) 20)
A=y* —168le2(NX* +V?) -
40X’ +U?) ¢,
& =E-E,¢,=E-E,

It is easy to ensure that function j(E) ap-
proaches zero if sps (X=0) —interactions can be
neglected. In this case we obtain known solution
for Bethe lattice with single-parametric tight-
binding Hamiltonian, set in basis of single s-or-
bital function per each atom.

Let us remind that partial density of states de-
termined as imaginary parts of Green’s function
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G, and G and the total local density of states of
electron is the sum of these partials.

On a figure 1 represented LDSE of hexagonal
monolayer (solid curve) calculated by equations
(16) — (20) and tetrahedrally coordinated struc-
ture (dashed curve)[2].

It is well enough seen that energy spectrum of
hexagonal structure, unlike the tetrahedral, doesn’t
have forbidden gap, i.e. the graphite monolayer
has a metallic type of conductivity. Consequently,
as it was mentioned in [3], the most significant
properties of electron sub-system of solids are
determined by the short-range order. Note that
represented graphs have qualitative character. All
calculations are provided to establish the influ-
ence of geometry of nearest atomic arrangement
on an electron energy spectrum.

N(E),

{a.u.)

02

1
—
=
1
L]
o

5 10 EeV

Figure 1 — LDSE of tetrahedral [2](dashed) and hex-
agonal (solid line) structures
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OPTIMIZED RELATIVISTIC MODEL POTENTIAL METHOD AND
QUANTUM DEFECT APPROXIMATION IN THEORY OF RADIATIVE
TRANSITIONS IN SPECTRA OF MULTICHARGED IONS

The combined relativistic model potential approach and rel-
ativistic many-body perturbation theory with the zeroth order
optimized one-particle approximation are used for calculation
of the Li-like ions energies and oscillator strengths of radiative
transitions from ground state to low-excited and Rydberg states.
New element in our scheme is an implementation of optimized
relativistic model potential and quantum defect approximation)
approach to energy approach frames. Comparison of calculated
oscillator strengths with available theoretical and experimental

(compillated) data is performed.

1. Introduction

The research on the spectroscopic and struc-
tural properties of highly ionized atoms has a
fundamental importance in many fields of atomic
physics (spectroscopy, spectral lines theory), as-
trophysics, plasma physics, laser physics and so
on. It should be mentioned that the correct data
on radiative decay widths, probabilities and os-
cillator strengths of atomic transitions are needed
in astrophysics and laboratory, thermonuclear
plasma diagnostics and in fusion research. In
this light, an special interest attracts studying the
spectral characteristics of the He-, Li etc like ions.
There have been sufficiently many reports of cal-
culations and compilation of energies and oscilla-
tor strengths for the Li-like ions and other alkali-
like ions (see, for example, [1-19]). Particularly,
Martin and Wiese have undertaken a critical eval-
uation and compilation of the spectral parameters
for Li-like ions (Z=3-28) [1,2]. The results of the
high-precision non-relativistic calculations of the
energies and oscillator strengths of 1s22s;1522p
for Li-like systems up to Z = 50 are presented
in Refs. [9-17]. The Hylleraas-type variational
method and the 1/Z expansion method have been
used. Chen Chao and Wang Zhi-Wen [14] listed
the nonrelativistic dipole-length, -velocity, -ac-
celeration oscillator strengths for 1s22s—1s22p
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transitions of Lil isoelectronic sequence calcu-
lated within a full core plus correlation method
with using multiconfiguration interaction wave
functions. Fully variational nonrelativistic Har-
tree-Fock wave functions were used by Biémont
in calculating 1s2n2L (n<8=s,p,d,f; 3<Z<22) Li-
like states [16]. In many papers the Dirac-Fock
(DF) method, model potential, quantum defect
approximation in the different realizations have
been used for calculating the energies and oscil-
lator strengths of the Li-like and similar ions (see
Refs.[3-6,16-30]). The consistent QED calcula-
tions of the energies, ionization potentials, hy-
perfine structure constants for the Li-like ions are
performed in Refs. [18,19]. However, for Li-like
ions with higher Z, particularly, for their high-ex-
cited (Rydberg) states, there are not enough pre-
cise data available in literatures. In our paper the
optimized relativistic model potential (ORMP)
[26-29] combined with the relativistic energy ap-
proach [3-5] and many-body perturbation theory
(PT) [19,29] with zeroth order optimized 1-parti-
cle representation [4,21-24] are used for calcula-
tion the Li-like ions (Z=11-42,69,70) energies and
oscillator strengths of radiative transitions from
ground state to low-excited and Rydberg states.
The key feature of the presented basis theory is an
implementation of the relativistic model potential



(quantum defect approach) to the frames of en-
ergy approach for studying spectral parameters
of Rydberg multi-electron ions. The comparison
of calculated oscillator strengths with available
theoretical and experimental (compillated) data is
performed.

2. The theoretical method

In the relativistic energy approach [3,4,22-
24] the imaginary part of electron energy shift of
an atom is directly connected with the radiation
transition probability. An approach, using the
Gell-Mann and Low formula is used in treating
the relativistic atom. The total energy shift of the
state is usually presented as (see, for example,
[3,4,24] and also [21]):

AE =ReAE +i17/2 (1)
where [ is interpreted as the level width and
decay possibility P = I'. The imaginary part of
electron energy of the system, which is defined in
the lowest PT order as [3]:

2
ImAE(B) =< yp\%en @)
T asn>f
[a<n<f]
where > for electron and > for vacancy.
a>n>f a<n<f

The matrix element is determined as follows:

. 3)
VZJ‘Z‘ =[[dndry¥; (r))¥ ;(rp) i !

n2
(1= @) P(r2)¥] ()
The separated terms of the sum in (3) represent

the contributions of different channels and a
probability of the dipole transition is:

1 ‘w"’n‘

F“n :E a,, (4)
The  corresponding  oscillator  strength:
gf =/12g -I" /6.67-10", where g is the degenera-

cy degree, A is a wavelength in angstrems (A).
Under calculating the matrix elements (3) one
should use the angle symmetry of the task and
write the expansion for potential sin|o|r /r,, on
spherical functions as follows [3,4]:

smflm 2\/52 M/Q g )/ M/qw‘fz) > (cosrr) “
where J is the Bessel function of first kind and
(M= 21 + 1. This expansion corresponds to
usual multipole one for radiative probability.
Substitution of expansion (5) to matrix element

of interaction gives [3,4]:

VA
—my H

A ADARATA & Z (m inn 0,(1234)

2

Q Qul + Q
b (6)
where j. is the total single electron momentum, m,

Qul

— the projections; Q7" is the Coulomb part

of interaction, Q; — the Breit part. The Coulomb

part Q2 is expressed in terms of radial integrals
R, angular coefficients S, :

o :é{ (1243)5,(1243)+ R, (1243 )5, (1 243)

+R,(1333)s,(1343)+ &, (1233 )s, (1233 )}
(7

The different items in (7) include large and
small components of the Dirac functions; the sign
«~» means that in (7) the large radial component
f; 1s to be changed by the small g one and the
moment /,is to be changed by 7=/ -1 for the
Dirac number &> 0 and /+1 for @<0. The Breit
interaction part is defined by similar way (see
[3-5,21,24]. The relativistic wave functions are
calculated by solution of the Dirac equation with
the potential, which includes the «outer electron-
ionic core» potential and polarization potential
[21]. In order to describe interaction of the outer
electron with the He-like core the simplified Iva-
nova-Ivanov type model potential [3] is used. The
calibration of the single model potential param-
eter has been performed on the basis of the spe-
cial ab initio procedure within relativistic energy
approach [22] (see also [4,5,21]). In Ref.[22] the
lowest order multielectron effects, in particular,
the gauge dependent radiative contribution Im
dE . for the certain class of the photon propaga-
tor calibration is treated. This value is considered
to be the typical representative of the electron
correlation effects, whose minimization is a rea-
sonable criterion in the searching for the optimal
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one-electron basis of the relativistic many-body
PT. The minimization of functional Im dE
leads to integral-differential equation that can be
solved using one of the standard codes. There-
fore, it provides the construction of the optimized
I-particle representation and thus ORMP scheme
[27-29]. The same procedure is used in general-
ization of the relativistic quantum defect approxi-
mation (QDA). Usually, the most exact version of
the QDA is provided by using the empirical data
in order to determine the quantum defect values
for different state. The above described approach
allows to generalize the QDA and get a new ab
initio optimized QDA (OQDA) scheme, satisfy-
ing a principle of minimization for the gauge de-
pendent radiative contributions to Im 3£ for the
certain class of the photon propagator calibration.
A relativistic quantum defect is usually defined as
(see, for example, [30]:

,UZ(E,,):”_V,,+7—|Z, (8)
where y is he Dirac quantum number, and

y=Ar (@7, v, =%, A=("E(+e), e=1+a’E,.
)

In the non-relativistic limit (i.e. the fine structure
constant a—0) expression (8) transfers to the well
known non-relativistic expression for quantum
defect:

z

V-2E, (10)

where 7 is the principal quantum number, n* is
an effective quantum number, £ is an electron
energy and z is a charge of a core (ion).

u" (E)=n—n*=n-

3. Results

We applied the above described approach to
calculating the energies and oscillator strengths
of transitions in spectra of the Li-like ions (Z=11-
42,69,70). All calculations are performed on the
basis of the numeral code Superatom. There are
considered the radiative transitions from ground
state to the low-excited and Rydberg states, par-
ticularly, 28, 0Py 3100 np1/2,3/2'nd3/2,5/2 (n=2-12).
To test the obtained results, we compare our cal-
culation data on the oscillator strengths values
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for some Li-like ions with the known theoretical
and compillated data [1,2,6-17,25]. As example,
in table 1,2 we list our oscillator strengths val-
ues (ORMP and OQDA) for 2s, 2p, ., , transi-
tions in Li-like ions S"",Ca!'”",Fe?*" Zn*"",Zr*"",
Mo**, Sn*”*, Tm®*, Yb®* . The DF calculation
data by Zilitis [6] and the “best” compillated (ex-
perimental) data [1,2] for the some low-Z Li-like
ions are listed in tables 1,2 for comparison too.
It should be reminded that the experimental data
on the oscillator strengths for many (especially,
high-Z) Li-like ions are absent. In a whole, there
is a physically reasonable agreement between
the listed data. The important features of the ap-
proach used are using the optimized one-particle
representation and account for the polarization ef-
fect. Letus note that an estimate of the gauge-non-
invariant contributions (the difference between
the oscillator strengths values calculated with us-
ing the transition operator in the form of «length»
and «velocity») is about 0.3%. It means that the
results are practically equal within schemes with
using the different photon propagator gauges
(such as Coulomb, Babushkin, Landau). In table
3 we present the our oscillator strengths values
(ORMP and OQDA) for the 2s,, — np, (n=3-12,
j=1/2,3/2) transitions in spectrum of the Li-like
Cal7+.

Table 1. Oscillator strengths of the 2s , —2p ,
transitions in Li-like ions.

DF Exp. Our data: Our

ORMP data:
OQDA

Ton | 2s,,-2p,, | 28,,72P,, | 28,,72P,, | 28,,~

2p,,
St 0.0299 0.030 0.0301 |0.0303
Ca'”| 0.0234 0.024 0.0236 |0.0238
Fe?" | 0.0177 0.018 0.0179 |0.0181
Zn?™ | 0.0153 - 0.0156  [0.0158
Ze™ | 0.0114 - 0.0118 |0.0121
Mo*** - 0.011 0.0110 |0.0114
Sn*" | 0.0092 - 0.0095 [0.0099
Tm%* - - 0.0072  |0.0076
Yb* | 0.0067 - 0.0069 |0.0073




Table 2. Oscillator strengths of the 2s , —2p,,
transitions in Li-like ions.

DF Exp. Our data: Our
ORMP data:
OQDA

lon 2Sl/z_zp3/2 251/2_2p3/2 251/2_2p3/2 251/2_
2p3/2

N 0.0643 0.064 0.0641 0.0643
Ca'” | 0.0542 0.054 0.0541 0.0544
Fe®* | 0.0482 0.048 0.0481 0.0484

Zn*" | 0.0477 - 0.0475 0.0479
Zr'™ | 0.0543 — 0.0540 0.0544
Mo** - 0.056 0.0558 0.0562
Sn*™ | 0.0686 - 0.0684 0.0688
Tm%* - - 01140 01145
Yb™ | 0.1170 - 0.1167 0.1172

Table 3. Oscillator strengths of the
281/2 —np,, transitions in Ca!’,

Transition |QDA| DF | Exp. | Our data: | Our
ORMP | data:

OQDA

2s,,3p,, | — - 10.123| 0.122 0.127
2s,,-3p,, | — — 10.241| 0.243 0.248
2s ,—4p, | — - - 0.029 0.032
2s,,-8p,, |2.54*(2.53*| - 2.552 2.55°
2s,—-10p,, | 1.24*|1.24*| — 1.25° 1.252
2s,,~12p,,|0.70* 0.698° — 0.712 0.712

Note: *(10-gf).

The standard QDA, DF oscillator strengths
calculation results by Zilitis and some experimen-
tal data by Martin-Weiss [1,2,6,24] are listed in
table 3 too. The QDA oscillator strengths data be-
come more exact with the growth of the principal
quantum number. At the same time the accuracy
of the DF data may be decreased. The agreement
between the Martin-Weiss data and our results for
the transitions between low-lying terms is suffi-
ciently good.

References

1.

Martin G. A. and Wiese W. L., Atom-
ic oscillator-strength dis-tributions in
spectral series of the lithium isoelec-
tronic sequence// Phys. Rev. A. — 1999.
— Vol.13. — P. 699-714.

Martin G. A. and Wiese W. L., Tables of
critically evaluated oscillator strengths
for lithium isoelectronic sequence//
Journ. of Phys. Chem. Ref. Data. —
1996. — Vol.5. — P. 537-570.

Ivanov L. N., Ivanova E. P., Extrapola-
tion of atomic ion energies by model po-
tential method: Na-like spectra// Atom.
Dat.Nuc.Dat.Tab.— 1999. — Vol.24.
— P. 95-121.

Glushkov A. V., Ivanov L. N., Ivano-
va E. P., Generalized energy approach
in relativistic theory of atom// Autoioni-
zation Pheno-mena in Atoms. — M.:
Moscow State Univ. — 1999.
Glushkov A. V., Advanced relativistic
energy approach to radia-tive decay
processes in multielectron atoms and
multicharged ions//Adv.in Theory of
Quantum Systems in Chem. and Phys.,
Ser.: Frontiers in Theor. Phys. and
Chem. (Springer). — 2012 — Vol.26.
— P. 131-152.

Zilitis V. A., Determination of the ener-
gies and oscillator stren-gths of Li-like
ions//Opt. Spectr. — 1999. — Vol.55.
— P. 215-218.

Froese Fischer C., Breit—Pauli energy
levels, lifetimes, and transition prob-
abilities for the beryllium-like to neon-
like sequences//Atom.Dat.Nucl. Dat.
Tabl. — 2004. — Vol.87. — P.1-184.
Barnett R., Johnson E., Lester W. Jr,,
Quantum Monte Carlo determination
of the lithium 2S-2P oscillator strength:
Higher precision//Phys. Rev. A.— 1995.
— Vol.51. — P. 2049-2052.

Zong-Chao Yan and Drake G. W. F,,
Theoretical lithium 2S-2P and 2P-3D
oscillator strengths//Phys. Rev. A. —
1995. —Vol. 52. — P.R4316-4319.

10. Lianhua Qu, Zhiwen Wang and Baiwen

Li, Theory of oscillator strength of the
lithium isoelectronic sequence//J. Phys.

25



26

B: At. Mol. Opt. Phys. — 1998. — Vol.
31.— P. 3601-3612.

11. Kunisz M. D., Coulomb approximation
oscillator strengths for some transitions
in rare earths//Acta Phys. Polon.—
1999. —Vol.a62. — P. 285-296.

12. Xiaoxu Guan and Baiwen Li, Energies
and oscillator strengths of lithium in a
strong magnetic field//Phys. Rev. A. —
2001. — Vol. 63. — P.043413.

13. Khetselius O. Yu, Relativistic pertur-
bation theory calculation of hyperfine
structure parameters for some heavy-
element isotopes//Int. Journ. Quant.
Chem. —2009. — Vol. 109. — P. 3330-
3335.

14. Chen Chao, Wang Zhi-Wen, Oscillator
strengths for 2s2-2p2P transitions of
lithium isoelectronic sequence NalX-
CaXVIIll// Com.Theor.Phys. — 2005.
— Vol. 43. — P. 305-312.

15.Hu Mu-Hong, Wang Zhi-Wen, Oscil-
lator strengths for 2S—nP transitions of
lithium isoelectronic sequence from Z =
11 to 20//Chinese Phys. B. — 2009. —
Vol.18. — P. 2244-2258.

16.Biémont E., Theoretical oscillator
strengths in the lithium isoelectronic se-
quence (3 <=Z <=22)// Astr. and Astro-
phys. Suppl. Ser. — 1999. — Vol. 27.
— P. 489-494.

17. Zhi-Wen Wang and Ye Li, Calculations
of the transition energies and oscillator
strengths for Cu**"ion// Journ. of Atom.
Mol. Sci.- 2010. — Vol. 1.— P. 62-67.

18. Yerokhin V., Artemyev A., Shaba-
ev V. M., QED treatment of electron cor-
relation in Li-like ions//Phys.Rev.A.—
2007. — Vol.75. — P.062501.

19. Glushkov A. V., Ambrosov S. V., Lobo-
da A. V., Gurnitskaya E. P., Khetselius
O.Yu., QED calculation of heavy multi-
charged ions with account for the cor-
relation, radiative and nuclear effects//
Recent Advances in Theor. Phys. and
Chem. Systems (Springer).— 2006.—
Vol. 15.— P. 285-300.

20. Safronova U. 1., Safronova A. S., Ha-
masha S., Beiersdorfer P., Relativistic

many-body calculations of multipole
(E1,M1,E2,M2) transition wavelengths
and rates of 31-141’ ex-cited and ground
states in Ni-like ions//Atom.Dat.Nuc.
Dat.Tab. — 2006. — Vol.92. — P. 47—
104

21. Glushkov A. V., Relativistic quantum
theory. Quantum, mecha-nics of atomic
systems.-Odessa: Astroprint, 2008. —
700P.

22. Glushkov A. V., Ivanov L. N. Radiation
Decay of Atomic States: atomic residue
and gauge non-invariant contributions
// Phys. Lett.A— 1992. — Vol. 170,
N1.— P. 33-38.

23.Ivanova E. P., Glushkov A. V. Theoreti-
cal investigation of spectra of multich-
arged ions of F-and Ne-like isoelectron-
ic sequences//J.Quant.Spectr.Rad.Tr. —
1999. — Vol. 36. — P. 127-145.

24. Ivanova E. P., Grant I. P., Oscillator
strength anomalies in Ne isoelectronic
sequence with applications to X-ray
laser modeling//J.Phys.B. — 1998. —
Vol. 31.— P. 2871-2883.

25.Schweizer W., FaB3binder P. and Gon-
zalez-Ferez R., Model potentials for al-
kali metal atoms and Li-like ions 1999
Atom. Dat.Nucl.Dat.Tabl. — 1999. —
Vol.72. — P. 33-55

26.Zelentsova T. N., Perelygina T. B.,
Thermal photoionization of the Rydberg
atoms by the blackbody radiation: New
relativistic approach// Sensor Electr. and
Microsyst. Techn.— 2009.— Ne 4.— P.
5-11.

27.Svinarenko A. A., Nikola L. V., Pre-
pelitsa G. P., Tkach T., Mischenko E.,
The Auger (autoionization) decay of ex-
cited states in spectra of multicharged
ions: Relativistic theory//Spectral Lines
Shape. — 2010. — Vol.16. — P. 94-98

28.Zelentsova T. N., Tkach T. B., Shakh-
man A. N., Serga [. N., Energy approach
to positron collisional excitation and
ionization of multielectron Rydberg
atoms//Photoelectronics. — 2010. —
Ne 19. — P. 99-102.



29. Malinovskaya S., Glushkov A., Khet- Chem. — 2011. — Vol. 111. — P. 288-

selius O., Perelygina T., Svinarenko A., 296.

Loboda A., Lopatkin Y., Nikola L., 30. Zilitis V. A., Determination of Rydberg
Generalized energy approach to calcu- D and F energy levels of Cs-like ions by
lating electron collision cross-sections method of interpolation of relativistic
for multicharged ions in plasma: De- quantum defects//Opt.Spectr. — 2012.
bye shielding model//Int. Journ.Quant. — Vol. 113. — P. 231-234.

UDC 539.84
T B. Tkach

OPTIMIZED RELATIVISTIC MODEL POTENTIAL METHOD AND QUANTUM DEFECT
APPROXIMATION IN THEORY OF RADIATIVE TRANSITIONS IN SPECTRA OF
MULTICHARGED IONS

Abstract. The combined relativistic model potential approach and relativistic many-body
perturbation theory with the zeroth order optimized one-particle approximation are used for calculation
of the Li-like ions energies and oscillator strengths of radiative transitions from ground state to low-
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ONTUMHU3UPOBAHHBIN PEJATUBUCTCKUM METO MOJIEJILHOI'O
ITOTEHIHHUAJIA U METO/JI KBAHTOBOT'O JE®EKTA B TEOPUH PAJIUA-IIMOHHBIX
ITEPEXO1OB B CIIEKTPAX MHOI'O3APAJIHbBIX HOHOB

Pe3ome. KoMOMHMPOBAaHHBIN PENATUBUCTCKUI METOJI MOJIEIBHOTO TIOTEHIIMAIA U METOM TEOPUHU
BO3MYILIEHUH C ONTHUMHM3UPOBAHHBIM 1-4aCTUYHBIM HYJIEBBIM NPUOIMKEHUEM HCIIOJIB30BaHbl IS
BBIUHCJICHUS] DHEPIUi M CHUJI OCLUMJUIATOPOB PaJUallMOHHBIX IEPEXOJ0B M3 OCHOBHOIO COCTOSTHUS
B HM3KOJIGKAIME U PHUAOCPrOBCKHE COCTOSHUS B CHeKTpax Li-mogoOHbIX HOHOB. OCHOBHas
0COOEHHOCTH HOBOTO MO/IX0/1a 3aKJII0YAETCs B UMIUIEMEHTALMU ONITUMHU3UPOBAHHOTO PEJIITUBUCTCKOTO
IpUOIMKEHUST MOIETIBHOIO TIOTeHIIMaa (KBAaHTOBOTO 1e(heKTa) B paMKH HEPreTUYECKOTo MOAX0/1a.
BbinonHeH aHanu3 W CpaBHEHME IOJIYYEHHBIX JaHHBIX JUISI CHJI OCLHWIISTOPOB C MMEIOLIUMUCS
TEOPETUUECKUMU U SKCIIEPUMEHTAIbHBIMU JAHHBIMU.

KuroueBble cj10Ba: ONTUMU3UPOBAHHBIA METOJ, MOZAEIBHOIO MMOTEHIMAJIA, CHIIbI OCLUIUIATOPOB,
paavalioOHHbIE TIEPEXO/IbI
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OPTICAL ABSORPTION AND DIFFUSION OF COBALT IN ZnS SINGLE

CRYSTALS

ZnS:Co single crystals obtained by diffusion doping are investi-
gated. The spectra of optical density in the energy range 0.3-3.8 eV
are investigated. On absorption edge shift of investigated crystals the
cobalt concentration is calculated. Nature of optical transitions deter-
mining optical properties of ZnS:Co single crystals in the visible and

IR-region of spectrum is identified.

The diffusion profile of the Co dopant is determined via measure-
ment of the relative optical density of the crystals in the visible spec-
tral region. The Co diffusivities in the ZnS crystals at 1170-1270 K
are calculated. The Co diffusivity at 1270 K equals 10 cm?/s.

INTRODUCTION

Cobalt-doped ZnS single crystals have found
a wide application as generating media and
passive gates of lasers emitting in the IR region.
In [1,2], the possibility of the use of Co*:ZnS
as the efficient passive gate and active media
for lasers emitting in the region of 1.5-2.1 and
0.7-0.8 um is shown. The diffusion doping with
Co has a number of advantages compared with
doping during growth, among which we can
distinguish the main ones, namely, the possibility
of controlling the impurity concentration and
doping profile.

In this study, the procedure of diffusion doping
is realized, which allows one to obtain ZnS:Co
single crystals with a specified concentration of Co
impurity. The structure of the optical absorption
spectra in the visible and infrared wavelength
regions is studied and identified. The maximum
concentration of the Co impurity is determined
by means of the magnitude of the shift of the
absorption edge. The analysis of the profile of the
relative optical density allowed us to determine the
diffusivity of Co in the ZnS crystals.

The goals of this study are development of a
procedure of diffusion doping of the ZnS crystals
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with Co, identification of the optical absorption
spectra, and determination of diffusivity of Co in
ZnS crystals.

EXPERIMENTAL

The samples under study are obtained by
diffusion doping with Co of starting pure ZnS
single crystals. Undoped crystals are obtained
via the free growth on a single crystal ZnS
(111) substrate. A detailed description of this
growth method and main characteristics of the
ZnS crystals are presented in [3]. Selection of
temperature profiles and design of the growth
chamber excluded the possibility of contact of
the crystal with chamber walls. The dislocation
density in obtained crystals was no higher than
10*cm™. The crystals were doped via diffusion
of impurity from metal powderlike Co in He+Ar
atmosphere. In order to avoid etching of crystals,
powderlike ZnS in the ratio 1:1 was added to the
Co powder. Crystals were annealed in evacuated
quartz cells at temperatures from 1170 to 1270 K
(see Table 1). The duration of the diffusion process
was 10 h. After annealing the ZnS:Co crystals
acquired a turquoise colour, in contrast to the
colourless of undoped ZnS crystals.

Diffusion of Co was performed under
conditions in which the impurity concentration



in the source remained virtually constant. In this
case, the solution of Fick’s diffusion equation for
the one-dimensional diffusion has the form

C(x,t)zCO(l—erf\/:_Dtj’ (1)

where C is the activator concentration at the
surface and the symbol “erf” denotes the error
function (the Gaussian function).The optical
density D* spectra were measured using a MDR-6
monochromator with 1200, 600, and 325 grooves/
mm diffraction grates. The first grate was used to
analyze the absorption spectra in the 3.8-1.6 eV
photon energy range, the second, in the 1.6-
0.6 eV one, and third, in the 0.6-0.4 ¢V one. A
FEU-100 photomultiplier was used as a light flow
receiver in the visible spectral region, while FR-1P
photoresistor working in the alternating current
mode in the IR region. The optical density
spectra were measured at 77 and 300 K.

When measuring the diffusion profile of the Fe
impurity, a thin plate of the crystal (0.2—0.4 mm)
was cleaved in the plane parallel to the direction
of the diffusion flux. The measurement of the
profile of optical density of the Fe-doped crystals
was performed using an MF-2 microphotometer.
This device allowed us to measure the magnitude
of optical density with a step of 10 um in the
direction of the diffusion flux. In this case, the
integrated optical density was measured in the
spectral range of 2.8-2.4 eV.

ANALYSIS OF OPTICAL DENSITY
SPECTRA

The spectra of optical density of undoped ZnS
crystals at 77K are feature an absorption edge
with energy of 3.75 eV (Fig. 1, curve 1). In the
range 0.40-3.6 eV, no features of the absorption
spectra of undoped crystals are found.

Doping of crystals with cobalt leads in the ab-
sorption edge shift towards lower energies (Fig. 1,
curves 2-3). The shift value increases with an-
nealing temperature and is due to the interimpu-
rity Coulomb interaction. The band gap width
variation AE_(in meV) as a function of impurity
concentration depending on concentration of in-
troduced impurities is determined in [4] by the
relation: eN"?

3 1/3
AE, = 2:10° (—j
) 4rng,e,

2)

where e is electron charge, N, impurity concentra-
tion in cm™, € = 8.3 is ZnS dielectric constant, €,
electric constant. The cobalt concentration in the
studied crystals was calculated from band gap
width changing (see Table 1). The maximum Co
concentration (3-10" cm™) for the crystals an-
nealed at 1270 K.

Table 1.
Optical characteristics of ZnS:Cr crystals in the
absorption edge region

Sam- Type of E . eV AEg, N,
ple No | the crystal meV | cm?
ZnS
! starting 2.75 o o
ZnS:Co,
2 annealing 2.74 10 | 4-10'
1170 K
ZnS:Co,
3 annealing 2.68 70 | 8-10™
1220 K
ZnS:Co,
4 annealing 2.64 110 | 3-10"
1270 K
oy
3.6 3.7 38 gev

Fig. 1. Spectra of optical density of ZnS (/) and
ZnS:Co samples 3 (2) and 4 (3).
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Fig. 2. Spectra of optical density of ZnS:Cr crystals in the visible region. Samples (/) 3 and (2) 4

In the visible spectral region, the spectra of
the optical density of the ZnS:Co crystals involve
a series of poorly resolved lines (Fig. 2). The
absorption of the light in this region increases
as the cobalt concentration. In the absorption
spectrum of the lightly-doped ZnS:Co crystals
obtained at 1170 K, twelve absorption lines can
be distinguished, namely, at 2.82, 2.73, 2,61, 2.55,
2.48,2.39,2.32,2.19,2.09, 1.86, 1.8, 1.73 eV
(Fig. 2, curve 1). As the doping level increased,
the location of these lines remained unchanged
(Fig. 2, curve 2). Studies of optical density in
the temperature range 77-300 K showed that
the location of these lines remained unchanged.
Such conduct is characteristic for the absorption
lines conditioned by the optical transitions of
electrons within the impurity ion limits [5]. In
the Table 2, the energies of optical transitions in
the limits of the Co?*"ion and their identification
are given. This table is constructed based on our
experimental results and our calculations of the
Co*"ion energy states in ZnS lattice performed on
the Tanabe-Sugano diagrams [6]. It is achieved the
best accordance of experiment and theory at the
parameters of the crystalline field of A=4000 cm!
and B=750 cm’'. Values of A and B parameters
correspond with the results of the calculations
performed in [7]. Lines of absorption at 2.73,
2.61, 2.55 eV was observed before in [8,9]. The
energy of ‘A (F)—T (P) transition corresponds
with energy position of ‘T, (P) level, calculated
in [10].
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Table 2.

Optical transitions in the limits of Co*" ion.

I;li(r)lé E eV e €V Transition
1. 2.82 2.85 ‘A,(F)—’E(D)
2. 2.73 282 | ‘A(F)—°T (D)
3. 2.61 2.81 ‘A(F)—°T (P)
4, 2.55 2.58 4A2(F)—>2E(H)
5. 248 242 ‘A (F)—°T (H)
6. 2.39 2.40 ‘A (F)—T (H)
7. 2.32
8. 2.19 221 | ‘A(F)—T (H)
9. 2.09 2.06 ‘A(F)—°4,(G)
10. 1.86 1.81 ‘A (F)—°T,(G)
11. 1.8 1.78 4A2(F)—>2T1(G)
12. 1.73 1.72 ‘A (F)—*'T (P)
13. 1.48 1.48 ‘A (F)—E(G)
14. 0.89
15. | 084 | 085 | U T(F)
16. 0.77
17. 0.43 0.4 ‘A (F)—*T (F)




In the near IR-region the spectra of optical
density of ZnS:Co crystals are characterized by
the broad absorption band at 1.48 eV. The optical
density of the crystals increased with cobalt
concentration growth. The location of this band
was unchanged under the temperature varying
from 77 to 300 K and cobalt temperature varying.
According to our calculations (see Table 2), the
absorption band at 1.48 eV can be explained by
‘4,(F)—’E(G) transitions occurring in the limits
of Co*" ion.

In the middle IR-region, the spectra of optical
density of the crystals involve the absorption
bands at 0.89, 0.84, 0.76 and 0.43 eV (Fig. 3).
The optical density of the crystals increased as
the cobalt concentration increased. The location
of this band was unchanged as the temperature
and the cobalt concentration varied. According
to our calculations (see Table 2), the absorption
band at 0.84 eV are related to the *4,(F)—*T (F)
transitions. Two other bands can be conditioned
by the presence of the spin-orbit splitting of *T (F)
state of Co*" ion.

The absorption band at 0.43 eV was observed
by us before in ZnS:Co, ZnSe:Co and ZnTe:Co
crystals [11-13]. According to our calculations
and calculations [10] this absorption band is
conditioned by ‘4 (F)—*T (F) transitions between
‘A ,(F) ground state and “T (F) first excited state of
Co* ion.

It should be noted that, as the doping level
of the crystals increased, the absorption bands
broadened. A similar broadening of the structure
of the lines takes place in the absorption spectra
in the visible spectral region. This is apparently
associated with manifestation of the impurity—
impurity interaction of the Co®" ions.

DETERMINATION OF THE COBALT
DIFFUSIVITY IN THE ZnS CRYSTALS

The presence of characteristic cobalt-absorption
lines in the visible region of the spectrum indicates
that it is possible to determine the impurity-
diffusion profile by measuring the relative optical
density (A%). This quantity is a function of the
coordinate x in the direction of the diffusion flux
and 1s defined by the expression

A+ _D*)=D*(@)
D*(0)—D*(0)’

€)

where D*(x) is the crystal’s optical density as a
function of the coordinate x, D*(0) is the optical
density of the crystal in the surface layer with
the coordinate x = 0, and D*(0) is the optical
density of the crystal in the region, where the
cobalt concentration is negligible (the crystal
is not doped). The chosen definition of relative
optical density makes it possible to compare the
dependence A*(x) with the impurity concentration
profile C(x)/C, calculated by formula (1). By
choosing the value of the diffusivity in Eq. (1), we
managed to obtain good agreement between the
relative optical density and cobalt concentration
profiles in the crystals (Fig. 4). The diffusivities
of Co in ZnS crystals at temperature 1170-1270 K
were calculated similarly. The temperature
dependence of diffusivity D(7), presented in inset
to Fig. 4, is described by Arrhenius equation

D(T) =D, exp[—ﬂj,

T “)

where the factor D =2.39 cm’/s, while the
activation energy of diffusion £=2.34 eV. At the
crystals annealing temperature of 1270 K the
diffusivities of chromium is 10 cm?/S. This value
is a few orders less than cobalt diffusivity in ZnSe
crystals, which we determined according to the
procedure described in [12].

CONCLUSIONS

The study allows a number of conclusions.
These are as follows:

1. The method of cobalt diffusion doping
of ZnS single crystals was developed.
The maximum concentration of cobalt
impurity determined by the shift of the
absorption edge in ZnS:Co crystals was
3-10" cm?.

2. The nature of absorption lines of ZnS:Co
crystals in the visible and IR regions of
the spectrum was identified.
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3. The diffusivities of cobalt in ZnS crys- pendence D(7) allowed us to determine

tals in the temperature range 1170- the coefficients in Arrhenius equation:
1270 K were calculated for the first D=2.39 cm’/s and £=2.34 eV. At 1270 K
time. Analysis of the temperature de- the diffusivity of Co is 10 cm?/s.
D |
T T T |
1.0 L
2
0.8 -
06 ]
04 L
0.2
I I I | | | ! I 1
04 042 o044 107 08 09 10 E. eV

Fig. 3. Spectra of optical density of ZnS:Co crystals in the [R-region. Samples (/) 3 and (2) 4.

A*, arb. un.
1.0 I D, cm®/s I
107 1
0.8 I 1
51017 |
06 L 4 7
1 -10 | | |
8 8284
0.4 5 10T, K" 7
02 ] -
| |
50 100 150 X, um

Fig. 4. Profiles of relative optical density (points in the curve) and diffusion profiles of Co (solid lines) of
ZnS:Co crystals, samples (/) 3 and (2) 4. The temperature dependence of the Co diffusivity in ZnS crystals is
in the inset.
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OPTICAL ABSORPTION AND DIFFUSION OF COBALT IN ZnS SINGLE CRYSTALS

Abstract

ZnS:Co single crystals obtained by diffusion doping are investigated. The spectra of optical density
in the energy range 0.4-3.8 eV are investigated. On absorption edge shift of investigated crystals the
cobalt concentration is calculated. Nature of optical transitions determining optical properties of
ZnS:Co single crystals in the visible and IR-region of spectrum is identified.
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The diffusion profile of the Co dopant is determined via measurement of the relative optical density
of the crystals in the visible spectral region. The Co diffusivities in the ZnS crystals at 1170-1270 K
are calculated. The Co diffusivity at 1270 K equals 10® cm?/s.

Key words: zinc sulfide, diffusion doping, cobalt impurity, optical density, diffusivity.

YK 621.315.592
0. A. Huyyx, 0. @. Baxcman, FO. M. I[Iypmosg

OIITUYECKOE NOINTOIEHUE U TN®®Y3USA KOBAJIBTA B MOHOKPUCTAJIJIAX
7nS

Pesrome

Hccnenoanbl MoHOKpucTauiel ZnS:Co, moxydeHHble MeTooM () ()y3nOHHOTO JIeTHPOBAHUS.
HccnenoBaHbl CIEKTPHI ONTHYECKON TIIOTHOCTH B oOnactu »Hepruil 0.4-3.8 5B. Ilo Bennuune
CMEILeHUs Kpas MOIJIOLIEHUS OIpesielieHa KOHIICHTpalus KoOaabTa B UCCIIEYyEMbIX KPUCTAIaX.
WnentudunupoBaHa npupoja ONTUYECKUX MEPEX0I0B, ONMPEACIIAIONINX ONTHYECKHUE CBONHCTBA
MoHokpuctamioB ZnS:Co B Buaumoii u MK-obmactu ciekrpa.

Juddy3nonnsiii npoduins npuMecu KobasibTa OnpeaesieH MyTeM U3MEpPEHUsT OTHOCUTEIbHON
ONTUYECKOH MIIOTHOCTH KPUCTAJUIOB B BUIUMOI obnactu crektpa. Paccuntanbl ko3 UIUEHTHI
muddy3uu kobansTa B Kpuctamuiax ZnS npu temneparypax 1170-1270 K. ITpu 1270 K koadpurpent
nddysun kobanera cocrasisier 107cm?/c.

KoaroueBblie ciioBa: cynbpu nuHKa, 1U(Qy3HOHHOE JIerHpOBaHUE, IPUMECh KOOAIbTa, ONTHYECKas
IUIOTHOCTb, KO3 GUIHEHT 1upPy3un.

VK 621.315.592

0. A. Hiyyk, 1O. @. Baxkceman, FO. M. Ilypmosg
OIITUYHE NOTJINHAHHSI 1 JTU®Y3151 KOBAJIBTY B MOHOKPUCTAJIAX ZnS

Pesrome

Metonom nudysiiiHoro seryBanHs oTpuMani MoHOKpuctanu ZnS:Co. JlochaiTKeHo CeKTpu
OINITUYHOI I'YCTHHHU B 00macTi eHepriii 0.4-3.8 eB. 3a Benn4ynHOIO 3CyBY Kparo MOTTMHAHHS BU3HAYCHA
KOHLIEHTpALlisl XpOMy B JOCIIJ)KyBaHUX KpuUcTaiax. [neHTudikoBaHi ONTHUYHI MEPEXOIH, L0
BU3HAUYAIOTh CIIEKTP MOMIMHAHHS MOHOKpHcTaniB ZnS:Co B Buaumiii Ta IY obnacTi criekTpy.

Judysiitauii npodine nomimku Co BU3HAYaBCS 32 BUMIPIOBAHHSAMH BIJHOCHOI ONITHYHOI TYCTUHHU
KpUCTaJiB y BUAUMIN oOmacti ciekTpy. Brepiie po3paxoBaHo koedimieHTH nudy3ii kodansTy B
kpuctanax ZnS npu temneparypax 1170-1270 K. ITpu 1270 K xoediuienT qudysii KodanbTy CTaHOBUTD
10? em?/c.

KuarouoBi cioBa: cynbdia nUHKY, 1udy3iliHe JeryBaHHs, JTOMIIIKa KOOAIbTY, ONTUYHA TYCTHHA,
koedimieHT qudy3ii.
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ELECTRON-COLLISIONAL SPECTROSCOPY OF ATOMS AND

MULTICHARGED IONS IN PLASMA:

Ne ATOM AND Be-LIKE IONS

The generalized relativistic energy approach with using the Debye
shielding model is used for studying spectra of plasma of the multi-
charged ions and determination of electron-impact cross-sections and
other spectral parameters for Ne-atom and Be-, Ne-like ions.

1. Introduction

Optics and spectroscopy of laser-produced hot
and dense plasmas, known as laser plasma, has
drawn considerable attention over the last two
decades through the recent laser-fusion studies
[1-24]. Similar interest is also stimulated by im-
portance of these data for correct description of
parameters characteristics for plasma in thermonu-
clear (tokamak) reactors, searching new mediums
for X-ray range lasers. In recent years the X-ray
laser problem has stimulated a great number of
papers devoted to the development of theoretical
methods for modelling the elementary processes in
collisionally pumped plasma (see [1-16] and Refs.
therein). There are constructed first lasers with
using plasma of Li-, Ne-like ions as an active me-
dium. The laser effects have been discovered on
the transitions of Ni-like and other ions. An impor-
tant application of the theory of atomic spectra in
plasma is search of the optimum plasma excitation
condition for lasing and discovery of new pump-
ing approaches. In addition, these investigations
are important to understand the plasma processes
themselves. Different atomic levels are populated
in a plasma by different physical processes. This
results in a different dependence of the each line
intensity on the plasma parameters. In most plas-
ma environments the properties are determined
by the electrons and the ions, and the interactions
between them. The electron-ion collisions play a
major role in the energy balance of plasmas. For
this reason, modelers and diagnosticians require
absolute cross sections for these processes. Cross

sections for electron-impact excitation are needed
to interpret spectroscopic measurements and for
simulations of plasmas using collisional-radiative
models.

In many papers the calculations of various
atomic systems embedded in Debye plasmas have
been performed (as example, see [13-19]). Dif-
ferent theoretical methods have been employed
along with the Debye screening to study plasma
environments. Two principal theoretical problems
must be solved in order to develop a code ad-
equate to predict the plasma parameters for many
applications, i.e. accurate estimate of electron-
collisional parameters for processes in plasma and
kinetics calculations to find level inversions, gain
coefficients at definite plasma parameters. Earlier
[19-25] we developed a new generalized relativ-
istic energy approach combined with the relativ-
istic many-body perturbation theory (RMBPT)
for multi-quasiparticle (QP) atomic systems for
studying spectra of plasma of the multicharged
ions and electron-ion collisional parameters. The
method is based on the Debye shielding model
and energy approach [4-8,21-25]. Here some new
results on oscillator strengths and energy shifts
due to the plasma environment effect, collisional
excitation cross-sections for atom of neon and
some Be, Ne-like ions are presented for different
plasma parameters.

2. Energy approach in scattering theory and
the Debye shielding model

The generalized relativistic energy approach
combined with the RMBPT has been in details

described in Refs. [21-24]. It generalizes earlier
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developed energy approach by Ivanov-Ivanova
et al [4-8]. Here we briefly present the key mo-
ments of our method. Namely, the key idea is in
calculating the energy shifts DE of degenerate
states that is connected with the secular matrix M
diagonalization [4-6]. To construct M, one should
use the Gell-Mann and Low adiabatic formula for
DE. The secular matrix elements are already com-
plex in the PT second order (the first order on the
inter-electron interaction). The whole calculation
is reduced to calculation and diagonalization of
the complex matrix M .and definition of matrix of
the coefficients with eigen state vectors Bf,v [4-
6,19]. To calculate all necessary matrix elements
one must use the basis’s of the 1QP relativistic
functions. In many calculations of the atomic el-
ementary process parameters it has been shown
that their adequate description requires using the
optimized basis’s of wave functions. In [6] it has
been proposed “ab initio” optimization principle
for construction of cited basis’s. There is used the
minimization of the gauge dependent multielec-
tron contribution of the lowest QED PT correc-
tions to the radiation widths of atomic levels. In
the fourth order of QED PT there appear diagrams,
whose contribution into the ImdE accounts for the
polarization effects. This contribution describes
collective effects and it is dependent upon the
electromagnetic potentials gauge (the gauge non-
invariant contribution dE ). The minimization of
functional ImdE  leads to an integral differential
equation, that is numerically solved. In result one
can get the optimal one-electron basis of the PT
[21-23]. As an example, consider the collisional
de-excitation of the Ne-atom:
()3 IM], 2, )@, e ). (1)
Here @ is the state of the ion with closed shells
(ground state of the Ne-like ion); J is the total
angular moment of initial target state; indices v,
ie are related to initial states of vacancy and elec-
tron; indices ¢, , ¢, are the incident and scattered
energies respectively to incident and scattered
electrons. The initial state of the system «atom
plus free electron» can be written as

— 4 + JisM;
I >=a; 2 aieaivq)ocmie’miv

2
mjy,Mje
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Here (/M is the Clebsh-Gordan coefficient.

I > 115,

Final state is as follows: where ® o 1s the state of

an ion with closed electron shells (ground state
of Ne-like ion), |[> represents the 3QP state, and
|F> represents the 1QP state. The justification of
the energy approach in the scattering problem is
in details described in [4-6,21-23]. For the state
(2) a scattered part of energy shift ImdE appears
first in the second order of the atomic perturbation
theory. The collisional de-excitation cross section
is defined as follows:

oK —>0)=27 Y (2j,.+1)

JinsJse

{z< 0|jin’jsc |jie’jiv’Ji > B:']e],<:'\z}2

Jie Jiv

3)

The amplitude like combination in (3) has the
following form:

<0 | JinsJse | jieajiv"]i >= \/(2jie +1)(2jiv +1)

A

“4)
X {8;%]1, /(2J; +1)O; (sc,ie;iv,in) +
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+ 707 O, (ie;insiv,sc)}»
|:]ie...]l'v....?\, A

where O, = O, @'+ Q, P'is, as a rule, the sum of the
Coulomb and Breit matrix elements.

Further consider the Debye shielding model. It
is known (see [10-14,19] and refs. therein) in the
classical theory of plasmas developed by Debye
and Hiickel, the interaction potential between two
charged particles is modelled by a Yukawa - type
potential as follows:

Vir, rj) =(ZZ/)r -r)texp (-ulr -r,]), (5)
where 7, r, represent respectively the spatial co-
ordinates of particles A and B and Z ,Z, denote
their charges. A difference between the Yukawa
type potential and standard Coulomb potential
is in account for the effect of plasma, which is
modeled by the shielding parameter x [1]. The
parameter u is connected with the plasma param-
eters such as the temperature 7 an d the charge
density n as follows: u~.le’n/k,T . Here,
as usually, e is the electron charge and «, is the



Boltzman constant. The density » is given as a
sum of the electron density NV, and ion density N,
of the k-th ion species having the nuclear charge

g, :n=N,+ D 4N, . Under typical laser plasma
k

conditions of 7~1keV and n~10%* cm the param-
eter u is of the order of 0.1 in atomic units [13,14].
If the Debye radius limits to 0, or a parameter u
becomes very large, the Debye approximation
doesn’t be true. If the parameter x4 becomes very
small, the plasma screening effect on the plasma-
embedded atomic systems is not significant. But,
even in this case it is practically useful to apply
the formulas of the Debye shielding model. By
introducing the Yukawa-type e-N and e-e interac-
tion potentials, an electronic Hamiltonian for N-
electron multicharged ion in a plasma is in atomic
units as follows [19]:

H =) [acp - fmc’* —Zexp(—p;)/ 1;]+

l 1—a.o.
+Z(L’a’)e><p(—%)

i>j r,','

(6)

A difference between our model Hamiltonian
(6) and analogous model Hamiltonian with the
Yukawa potential of Refs. [13,14] is in using the
relativistic approximation, which is obviously nec-
essary for adequate description of such relativistic
systems as the high-Z multicharged ions. To de-
scribe the electron-ionic core interaction we use
the optimized Dirac-Fock potential (for Be-like
ions) or optimized model potential by Ivanova et
al (for Ne-like ions) with one parameter [8], which
calibrated within the special ab initio procedure
within the relativistic energy approach [6]. The
modified PC numerical code ‘Superatom” is used
in all calculations. Other details can be found in
Refs. [4-8, 19-24].

3. Results

We applied our approach to calculate the radia-
tive and collisional characteristics (energy shifts,
oscillator strengths, electron-ion cross-sections
and collision strengths) for the neon atom and
Be-, Ne-like ions embedded to the plasma envi-
ronment. Firstly, we present our results on energy
shifts and oscillator strengths for transitions 2s*-
2s in spectra of the Be-like Ni and Kr. The

1/22p1/2,3/2

corresponding plasma parameters are as follows:
n =10*-10*cm” , T=0.5-2 keV (i.e. m:~0.01-0.3).
In table 1 and 2 we list the results of calculation
of the energy shifts DE (cm™) for 2s°-[2s, 2p, , ..,
transitions and oscillator strengths changes for
different plasma parameters (the electron den-
sity and temperature). There are also listed the
available data by Li etal and Saha-Frische: the
multiconfiguration Dirac-Fock (DF) calculation
results and ionic sphere (I-S) model simulation
data (from [13,19] and refs. therein). The analysis
shows that the presented data are in physically rea-
sonable agreement, however, some difference can
be explained by using different relativistic orbital
basises and different models for accounting of the
plasma screening effect. From the physical point
of view, the behavior of the energy shift is natural-
ly explained, i.e by increasing blue shift of the line
because of the increasing the plasmas screening
effect. The electron-ion collisional characteristics
of the Be-like ions are of a great importance for
such applications as diagnostics of astrophysi-
cal, thermonuclear plasma and also EBIT plasma
[1-13]. In the last case the characteristic values
of electron density are significantly lower as the
considered above on several orders. In [16,17] it
is performed the MEIBEL (merged electron-ion
beams energy-loss) experiment. The experimental
data (dots) are listed for Be-like ion of oxygen in
figure 1, where the cross-section of electron-im-
pact excitation of [2s?'S -(2s2p 'P)] transition for
Be-like oxygen is presented. In figure 1 there are
also presented the theoretical results for the cross-
section (in 10" cm?), obtained by calculation on
the basis of the 3-configuration R-matrix theory
and our data [16,25]. The analysis shows that for
energies lower 20eV there is a physically reason-
able agreement between data of both theories and
experiment. For energies higher 20eV there is a
large disagreement of our data and R-matrix data.

It is provided by different degree of accounting
for the correlation effects (configuration
interaction) and different basises of relativistic
wave functions. In table 3 there are listed our
theoretical results and experimental data by
Khakoo et al [23] for integral electron-impact
cross-sections (in 10"Pcm?) of excitation of the
neon atom to the 2p*3s[3/2]°,, 2p°3s[1/2]°, states
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of the 2p°3s configuration. The full data for
neutral Ne are in Ref. [25]. Further we present
results of studying collisional parameters of ions
in collisionally pumping plasma of the Ne-like
ions with parameters T = 20-40eV and density
n = 10" cm”. This system is of a great interest
for generation of laser radiation in the short-wave
range of spectrum [4].

Table 1. Energy shifts DE (cm™) for 2s*-[2s 2p, ],
transition in spectra of the Be-like Ni and Kr for dif-
ferent values of the n, (cm™) and T (in eV) (see expla-
nations in text)

Figure 1. Cross-section of electron-impact ex-
citation of [2s?'S -(2s2p 'P)] transition for Be-
like oxygen with the MEIBEL experiment data
(dots); theory — R-matrix theory (continuous line)
[16,17]; our theory (dotted line).

il

Ceuenne (10"cm?)

5 200

20.5

21.0

215

Dueprus (3B)

Table 3. Theoretical (Th.; our) and experimental (Exp.)
data by Khakoo et al [23] for integral electron-impact
cross-sections (in 10"?cm?) of excitation of neon atom
to the 2p°3s[3/2]°,, 2p°3s[1/2]°, states of the 2p*3s
configuration. (E,eV) [10,11,19]

n, 10* 10% 10% 102 10% 10%
Z . . .
kT Li Li Liet Our Our Our
et et al data data data
al al

INIXXV 500 [31.3 [292.8 [2639.6 [33.8 |300.4 [2655.4
1000 [23.4 [221.6 [2030.6 |25.7 [229.1 [2046.1
2000 (18.0 |172.0 |[1597.1 |[20.1 [179.8 [1612.5

1-S 8.3 86.6 | 870.9
KrXXXII 500 [21.3 |197.9 [2191.9 [27.2 |2154 [2236.4
1000 |15.5 [150.5 |1659.6 |21.3 [169.1 |1705.1
2000 ([11.5 |113.5 |1268.0 |[16.9 [128.3 [1303.8

Table 2. Oscillator strengths gf for 2s*-[2s 2p, ],
transition in Be-like Ni and Kr for different values of
the n, (cM™) and T (in eV) (gf —the gf value for free

E, Exp.- Exp.- Th. - Th.-
2p°3s[3/2]°, | 2p*3s[1/2]°, | 2p*3s[3/2]°, |2p*3s[1/2]°,

20 14.6 2.7 14.9 2.9

30 9.7 1.7 9.9 1.8

40 4.9 1.1 5.1 1.15

50 4.0 0.9 3.9 0.8

100 0.5 0.1 0.4 0.13

ion)

n, 102 10% 10% 102 10 10%
Li . .

. Li Li of - our our our
kT | Lietal etal etal etal our data data data
500 | 0.1477 |0.1477 |0.1478 |0.1487 [0.1480 |0.1480 [0.1483 |0.1495
1000 0.1477 |0.1477 [0.1482 0.1480 |0.1483 [0.1495
2000 0.1477 [0.1477 |0.1481 0.1479 |0.1482 |0.1493

I-S 0.1477 [0.1477 10.1479
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It is obviously more complicated case in compari-
son with previous one. Here an accurate account
of the excited, Rydberg, autoionization and con-
tinuum states plays a critical role. In table 4 we
present the theoretical values of the collisional ex-
citation rates (CER) and collisional de-excitation
rates (CDR) for Ne-like argon transition between
the Rydberg states and from the Rydberg states to
the continuum states (see details in [5,19]). Speech
is about the Rydberg states which converge to
the corresponding lower boundary of continuum
-¢, (figure 2). As it is indicated in [5,19], the pa-
rameter -¢is the third parameter of the plasma



environment (together with electron density and
temperature). In fact it defines the thermalized
energy zone of the Rydberg and autoionization
states which converge to the ionization threshold
for each ion in a plasma. Usually value ¢, can be
barely estimated from simple relation: € =0.1x7 .
In the consistent theory the final results must not
be dependent on the model parameters, so the
concrete value of € is usually chosen in such way
that an effect of its variation in the limits [0.01xT,
0.1xT'] (for Ne-like ions) doesn’t influence on the
final results. Usually few subzones can be sepa-
rated in the zone of Rydberg states (figure 2) [5].
In tables 4 and 5 we list the theoretical collisional
excitation (CER) and de-excitation (CDR) rates
for Ne-like Ar in plasma with n =10"*cm~,
T, =20eV (table 4) and 40 eV (table 5). For
comparison there are listed data by Ivanov etal
(RMPPT without shielding effect [4,5]).

st
L Ve Vo Vol
—_—¢
I
— €1
17
117
— €3

Figure 2. Rydberg states zones (Ne-like ion: [Ne,i],nl);
¢, 1s a boundary of thermalized zone, neighboring to
continuum,; €, -ionization potential for states nl=3s; e =
(e,te,)/2, e =(e,Te, )2

This effect plays an important role for Debye
plasma. An account for exchange-correlation
effects and superposition of the highly-lying
excited states are quantitatively important for
adequate description of the collision parameters.
In our scheme the optimal 1-QP basis is used. The
PT first order correction is calculated exactly, the
high-order contributions are taken into account for
effectively: polarization interaction of the above-
core QPs and effect of their mutual screening
(correlation effects). The calculations encourage
us to believe that using energy approach combined
with the optimized relativistic Debye-model
many-body PT is quite consistent and effective
tool from point of view of the theory correctness
and exactness. Obviously, the presented approach

can be used in theory of other collisional processes
and, in general speaking, other systems (see [24]
and refs. therein). Its using is very perspective
when the experimental data on corresponding
properties and systems are very scarce or absent.

Table 4. The collisional excitation (CER) and de-
excitation (CDR) rates (in cm?/s) for Ne-like argon
in plasma with parameters: n= 10”2’ cm™ and
temperature T =20eV.

RMPPT Our data
Para- n,cm® T = T= T-= T,-= T = T=
meters 20eV  20eV  20eV  20eV  20eV 20eV
Tran- 1-2 153 253 12 1-3 23
si-
tion
CDR 1.0+19 5.35-10 1.64-10 1.13- 5.77- 1.92-10 1.28-09
(i—1 k) 09 10
1.0+20 5.51-10 1.60-10 1.12- 5.94- 1.78-10 1.25-09
09 10
Tran- 2—>1 3-1 352 2-1 31 352
si-
tion
CER 1.0+19 5.43-10 5.39-12 2.26-11 5.79- 1.88-12 2.64-11
(i—i ;k) 10
1.0+20 3.70-10 8.32-12 2.30-11 4.85- 1.13-11 2.78-11

10

Table 5. Collisional excitation (CER) and de-excitation
(CDR) rates (in cm?/s) for Ne-like argon in plasma
with parameters: n= 10" ¢cm™ and temperature T,
=40eV (our data)

Parameters  n,, cm? T,=40eV T, =40eV T, =40¢eV
Transition 1-2 1-3 253
CDR (i—ik) 1.0+19 3.18-10 8.45-11 6.81-10

1.0+20 5.02-10 1.56-10 4.99-10
Transition 2—1 3—-1 32
CER (i—ik) 1.0+19 5.33-10 5.63-10 7.11-11
1.0+20 7.67-10 6.94-11 8.93-11
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EVOLUTION OF STRUCTURAL DEFECTS IN SILICON CAUSED BY

HIGH-TEMPERATURE OXIDATION

The dislocation self-organization processes in near-surface silicon layers of Si-
SiO, during high temperature oxidization have been investigated. It was observed
the complex destruction of these layers caused by relaxation of mechanical stresses.
We have proposed the defect formation mechanism of near-surface layers in Si-SiO,
structure. For self-organization processes to be explained, the synergetic method was
applied. It was shown that the formation of periodical dislocation structures at the
interface is a consequence of the spatial instability of the dislocation distribution in
the crystal, their self-organization due to correlation effects between the oxygen dif-
fusing along structural defects and an ensemble of dislocations.

1. INTRODUCTION

Structures Si-Si0, are widely used in modern
micro and nano — electronics. Electrophysical pa-
rameters of these structures depend on many fac-
tors. The property of initial semiconductor, silicon
dioxide parameters, and the presence of structural
defects on the interface can have an effect on the
quality of devices based on the Si-SiO, structure
[1]. Despite a huge number of articles related to
this problem, interest in the study and production
of the Si-Si0, structure is increasing. Due to tran-
sition of the active devices elements to nanoscale
the quality of the Si-SiO, interface plays an impor-
tant role in electrical processes. Even existence of
one dislocation in space-charge zone of the device
leads to catastrophic degradation of ten thousands
nanoscale elements and as a consequence causes
a reduction in quality of functional units [2, 3].

Dislocations in silicon and other semiconduc-
tors have been well studied both theoretically and
experimentally. Properties of dislocations were
under investigation since the initial observations
of these extended defects in crystalline semicon-
ductors. Complexity of the investigations was re-
lated to large variety of dislocation structures and
to strong interaction of dislocations with impuri-
ties and other defects [1]. Moreover, previously
applied methods for introduction of dislocations
to the bulk of the crystal, i.e. plastic deformation,

indentation, oxide precipitation etc., were not ca-
pable of well-controlled fabrication of dislocations
regarding their structure, electro-optical proper-
ties, location and state of decoration with impu-
rities. As a result, many important properties of
dislocations still remain under discussion. Namely,
relations of optical and electrical properties of
dislocations with their microscopic structure were
not yet well established.

On the other hand, the complex defect structure
is formed at near-surface Si-SiO, interface dur-
ing high-temperature oxidization. The disordered
silicon layer and the dislocation network layer are
both present in this structure. Also, the additional
chemical treatment of dislocation networks al-
lowed us to obtain nanostructured silicon surface
which fluoresces in a visible spectrum range [4].
Such a periodical structure as a dislocation net-
work is a consequence of self-organization pro-
cesses of defects at near-surface silicon layers of
the Si-SiO, interface.

The self-organization of ordered structures is
a recurring theme in physics, chemistry, and biol-
ogy. Spatially periodic patterns, in particular, are
observed at length scales ranging from the atomic
to the astronomical. Self-organized patterns are
rarely perfect; topological defects, such as disloca-
tions and disclinations, are an intrinsic element of
their phenomenology.
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This paper is devoted to studying of disloca-
tion self-organization processes in silicon dur-
ing high temperature oxidization. We have been
tasked with investigating on the complex defect
structure of the Si-Si0, interface and to determine
the mechanism of self-organization processes of
dislocations.

2. EXPERIMENTAL RESULTS

The experiments were carried out on p-type
Si samples cut from the Czochralski grown wa-
fers. The initial wafers were doped with boron
(N, ~ 10" cm™). The silicon wafers were oxi-
dized in dry oxygen at 1150C (the oxide thickness-
es were about 0.1 — 1.5 um ) followed by etching
in a hydrofluoric (HF) acid solution and treatment
of the silicon surface by selective etchants (SE).
To reveal the deformation-induced defects (dis-
locations), the surface of samples was selectively
etched by the Secco-etchant and the Sirtl-etchant
for the (100) and (111) surfaces, respectively.

The following techniques and equipment were
used for examination of the silicon surface upon
chemical treatment:

- Scanning electron microscopes (SEM) (Cam-
Scan 4-D with a Link-860 system of an energy
dispersion analyzer; REM-104);

- Auger electron spectroscopy (AES) («Riber»
Las-300 spectrometer);

- Optical methods using an MMR-2R micro-
scope;

- X-Ray analysis.

During investigations of near-surface silicon
layers of the Si-SiO, interface the complex defect
structure was revealed. Directly below the silicon
dioxide there was a layer of disordered silicon.
A pattern of the silicon surface upon removed
a 1 wumthick dioxide is shown in Figure 1.
The tendency is clearly seen for the absence of
etch pits typical for a crystalline structure. The
irregularly shape pits can be associated with the
oxide formed under enhanced diffusion of oxygen
along structural defects. We were unable to view
the silicon surface using an SEM since the surface
was heavily charged. This made it impossible to
obtain a reflected electron beam. These results
enabled us to conclude that the silicon surface
had a highly disordered structure close to a fine-
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polycrystalline or even an amorphous. X-Ray
analysis allowed us to calculate the average sizes
of silicon grain. The sizes were about 0.3 — 1
um and depend on oxidization conditions, the
structural defect density and dioxide thickness [5].

Figure 1. Optical image of the silicon surface after
removal of an oxide layer (1 x 1000).

With further 5 minutes of SE, dislocation net-
works were formed on the silicon surface (Fig-
ure 2 (a, b)). The dislocation networks were deco-
rated by SiO,. This observation is supported by the
fact that further etching can be performed without
an oxidant. This is also confirmed by an X-Ray
analysis and Auger spectroscopy analysis (Tab-
le 1). Given the SE velocity is about 3 gm/min ;
the depth of dislocation networks was calculated
to be about 30 xm for an oxide thickness of 1 gm ..
The thickness of the silicon layer with dislocation
networks was about 10 um .

Figure 2. (a) SEM image of a typical dislocation
network pattern upon selective etching in the Sirtl-
etchant for 10 min. (b) SEM image of a typical
dislocation network pattern upon selective etching
in the Sirtl-etchant for 15 min.



Table 1. Calculations of Auger-spectra of elements in
the dislocation network.

Element Amount, % [atomic percent]
K 0.00
C 0.452
Na 0.04
Si 95.245
o 3.742

The dislocation networks occur at the
disordered silicon — crystalline silicon interface
and disappear at the interface between the two
nearest silicon layers (Figure 3) [6]. In case of the
absence of layered structure, dislocation networks
transform in the single dislocations (Figure 4).

X100 100pm 0808 10'5% SEI

0KV

Figure 3. A typical
SEM image of the
silicon wafer cleav-
age with a layered
structure.

Figure 4. A typical SEM im-
age of single dislocations on
the silicon wafer cleavage.

It is known, that dislocations which are
generated under the influence of diffusion
impurity, form the flat dislocation network that
are parallel to the solidification front. Stresses
lead to plastic deformations due to a difference
of atomic radius of the dopant and silicon (for
example: R, =1.17 A, R, =0.88 A,R,=1.10 A).
The Wegard’s law describes the deformation if the
dopant atom penetrates into the crystal (taking into
account the sp® hybridization) [7]

g=wN, (1)
where o - Vegard’s coefficient (depends on a
type of impurity atoms and their lattice position),

N — impurity concentration. Besides, stresses in
the crystal due to the penetration of atoms with
another radius are described by the following
equation [8]

o= 20w TNy NG, @)
0

where u — shear modules, v — Poisson ratio, y
— the interior plane of the crystal and limited by
planes situated at a given distance. Calculations
have shown that the stresses (concentration of
the impurity) required for Boron at which plastic
deformation occurs are about 10'® cm=[9]. A
pattern of the dislocation network which was
generated under the influence of Boron is shown
in Figure 5.

Figure 5. SEM image of a typical dislocation
network pattern (concentration of the Boron is
3 10%¥ cm™).

We can explain the generation of dislocation
networks at the silicon in the same initial analysis.
The ionized oxygen overcomes the potential
barrier at silicon surface and penetrates into the
interstices of silicon crystal lattice. The knocking
out processes of silicon atoms of the crystal lattice
are begun when oxygen ions reach the saturation
stage. Silicon atoms diffuse into the bulk due to
the impossibility to fill the interstices occupied by
oxygen. This process is accompanied by a rapid
diffusion of oxygen along the lines of structural
defects, thereby raising the level of mechanical
stress. Thus, the increasing of mechanical stresses
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in the surface layer of silicon at the early stage of
oxidation leads first to the elastic deformation and
then to plastic deformation respectively. Stresses
in silicon layers cause the different types of defects
depending on these stresses values. The layer of
maximum oxygen concentration is becoming the
silicon dioxide with an amorphous structure. Next
layer of silicon has highly disordered structure of
oxygen-rich nonstoichiometrical oxides. And last
layer consists of dislocation networks decorated
by oxygen and nonstoichiometrical oxides.
It should be noted that the boundary between
disordered silicon and dislocation networks is
relative because of the disordered silicon consists
of grain boundary dislocations.

3. THEORETICAL MODEL

Unfortunately, this empirical theory failed to
explain why, in some cases, the dislocations are
organized in a strictly periodic structure. For this
structuring of the silicon surface to be clarified, we
applied synergetic method.

The formation of defect structures like
dislocation networks is the consequence of spatial
instability of the distribution of dislocations in
the crystal and their self-organization. There are
two different conditions of behavior of the defect
ensemble during plastic deformation. The plastic
flow regime takes place for insignificant stresses
and low defects density. This regime of plastic
flow is carried out autonomously by external
influences. At a certain magnitude of the stress, the
coherent regime takes place, and the correlations
effects between dislocations begin to appear [10-
12].

Let us consider the following model (Figure 6).
A semi-infinite plane X0Y is an interface Si-SiO,.
Let us fix some plane at a certain depth Z

0 A z

Diffusion
direction 4
s St

X

Figure 6. Diffusion model (triangles — disloca-
tions on the surface, dash lines — directions of
enhanced diffusion of oxygen).
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During high-temperature oxidation in a given
plane will be the processes that lead to the forma-
tion of structural defects, and to their annihilation.
The kinetic equation for the dislocation density
N, in the given plane is

dN

—4 - AN, -BN;+CN,N,,

7 3)

where A is a constant characterizing the sources
of the generation of structural defects, B is a con-
stant characterizing the sources of the annihilation
of dislocations, and here is characterized by a qua-
dratic law [11], C is a constant characterizing the
generation of dislocations due to stresses caused
by the oxygen penetrated along the dislocation,
N, is an oxygen concentration.

It is obvious, that the concentration of oxygen
in the given plane depends on the density of struc-
tural defects, along which occurs the enhanced
diffusion. Thus, a case of self-consistency between
the dislocation density and oxygen concentration
takes place. If we assume that the interface XY is
a constant source of oxygen then obviously the
kinetic equation takes the form

dN,
dt

~DN,-EN,+FN,N,, (4)

where D is a constant characterizing the concen-
tration of oxygen diffusing along dislocations, E
is a constant characterizing the annihilation chan-
nels, F' is a constant characterizing the increasing
of oxygen concentration due to the generation of
new dislocations. Coherent (autocatalytic) regime
requires equality sign of the last term in (3) and
(4), namely it must be positive to comply with the
positive feedback.

We faced with nonlinear system (3)-(4) which
does not have an analytical solution. Let us write
the equations in dimensionless form

dNy _Nof), No Ny
dt v 0 )

AN, _ 1[Ny [{_Na
dt _tz(n N”(l §N ©

where #, =1/ A4, t, =1/ D are characteristic times
of the autonomous change the density of defects;

)




scales terms @ =A4/B and n=D/& determine
the density of dislocations without oxygen;
characteristic densities v=A4/C and £=D/F
determine the intensity of the relative influence
of defects. Let us introduce the dimensionless
density of defectsy=N, /&, x=N,/v and di-
mensionless timez =t¢/¢,. Such parameter as
o =t,/t, determines the ratio of characteristic
times f=¢&/6 determines the intensity ratio of
the generation and annihilation of defects and
y =&/ (vn) determines the relative intensities of
the relative influence of dislocations and oxygen.
In dimensionless quantities the system becomes

D ay(1+x-py), ™
%z—x(l—y)Jr}/y. ()

As a matter of fact, the nonlinear equations (7)-(8)
have the opportunity to be analyzed qualitatively
for different values of the parametersa, 5,7 . In
order to generation rate of defects was greater than

their annihilation, the following conditions > 1,
2

y < (\/ﬁ —1) must be met. The phase portrait is

shown in Figure 7. Phase curves converge to the

point ¥ (coherent regime) which has an asymp-
tote N, =(£/v)[(1,/6,)+(£/6)] ' N,. On the
one hand, the coherent regime is carried out by
a high concentration of oxygen (the bottom of
phase portrait). On the other hand, the coherent
regime is carried out by increasing of dislocations
(the top of phase portrait). However, it requires an
initial density of defects (dislocations) exceeding
a critical value which depends on many micropa-
rameters.

4. CONCLUSIONS

Thus, as shown by experimental investigations,
the near-surface layers of silicon at the silicon
— dioxide interface has a complex structure and
consist of polycrystalline silicon region and dis-
location network region. Generation of disloca-
tion networks can be explained by accelerated
thermodiffusion of oxygen atoms along initial
structural defects that are present in silicon before
high-temperature oxidation. In order to explain the

generation of such periodical dislocation structure,
it was applied the synergetic method.

¥

/

Figure 7. Phase portrait (dimensionless density
of defects: y — dislocations, x — oxygen; £ —
coherent regime).

X

The formation of periodical dislocation struc-
tures at the interface is a consequence of the spa-
tial instability of the dislocation distribution in the
crystal and their self-organization due to correla-
tion effects (coherent regime) between the oxygen
atoms diffusing along structural defects and an en-
semble of dislocations. The coherent regime could
take place in the case of increasing of dislocations
or a high concentration of oxygen.
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UDC 537. 311. 33: 622. 382.33
L R. latsunskyi

EVOLUTION OF STRUCTURAL DEFECTS IN SILICON CAUSED BY
HIGH-TEMPERATURE OXIDATION

Abstract

The dislocation self-organization processes in near-surface silicon layers of Si-SiO, during high
temperature oxidization have been investigated. It was observed the complex destruction of these lay-
ers caused by relaxation of mechanical stresses. We have proposed the defect formation mechanism
of near-surface layers in Si-SiO, structure. For self-organization processes to be explained, the syner-
getic method was applied. It was shown that the formation of periodical dislocation structures at the
interface is a consequence of the spatial instability of the dislocation distribution in the crystal, their
self-organization due to correlation effects between the oxygen diffusing along structural defects and
an ensemble of dislocations.

Key words: dislocations, self-organization, Si-SiO, structure.

YK 537.311. 33: 622. 382.33
U. P Ayynckuu

IBOJIONUA CTPYKTYPHBIX JE®EKTOB B KPEMHU, BbI3BAHHOE
BBICOKOTEMITEPATYPHBIM OKUCJIEHUEM

Pesrome

IIpouecchl camMoopraHu3aluy JUCIOKAMI B IPUTIOBEPXHOCTHBIX CIOEB KpeMuus B Si-SiO, npu
BBICOKOTEMIIEPAaTYPHOM OKHCJIEHHUH ObUIN HMCCieoBaHbl B JaHHOH paboTe. bputo onpexneneHo, uyto
MOSIBJIGHUE CIIOKHOM e(PEeKTHON CTPYKTYpBl BBI3BAHO pellakcallueld MEXaHUYECKUX HaIPsHKEHUH.
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Bb110 npenoxeno MexanusM o6pa3oBanus A€(PEKTOB B NPUIOBEPXHOCTHBIX croax Si-SiO,. IIpo-
LIECChl CaMOOpraHu3aluu 00bACHAETCS, B paMKaX CUHEPreTUYeCcKoro Metoja. bbulio nmokasaHo, 4ro
dbopMupoOBaHHE IEPUOANYECKON CTPYKTYPHI TUCIOKAIIMHA HA TPAHUIIE SBISETCS CIEICTBUEM TPO-
CTPaHCTBEHHON HEYCTOMYMBOCTHU pacHpeesICHUs AUCIOKALUN B KpUCTAJUIE, UX CAMOOpraHU3aluy 3a
CUET KOPPEISLUN MEXITy KHCIOPOIOM, KOTOPBIA PacIipoCTPaHsIETCs BAOIb CTPYKTYPHBIX Ne(EKTOB U
aHcamOJIs IUCIOKALUHI.

KuroueBble cj10Ba: JMCIOKAIMK, CAMOOPraHu3anus, CTpykrypa Si-SiO,

YIAK 537.311. 33: 622. 382.33
1. P Ayyncoxuu

EBOJIIOISA CTPYKTYPHUX JE®EKTIB B KPEMHII, IKE BUKJIUKAHE
BUCOKOTEMIIEPATYPHUM OKUCJIEHHAM

Pe3rome

I[Ipouecu camoopranizanii IMCIIOKaIli B IIPUIIOBEPXHEBUX INAPiB KPeMHII0 B Si-SiO, npu BHCOKO-
TEMIIEPaTypHOMY OKHCIICHHI OyJIM TOCIIDKeHI B IaHild poOoTi. Byno BU3HAYEHO, 1110 TOsBA CKIIAIHOT
ne(eKTHOT CTPYKTYPH BUKIMKAHO PEIIAKCAII€I0 MEXaHIYHUX HampyKeHb. Bylio 3arpornoHoBaHo Me-
XaHi3M yTBOPEHHs Ae(eKTiB y npunoBepxHeBux mapax Si-SiO,. [Iponecu camooprarizanii moscHro-
€THCS, B paMKaxX CHHEPTeTUYHOTO MeToy. byno mokaszano, mo GpopMyBaHHS NEPIOIAUIHOI CTPYKTYPH
JMCIIOKAIlii HA TPAHMIII € HACITIIKOM IPOCTOPOBOI HECTIHKOCTI pO3MOALTY TUCIOKAIIN B KPUCTAII, 1X
caMoopraHi3ailii 3a paXyHOK KOPEJISIii MiXK KHCHEM, 1110 TIOIIUPIOETHCS Y30BXK CTPYKTYPHUX JTIe(EKTIB
Ta aHCAMOITIO IUCITOKAITii.

Kuarouosi ciioBa: uciokarii, camoopranisais, ctpykrypa Si-SiO,.
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INFLUENCE OF THE SURFACE ON THE SPECTRUM OF
LUMINESCENCE OF CdS NANOCRYSTALS IN GELATINE MATRIXS

This paper investigates the optical absorption and luminescence of CdS
nanocrystals (NCs) of varying size obtained by colloidal chemistry in an aque-
ous solution of gelatin. In NCs with a radius of 1.8 nm only long-wavelength
luminescence with A = 580 nm was observed, which is explained by the
surface defects. In NCs of larger size (3.5 nm), the contribution of the re-
combination with the participation of the surface defects decreases. There is a
redistribution of recombination channels to the advantage of recombination of
nonequilibrium carriers in the volume of cadmium sulfide nanocrystals, which
in that case exhibit intensive exciton band in their luminescence spectra.

1. INTRODUCTION

Phosphors based on semiconductor nanocrys-
tals are promising functional materials for use as
fluorescent markers for biochemical and biomedi-
cal applications. Compared to traditional organic
phosphors nanocrystals have a high absorption
coefficient, high brightness and high photostabil-
ity of radiation [1-7].

Practical application of nanocrystalline semi-
conductor compounds is made possible by the de-
velopment of new technologies that will produce
nanosystems in a “wet” chemistry - for example,
by colloidal chemistry (by sol-gel technology)
through a series of simple chemical reactions in
solution of the reagents in the presence of stabi-
lizers. The stabilizer prevents the coagulation of
particles and their further growth. Colloid-chemi-
cal synthesis of nanoparticles is affected by a large
number of factors, including the concentration of
the starting materials, the type and concentration
of the stabilizer, temperature, pH of the solution,
kinetics of the chemical reactions.

The most commonly used stabilizers include
organic compounds such as polyphosphates [8-
11], trioctylphosphine oxide [12] and thiols [13].
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Characteristics of semiconductor materials ob-
tained in the above stabilizers are given in [14].
The choice of the stabilizer is determined by
many factors. The main factor is its ability to pre-
vent the coagulation of the particles, preventing
their further growth. This property is determined
by the mechanism of interaction of the stabilizer
with the surface of the particles. Adsorption of the
molecular groups of the stabilizer on the surface
of the nanocrystal leads to the passivation of the
surface states that changes the surface potential
and decreases the concentration of non-radiative
recombination centers. It should be noted that or-
ganic compounds are often toxic substances, and
the synthesis requires a high temperature and spe-
cial safety precautions.

In this regard, a topical and emerging technol-
ogies nanoparticles are those that use eco-friendly
and non-toxic materials.

From this point of view, a suitable stabilizer
may be, well-established in the production of
photographic materials, natural polymer — gela-
tin [15]. Gelatin is a high-molecular compound,
elementary unit of which is presented in the iso-
electronic state as H,N-R -COOH, consisting
of amino (H,N), carboxyl (COOH), polar and
non-polar basic and acidic groups (R)). Gelatin



is a good medium for the dispersion of nano -
and microparticles. Solution containing ions of
the metal and chalcogen quickly penetrate into
gelatin. Gelatin solutions can form gels, which
after polymerization result in films that are suf-
ficiently transparent and durable. However, the
distinctive features of gelatin are not limited to
colloid protective functions. Thanks to their acid-
base properties of gelatin can take a positive or
negative charge. For example, with increasing
of pH solution COOH groups dissociate into H*
and COO" gelatin molecule acquires a negative
charge, which can significantly affect the adsorp-
tion interaction with the surface of particles dis-
persed in it.

From the foregoing, it is of interest to obtain
and study the cadmium sulfide nanocrystals ob-
tained by sol-gel technology using gelatin solu-
tion as a stabilizing agent, and to explore the ef-
fect of size on the NC luminescence spectra.

2. MATERIALS AND FLUORESCENCE
MEASUREMENTS

Investigated NC CdS were synthesized by col-
loidal chemistry. In aqueous solution of gelatin
(5%) containing a solution of cadmium salt - Cd
(NO,), the salt sulfur — Na_S solution was inject-
ed under continuous stiring. Molar concentration
of cadmium salt was 0.025 M and the concen-
tration of sodium sulfide — 0.05 M and 0.5 M.
The synthesis of cadmium sulfide happened as
a result of exchange chemical reaction between
these compounds. The process was carried out at
40 £ 1°C. Colloidal solution of the product was
applied to a glass substrate and polymerized by
the drying air temperature of 35 + 2°C. Produced
samples correspond to the film with thickness 5-10
microns with nanocrystals of cadmium sulfide
dispersed in a gelatin matrix. The thickness of the
film depended on the amount of deposited material
and the surface tension of the solution.

For spectroscopic studies of quantum dots
of cadmium sulfide (light transmission, lumine-
scence) used a spectrometer facility KSVU — 12,
based on an MDR — 12 with a resolution at a
wavelength of 600 nm 0.1nm.

Luminescence was excited by the solid-state
samples pulsed laser with the following speci-
fications: maximum average power of 5 mW,

pulse duration at 1 kHz ~ 1 ns, pulse energy at 1
kHz ~ 20 pJ, the emission wavelength of 355 nm.
The luminescence was registered with the detector
PMT-106, which has a maximum spectral sensitiv-
ity in the range of 400-440 nm.

3. DETERMINATION OF THE SIZE OF
CdS NC

The average radii of cadmium sulfide
nanoparticles were estimated using optical ab-
sorption spectra of colloidal solutions of these
nanoparticles.

Interband absorption of nanoparticles has a
spherical shape and the absorption spectrum is
given by a series of discrete lines [15,17]. The
threshold value is given by

n’r®

2ua’

; (1)

hao, =E, +

where E, — band gap of the bulk crystal;
a — the average radius of the nanocrystal;
i — Planck’s constant;
= MM s the reduced mass of the elec-
m, + my
tron and hole.

This implies the law by which the energy of
the first optical transition (effective band gap) in-
creases with the decreasing radius of the nano-
paticles.

The values of the constants used in the calcula-
tions are given by E ,=255B[18], m,=0,205m,
um,=0,7m, [19].

4. RESULTS AND DISCUSSION

Fig. 1. shows the spectral dependence of the
optical density of the quantum dots for the two
samples grown under the same conditions, at dif-
ferent ratio of cadmium salts and sulfur. Sample
number 1 corresponded to a lower concentration
Na,S (0,05M) and number 2 to the larger (0.5 M).
Curve 1 in this figure corresponds to the absorp-
tion of an aqueous solution of gelatin. It can be
seen that the spectrum of the gelatin is almost
transparent and its absorption spectrum does not

51



affect the absorption of NC. It is noticeable that
the transparency of the two samples are signifi-
cantly different, and the beginnign of the absorp-
tion is shifted to short-wavelength region com-
pared with the absorption spectrum of a cadmium
sulfide bulk crystal. According to equation (1),
such behavior is characteristic for nanoscale ob-
jects and corresponds to the presence of quantum -
size effect. Magnitude of the shift of the spectrum
with respect to the bulk crystal of nanocrystals de-
pends on the size of the nanocrystals. We estimate
that the sample number 1 has an average radius
NC 1,8 £0.1 nm, and the sample number 2 - 3,5 +
0,1 nm. This clearly shows the dependence of the
QD size on the reagent concentrations.

N Ty Y T T T T
2,0 2,2 24 2,6 2,8 3,0 3,2 3,4 3,6 3,8 4,0

E,»B

Fig. 1. Absorption spectrums of gelatinous solution
(1) and NC of sulfide of cadmium samples: N 1 (2);
N2 (3).

Note that in nanocrystals ratio of surface
area to volume of the nanocrystal varies con-
siderably depending on their radius, therefore,
changes and number of non-compensated va-
lence atoms leaving the surface. Moreover,
the interaction of the gelatin molecules with
the surface of the nanocrystals can depend on
their size due to the influence of steric factors.
Thus, there is every reason to expect the effect of
surface defects on the properties that are sensitive
to surface recombination of charge carriers, for
example, the fluorescent characteristics of NC.
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Let us discuss the influence of the surface
defects on the photoluminescence characteristics
of NC various sizes. Fig. 2. shows the lumines-
cence spectra of CdS QDs (sample number 1) for
different powers of the exciting light P, MW: 26.6
(1) 19.5 (2) 45.0 (3). It can be seen that the emis-
sion intensity increases with increasing power, but
regardless of its size nanocrystals have one broad
band with a maximum A_ = 580 nm. The nature
of this band is associated with deep centers and
radiation appears in the nanocrystals with a high
density of defects, including surface [20-22] and
this luminescence is called “defective.” It should
be noted that the localization of the maxima of the
luminescence bands on deep centers depends on
the nature of the defects, that is to the energy of
ionization. According to our observations [20,21]
and the analysis of references [23,24], the long-
wavelength region of the spectrum has three lu-
minescence bands that are located at A, = 580,
670 and 750 nm. The contour of the luminescence
bands observed by different authors depends on
the technology of the nanocrystals and consists
of either one elementary band or emission band
formed from the total contribution of the few

bands.

2,5
2,0

1,54

L, ora.en
N

0,5+

0!0 T T T
400 500 600
A, HM

700 800 900

Fig. 2. Luminescence spectrums of NC CdS (sample
Ne 1) at various excitation power, mWt: 26,6 (1) 19,5
(2); 45,0 (3).



Thus, in our case in the sample N 1 we reg-
ister «defective» emission band and do not ob-
served radiation with energies close to the forbid-
den band, which is a sign of the dominant role of
the luminescence associated with surface defects.
The fact that the position of the maximum emis-
sion of these samples is independent of the excita-
tion power is indirect evidence of the radiative re-
combination that is caused by one type of defect.

In contrast, in the spectra of the sample num-
ber 2, along with the long-wave radiation, there
is a narrow and short-wavelength luminescence
band with A_ = 480 nm (Fig. 3), the nature of
which is due to the exciton luminescence [25].

700 800 900

A, EM

Fig. 3. Luminescence spectrums of NC CdS (sample
Ne 2) at various excitation power, mWt: 19,5 (1); 26,0
(2); 32,0 (3); 42,0 (4); 45,0 (5); 26,6 (6).

The presence of such a band indicates the com-
petitive advantage of the recombination channel,
which is associated with the recombination in the
cadmium sulfide nanocrystals volume.

It was found that intensity and contour defect
luminescence emission of the sample N 2 depend
on the power. Thus, the intensity of the bands in-
creases with increasing excitation power lumines-
cence from 19.5 mW to 42 mW, and the ratio of
the intensities of the bands that form the total loop
«defect» luminescence changes with power. Due
to the latter fact there is a possibility of observing
the longer wavelengths of several luminescence
bands with peaks localized in the wavelength:
A = 380, 670 and 750 nm. The dependence of

the contour on the power of the excitation lumi-
nescence is likely to be due to the different pa-
rameters of emission centers, and may be the sub-
ject of further research.

Conclusion

In this paper we have established a novel de-
pendency of the luminescence spectrum of CdS
NC on their size that is associated with different
contribution of surface defects in NC of different
sizes. In particular the luminescence of NC with
an average radius of 1.8 nm is dominated by long-
wavelength light with A = 580 nm, caused by
one type of surface defects. Such NC do not ex-
hibit band-band or exciton luminescence. In NC
of larger size (3.5 nm), the contribution of sur-
face recombination is reduced, and the presence
of short-wavelength band A__ = 480 nm demon-
strates that the dominating recombination channel
is due to nonequilibrium carriers in the volume of
nanocrystals of cadmium sulfide.
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V. A. Smyntyna, V. M. Skobeeva, N. V. Malushin

INFLUENCE OF THE SURFACE ON THE SPECTRUM OF LUMINESCENCE NC CdS
IN GELATINE MATRIX

Abstract

The optical absorption and luminescence of nanocrystals (NCs) CdS different sizes obtained by
colloidal chemistry in an aqueous solution of gelatin investigated. In NCs with a radius of 1.8 nm was
observed only with long-wavelength luminescence A = 580 nm due to surface defects. In NCs larger
(3.5 nm), the contribution of surface recombination decreases, there is a redistribution of recombination
channels. Recombination of nonequilibrium carriers in the volume of cadmium sulfide nanocrystals is
primary and their luminescence spectra contains intensive exciton band.

Keywords: nanocrystals CdS, absorption, luminescence

YIK 621.378.35
B. A. Cmunmuna, B. M. Crobeesa, M. B. Manywun

BILJINB ITOBEPXHI HA CIIEKTP JIIOMIHECHEHIIIT HK CDS B JKEJATHUHOBII
MATPHUIII

AHoTauis

JlociipKyBanocs ONTHYHE MOTTMHAHHS 1 JitoMiHecteHiniss HanokpucTanis (HK) CdS pizuoro pos-
MIpy, OTPMMaHHUX METO/IOM KOJIOTAHOI XiMil y BoIHOMY po3uuHi skenatunu. Y HK, mo manu po3mip 3
pajiiycom 1,8 HM CIOCTEPIraeThCs JIUILIE TOBIOXBUILOBE CBITIHHA 3 A = 580 HM, sike 00yMOBJIeHE
nosepxHeBuMH Jiepexramu. Y HK Ouibmoro posmipy (3,5 HM) Bkiag pekoMmOiHallli 32 y4acTio Io-
BEPXHEBUX J€(PEKTIB 3MEHUIYEThCS, BIOYBAE€THCS MEPEPO3NOALT KaHANIIB peKOMOIHAIlT HAa KOPUCTh
pexoMOiHaIT HEPIBHOBAKHUX HOCIIB B 00’ €Mi HAHOKPUCTAIIB 1 CITEKTPi iX JTFOMIHECIEHIIIT peecTpy-
€THCSI IHTEHCHBHA CMYTa BUIIPOMIHIOBAHHS €KCUTOHA.

Kutouosi ciioBa: Hanokpuctanu CdS, nmorsmHaHHs, JTIOMIHECIICHITIS
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YK 621.378.35
B. A. Cuvinmoina, B. M. Crobeesa, H. B. Manywumn

BJIMAHUE ITOBEPXHOCTH HA CIIEKTP JIIOMUMHECIHHEHIIMHU HK CDS, B
JKEJIATUHOBOM MATPUIIE

AHHOTaNud

HccnenoBaiocs ontudeckoe nomiomenue u gomuHectueHnms Hanokpucramios (HK) CdS pasz-
HOTO pa3Mepa, MOyYeHHBIX METOIOM KOJJIOWIHON XMMHM B BOAHOM pacTBope skenatunbl. B HK ¢
pamycom 1,8 HM HaOMIIONAETCsA TOJNIBKO JUIMHHOBOJIHOBOE CBedeHue ¢ A = 580 HM, 00yCIIOBIEHHOE
noBepxHocTHbIMU Aedekramu. B HK Gomnbiiero pasmepa (3,5 HM) BKIIag peKOMOMHAIIMY C Y4aCTHEM
MOBEPXHOCTHBIX J1€(DeKTOB YMEHBIIIAETCS, TPOUCXOIUT MepepacipeieieHue KaHaI0B peKOMOMHAITUH
B I10JIb3y PEKOMOHMHAIIMN HEPAaBHOBECHBIX HOCUTENEH B 00beMe HAaHOKPUCTAIUIOB CyIb(pHIa KaaMHs 1
CIIEKTPE UX JIOMHUHECLEHIIMH PETUCTPUPYETCSI MHTEHCUBHASL SKCUTOHHAS TI0JI0CA CBEYCHHUS.

KuaroueBsle ciioBa: Hanokpuctanu CdS, mornoiieHue, TIOMUHECIICHITUS
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NONLINEAR STOCHASTIC DYNAMICS GOVERNING FOR QUANTUM SYSTEMS
IN EXTERNAL FIELD: CHAOS THEORY AND RECURRENCE SPECTRA ANALYSIS

Nonlinear method of chaos theory and the recurrence spectra
formalism are used to study quantum stochastic futures and chaotic
elements in dynamics of atomic systems in the external electromagnetic
(laser) field. Some illustrations regarding the recurrence spectra and
chaos dynamics of lithium and magnesium atoms in the crossed
electric and magnetic and laser fields are presented.

1. Introduction

In last years a great interest attracts studying
a dynamics of quantum systems in external elec-
tric and magnetic field [1-18]. It has been discov-
ered that dynamics of these systems in external
electromagnetic fields has features of the random,
stochastic kind and its realization does not re-
quire the specific conditions. The importance of
studying a phenomenon of stochasticity or quan-
tum chaos in dynamical systems is provided by a
whole number of technical applications, including
a necessity of understanding chaotic features in a
work of different electronic devices and systems,
including the nano-optical ones. New field of in-
vestigations of the quantum and other (geophysi-
cal, chemical, biological, social etc) systems has
been provided by a great progress in a develop-
ment of a chaos theory methods [1,2] (c.f. review
part in Refs.[19-22]).

Rydberg atoms in strong external fields have
been shown to be real physical examples of non-
integrable systems for studying the quantum man-
ifestations of classical chaos both experimentally
and theoretically. To describe these phenomena,
one has to make calculating and interpreting the
recurrence spectra which is the Fourier transfor-
mation of a photo absorption spectrum [2,13,14].
Consequently, the recurrence spectrum provides a
quantum picture of classical behaviour. Studies of
recurrence spectra have led to observations of the

creation of new orbits through bifurcation’s, the
onset of irregular behaviour through core scatter-
ing and symmetry breaking in crossed fields [1-
7,17,18]. In the past, many researchers have cal-
culated the recurrence spectra of a Rydberg atom
in an external field. But they only calculated the
spectra in static electric or magnetic fields. In a
recent experiment, the absorption spectrum of the
lithium atom in a static electric field plus a weak
oscillating field was measured and Haggerty and
Delos gave some explanation for it theoretically
(c.f.[2,13,14]). But as to the influence of an oscil-
lating electric field on the absorption spectrum of
the Rydberg atom in static magnetic field, none
has given the calculation both experimentally
and theoretically, besides the first classical esti-
mate [14]. In previous our papers we have given
a review of this approach in analysis of different
systems of quantum physics, electronics and pho-
tonics. In this paper we have used the nonlinear
method of chaos theory and the recurrence spec-
tra formalism to study quantum stochastic futures
and chaotic elements in dynamics of atomic sys-
tems in the external electroomagnetic fields.

2. Nonlinear analysis of quantum system dy-
namics in a field and a chaos theory methods
Following refs. [21,22] we briefly consid-
er an analysis of nonlinear dynamics of some
system in a field by means of a chaos theory
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methods. Usually some dynamical parameter
s(n) = s(t, + nDr) = s(n), where ¢ is the start argu-
ment (for example, time), Dt is the argument step,
and is n the number of the measurements. In a
general case, s(n) is any time series, particularly
the amplitude level. Since processes resulting in
the chaotic behaviour are fundamentally multi-
variate, the reconstruction results in a certain set
of d-dimensional vectors y(n) replacing the sca-
lar measurements. The standard method of using
time-delay coordinates is usually used to recon-
struct the phase space of an observed dynamical
system. The direct use of the lagged variables
s(n + t), where t is some integer, results in a co-
ordinate system in which a structure of orbits in
phase space can be captured. Using a collection
of time lags to create a vector in d dimensions,

y(n) = [s(n), s(n +t), s(n +2t), ..., s(n + (d-1)t)],
(1)
the required coordinates are provided. In a
nonlinear system, the s(n + jt) are some unknown
nonlinear combination of the actual physical
variables that comprise the source of the mea-
surements. The dimension d is also called the
embedding dimension, dE. If any time lag t is
chosen too small, then the coordinates s(n + jt)
and s(n + (j + 1)t) are so close to each other in
numerical value that they cannot be distinguished
from each other. Similarly, if t is too large, then
s(n + jt) and s(n + (j + 1)t) are completely inde-
pendent of each other in a statistical sense. Also,
if t is too small or too large, then the correlation
dimension of attractor can be under- or overes-
timated respectively. It is therefore necessary to
choose some intermediate (and more appropriate)
position between above cases. First approach is to
compute the linear autocorrelation function

LZN:[s(m—kES)—E] s(m)—s]
€, @)=

LS s -5
N 2)
where § is an averaged value and to look for
that time lag where C (d) first passes through
0. This gives a good hint of choice for t at that
s(n +jt) and s(n + (j + 1)t) are linearly independ-
ent. However, a linear independence of two vari-
ables does not mean that these variables are non-
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linearly independent. It is therefore preferably to
utilize approach with a nonlinear concept of in-
dependence, e.g. the average mutual information.
Let there are two systems, 4 and B, with measure-
ments a, and b,. The mutual information / of two
measurements a, and b, is symmetric and non-
negative, and equals to zero if only the systems
are independent. The average mutual information
between any value a, from system 4 and b, from
B is the average over all possible measurements
of (a,D,),

1 ()= ZPAB(ai’bk)]AB(ai’bk) :

a;,by

(3a)

To place this definition to a context of observa-
tions from a certain physical system, let us think
of the sets of measurements s(n) as the 4 and of
the measurements a time lag t later, s(n + t), as
B set. The average mutual information between
observations at n and n + t is then

1y (T):ZPB (a;,b,)1, (ai’bk),

a;.b;

(3b)

Now we have to decide what property of /(t) we
should select, in order to establish which among
the various values of t we should use in making
the data vectors y(n). It is necessary to choose that
t where the first minimum of /(t) occurs.

The goal of the embedding dimension deter-
mination is to reconstruct a Euclidean space R?
large enough so that the set of points d, can be
unfolded without ambiguity. According to the
embedding theorem, the embedding dimension,
d,, must be greater, or at least equal, than a di-
mension of attractor, d, i.e. d, > d,. There are
standard approaches to reconstruct the attractor
dimension, for example, the correlation integral
method. It was shown in refs. [23,24] in study-
ing chaos in the vibrations dynamics of the au-
togenerators and similar analysis for geophysical
systems [19-21, 24, 25], the low, non-integer cor-
relation dimension value indicates on an exist-
ence of low-dimensional chaos. The embedding
phase-space dimension is equal to the number of
variables present in the evolution of the system.
To verify data obtained by the correlation integral
analysis, it is often used a surrogate data method.



This an approach makes use of the substitute data
generated in accordance to the probabilistic struc-
ture underlying the original data [19-21]. The
next step is an estimating of the Lyapunov expo-
nents (LE). These parameters are the dynamical
invariants of the nonlinear system and defined as
asymptotic average rates. So, they are indepen-
dent of the initial conditions, and therefore they
do comprise an invariant measure of attractor. In
fact, if one manages to derive the whole spectrum
of LE, other invariants of the system, i.e. Kol-
mogorov entropy and attractor’s dimension can
be found. The Kolmogorov entropy, K, measures
the average rate at which information about the
state is lost with time. An estimate of this mea-
sure is the sum of the positive LE. The inverse of
the Kolmogorov entropy is equal to an average
predictability. The estimate of the dimension of
the attractor is provided by the Kaplan and Yorke

conjecture: 4, = j+zj: Ay /1A, |» Where jis such
a=1
; Jj+l

that ZM >0 and Z_:,M <0 ,and the LE 1 are tak-
en in =(liescending order. The known approach to
computing the LE is based on the Jacobin matrix
of the system function [3]. The detailed descrip-
tion of the whole approach (our version) to analy-
sis a nonlinear dynamics of chaotic systems can
be found in refs. [19-25].

3. The recurrence spectra for atomic systems
in an electromagnetic fields: Sensing chaos
For quantum systems in an external field there
is very useful method, based on the analysis of the
recurrence spectra. To calculate the energy spec-
tra of atomic systems in the electric and magnetic
fields one should use an approach, which com-
bines solution of the 2D Schrédinger equation
[16-18] for atomic system in crossed fields and
operator perturbation theory [8,9]. The detailed
description of such an approach is presented in
these refs.[8,17,18], so here we briefly discuss
the key moments. For definiteness, we consider
a dynamics of the non-coulomb atomic systems
in a static magnetic field and oscillating electric
filed. The Hamiltonian of the system in a static
magnetic field and an oscillating electric field is

(in atomic units) is as follows:
H=1/2(p +12/p*) + v,/ 2+(1/8)yp% +

+(1/2) p2 + Fy z-sin(od) + V(1)
4
where the electric field and magnetic field B
are taken along the z-axis in a cylindrical system;
g=B/2.35x10% V(r ) is a one-electron model po-
tential, which is as follows:

V(iry=—1/r+Q2/ Zr)[1—exp(2b,r)1+r)].
(5)

Here Z is anuclear charge, and b is a free length
parameters, which are chosen to give the energy
spectrum of free atom. In fact, the second term in
(5) is the corresponding potential of the K-shell
(in a case of the Li atom). We consider only the
m=0 state, thus /=0. The Hamiltonian obeys a
classical scaling rule and can be written as:

H=p/2+1/8)p> +

+ £ Z-sin(@-7)+ V(1) = E(t)y_2/3 (6)

3~ -1/3 7 -4/3

Here ?:ry2/ , P=py ,
I=k.dj=ay 3 and G=cy~"

In the oscillating field, the electron energy E(?)
is not constant. We define e=E”“g?? as it leaves
the atom. The useful method is a scaled recur-
rence spectroscopy, which allows to analyse the
photo absorption amplitude as a function of the
parameter g/ while varying the external fields
frequency simultaneously in such a way that e
and f remain constant. To account for an electric
field (under supposition that an electric field is
quite weak) one can use the perturbation theory.
For solution of the Schrodinger equation the fi-
nite differences scheme is usually used. To find
the resonances width and absorption spectrum
one should use the golden Fermi rule (see details
in refs. [2,3,8]).

=Ry

4. Some results and discussion

We have studied a dynamics of the lithium
atom in a crossed electric and magnetic fields.
The transition from the lithium 3s state to final
states corresponding to the principle quantum
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numbers around # =125 and m =0 is considered.
Following to ref. [14,16-18], because the ionic
core produces important dynamical effects, we
can split the whole space into two characteristic
spatial regions: (1) The core region, where the
laser field and the ionic core potential dominate
while the external magnetic field can be eliminat-
ed. It should be noted here that the standard semi
classical closed orbit theory provides an efficient
treating the motion of a Rydberg electron far from
the nucleus, but it fails when the electron is close
to the nucleus. Because this region extends for
only a few Bohr radii around the atomic nucleus,
one must deal with this region by using a quan-
tum method; (2)

The external region typically lies beyond 30
Bohr radii from the nucleus, so one can treat this
region using standard semi classical methods or
approximations to quantum approaches [14-18].
Using equation (4-6), we calculate the photo ab-
sorption spectrum of lithium in a magnetic field
plus an oscillating electric field, with B =4.7T, F,
=10V/cm and w=10® Hz. The corresponding data
are presented in figure 1. In figure 2 we present
the data on the photoabsorption spectrum of the
Lil in a magnetic field without electric field. One
should conclude that, when the oscillating field
was added, the photo absorption spectrum was
weakened greatly. This is fully corresponding the
analysis within the standard closed orbit semi-
classical calculation [5,14]. In figures 3(b),(d) we
list the results of calculating the recurrence spec-
tra of the Li atom in a magnetic field plus an oscil-
lating field, with e=-0.03,1=0.32 ,¢"'# in the range
35-50 and /= 0.0035 and 0.07, respectively.

DI(E) (a.u)

T T T T T T
-30 -20 -10 o 10 20 30

Energy (14m)

Figure 1. Absorption spectra of the Li atom in mag-
netic field plus an oscillating electric field
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Figure 2. Absorption spectra of the Li atom in mag-
netic field, B=4 7 T.

This data are similar to parameters of the semi-
classical approximation analysis [17]. As analysis
of received data shows, when the value of f in-
creases, the strength of all the peaks decreases.
Some recurrences dropped rapidly and vanished
as fincreased; others remained even at much high-
er f. As the oscillating field gets stronger, some of
the peaks re-appear, some more than once. Be-
cause when the oscillating field is strong, one can
not consider it as a perturbation, the method de-
scribed in this paper [14] is no longer suitable.
Note that besides the semi-classical closed-orbit
theory in versions [2-6,13,14], the other standard
methods, for example, based on the perturbation
theory [2,3], are not also acceptable for large
values of field strengths. At the same time, the
approach applied can be used even in a case of
strong field. Availability of multiple resonances
with little widths in atomic spectra in external
fields is described within quantum chaos theory
and provided by interference and quantum fluctu-
ations, which characterize chaotic systems [1,9].
The chaos theory analysis fully confirms this
conclusion. The mutual information approach,
the correlation integral analysis, the false near-
est neighbour algorithm, the LE analysis were
used in analysis. The main conclusion is that the
system exhibits a nonlinear behaviour and low-D
chaos. The LE analysis supported this conclusion.
Really, the first two LE have the following posi-
tive values: 1 =0.0242; 1,=0.0039. In conclusion,
let us note that there is of a great interest to per-
form the similar analysis of chaotic dynamics and
recurrence spectra for more heavy alkali systems
in a microwave field. In conclusion we present
also another remarkable example of the chaos



phenomenon for quantum systems in an external
electromagnetic (laser ) field, namely, the multi-
photon above threshold ionization (ATI) process
for magnesium atom (from the ground state).
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Figure 3. The recurrence spectra of Li in magnetic
field plus an oscillating electric field: (b) scaled field /'
=0 0035; (d) scaled field /=0 07.

In ref.[9] it has presented the detailed theoreti-
cal description of the cited process and listed the
data about the theoretical spectrum of two-photon
ATT to final states with J=2 (figure 4). The la-
ser radiation photons energies w in the range of
0,28-0,30 a.u. are considered, so that the final
autoionization state (AS) is lying in the interval
between 123350 cm! and 131477cwm!. First pho-
ton provides the AS ionization, second photon
can populate the Rydberg resonance’s, owning to
series 4snl,3dnl,4pnp ¢ J=0 and J=2 [9,25]. In a
case of 'S resonance’s there is observed an excel-
lent identification of these resonance’s. Situation
is drastically changed in a case of spectrum of
two-photon ATT to final states with J=2. Only three
resonance’s are identified.

Other resonance’s and ATI in a whole demon-
strate non-regular behavior. Studied system is cor-
responding to a status of quantum chaotic system.
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Figure 4. Two-photon ATI from the ground state Mg
to states J=2; The full cross-section s/l (solid line)
and partial cross-sections, corresponding to ioniza-
tion to 3sed (dashed line) or to 3pep opened channels
(dotted line). Identification of the 'D, resonance: a-
4p4p; b-3d4d; c-4s5d;d-3s6d;e-4s6d;f-3d5d; g-4s7d;
h-3d7s; i-4s8d; j-4s9d; k-4s10d; 1-4s11d; m-4s14d; n-
4s15d;

It realizes through the electromagnetic field induc-
tion of the overlapping (due to random interfer-
ence and fluctuations) resonance’s in spectrum,
their non-linear interaction, which lead to a global
stochasticity and quantum chaos phenomenon.
Spectrum of resonance’s is divided on three inter-
vals: 1). the interval, where states and resonance’s
are clearly identified and not strongly perturbed;
2) quantum-chaotic one, where there is a complex
of the overlapping and strongly interacting reso-
nance’s; 3). shifted one on energy, where behavior
of energy levels and resonance’s is similar to the
first interval. Analysis shows that the resonance’s
distribution in the second quantum-chaotic interval
is satisfied to the Wigner distribution W(x)=xexp(-
px*/4), however, in the first interval the Poisson
distribution is valid. The chaos theory analysis
fully confirms this conclusion.
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NONLINEAR STOCHASTIC DYNAMICS GOVERNING FOR QUANTUM SYSTEMS IN
EXTERNAL FIELD: CHAOS THEORY AND RECURRENCE SPECTRA ANALYSIS

Abstract.

Nonlinear method of chaos theory and the recurrence spectra formalism are used to study quantum
stochastic futures and chaotic elements in dynamics of atomic systems in the electromagnetic (laser)
field. Some illustrations regarding the recurrence spectra and chaos dynamics of lithium and magne-
sium atoms in the crossed electric and magnetic and laser fields are presented.

Key words: atomic system, electromagnetic field, chaos, recurrence spectrum
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HEJIMHEMHAS CTOXACTUYECKAS TMHAMUKA KBAHTOBBIX CUCTEM BO
BHEIIHEM ITOJIE: AHAJIN3 HA OCHOBE TEOPUU XAOCA U PEKYPPEHTHBIX
CIIEKTPOB

Pe3ome.

Ha ocHoBe HeMMHEWHBIX METOIOB TEOPUHU Xaoca U (GopMaliu3Ma PEeKyppEeHTHBIX CIEKTPOB U3-
Y4EHBI KBAHTOBO-CTOXaCTHUYECKHE OCOOCHHOCTH U JIEMEHTHI Xa0ca B TUHAMHUKE aTOMHBIX CUCTEM BO
BHEITHEM 2JIEKTPOMAarHUTHOM (J1a3epHOM) mosie. B kauecTBe mpuMepa MpuBEACHbI TaHHBIE M0 PEKYP-
PEHTHBIM CIIEKTPaM M XaOTHUYECKOW IMHAMHMKE aTOMOB JINTHS U MarHusi B CKPELIEHHBIX 3JIEKTpUYe-
CKOM M MarHUTHOM.a TAK)X€ JIA3EPHOM TOJISX.

KurroueBble ¢jioBa: aTOMHasI cCTeMa, SJIEKTPOMArHUTHOE T0JIE, Xa0C, PEKYPPEHTHBIN CIEKTP

VK 539.192

I’ II. Ilpenenuya, B. M. Ky3akous, B. B. Bysoacu, O.11. Conanuxosa, A. A Kapnenxo,
. O. Kopuescoruti

HEJIIHIMHA CTOXACTUYHA JJUHAMIKA KBAHTOBUX CUCTEM Y 30BHIIII-
HbOMY IOJII: AHAJII3 HA OCHOBI TEOPII XAOCY TA PEKYPEHTHUX CIIEKTPIB

Pesrome.

Ha mincraBi HemiHIMHUX METO/IIB Teopii Xaocy Ta popmanizMy peKypeHTHUX CIIEKTPIB T0CTIIKEH]
KBaHTOBO-CTOXaCTHYHI OCOOIUBOCTI Ta €IEMEHTH Xa0Cy B JMHAMIIl aTOMHHUX CUCTEM Y 30BHIIIHBOMY
€JIEKTPOMAarHiTHOMY (J1a3epHOMY) moii. B SKOCTI mpukiaaa HaBeAeHI JaHi MO PeKypPeHTHUM CIIEK-
Tpam Ta XaOTHYHIN JMHAMIIIl aTOMIB JIiTiIO Ta MarHil0 y CXpelIeHNX eIEKTPUIHOMY Ta MarHITHOMY, a
TaKOXK JIA3€PHOMY TIOJISIX.

Kuro4oBi ciioBa: aTomHa cucteMa, elIeKTpOMarHiTHE T0JIe, Xa0C, PEKyPEHTHHI CIIEKTP
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LUMINESCENT PROPERTIES OF OXIDE FILMS ALUMINUM AND
TANTALUM IN CONTACT WITH AN ELECTROLYTE

The results of the study of the photoluminescence spectra,
electroluminescence and luminescence excited ions of the electrolyte,
oxide films of aluminum and tantalum, obtained by the electrochemical
method are presented. It is shown that the emission of oxide films,
appearing in contact with the electrolyte, due to the processes occurring

on the surface of the sample.

Recently, we have showed the possibility of
storing the lightsum by oxides when they interact
with water vapor as a result of its dissociation on a
solid surface [1]. It was assumed that the emission
of a number of semiconductor materials in contact
with the electrolyte is determined by the energy
parameters of the centers formed by adsorbed on
the surface of the hydroxyl ions, acting as donors,
and the localized electrons on them. [2]

To confirm that the observed emission of a
number of semiconductor materials in contact
with the electrolyte occurs in the surface layer
of phosphorus, we studied the luminescence,
excited by the ions of the electrolyte (LEIE),
photoluminescence (PL) and electroluminescence
(EL).

In this work Al O, and Ta,O, film thickness of
50 microns, obtained by electrolytic oxidation of
aluminum and, accordingly, a tantalum foil in a
0.5% water solution of sorrel acid in 30 minutes
on an alternating voltage of 70 V. (PL), ( EL)
and (LEIE), recorded at room temperature in the
spectral range from 400 to 600 nm. The spectra
were measured for the same sample and in the
same electrolyte. To measure the EL spectra of
oxide films of aluminum and tantalum sample was
constant voltage anodic or cathodic polarization.
As a counter used a film tin dioxide applied by
pyrolytic decomposition of SnCl, on a glass
substrate. The electrolyte is a water solution of
salts of sodium chloride and manganese (pH=5,5).

Luminescence emission was focused on the
entrance slit of the monochromator. Emission
coming out of the monochromator was detected
by a photoelectronic multiplier operating in the
mode of counting single photons in the 300-850
nm spectral sensitivity. The signal from the anode
of the photoelectronic multiplier was fed to an
amplifier and then to the input of the recording
device, namely, the frequency counter. In the
case of spectra LEIE the sample was applied
alternating voltage insufficient to excite the EL.
Fig. 1 shows the curves of the spectral
distribution of the PL (1), electroluminescence
(2) and LEIE (3) aluminum oxide films in contact
with the electrolyte. As can be seen from the
figure, the spectrum LEIE has fundamental and
additional emission bands for PL and EL.

100 —
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Fig. 1. Spectral distribution of the PL (1), electro-
luminescence (2) and LEIE (3) aluminum oxide films
in contact with the electrolyte.
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Maximum of the band in the PL spectrum
are located at 560 nm. In EL spectra bands with
peaks are located by about 470 and 530 nm. In the
spectrum of LEIE bands with peaks are located
by about 410, 460, 530 and 580 nm. Obviously,
the band of 560 nm for the PL band and 530
nm for EL and LEIE are principal because their
appearance is independent of way the excitation
of luminescence.

The band at about 580 nm is observed in the
spectra LEIE matter in which the electrolyte
was measured and does not occur in the
photoluminescence and electroluminescence.
This additional band, apparently due to the centers
of «biographical» nature contained in a certain
amount in the phosphor [3], and does not appear
in the sample with other types of luminescence,
besides luminescence excited by ions of the
electrolyte.

The appearance of a band at about 410 nm
depends essentially on the nature of the electrolyte
in contact with which is film Al,O,. Accoding to
the electron theory of chemisorption and catalysis,
the appearance of such additional band can be
explained by the appearance on the film surface
chemisorption luminescence centers due to the
adsorption of ions of the electrolyte, in contact
with which LEIE is observed.

Fig. 2 shows the curves of the spectral
distribution of the PL (1), electroluminescence
(2) and LEIE (3) Ta,O,films in contact with the
electrolyte. As seen from the curves of the spectral
distribution emission of the films Ta,O,, LEIE
spectrum as well as the spectrum of the films
ALQ,, has fundamental and additional emission
bands with the spectra of PL and EL.

Bands with maxima at 430 and 540 nm in
the PL spectrum of tantalum oxide films are
observed, which is similar to the PL spectra of
aluminum oxide film. In the spectrum of the EL
tantalum oxide films bands with maxima at 430,
460 and 540 nm are also observed. In the spectral
distribution of the LEIE, bands with maxima at
430, 460, 490, 540 and 580 nm are allowed.

Obviously bands with maxima at about 430 and
540 nm can be attributed to the fundamental, as
they are observed as in the case of LEIE, as in the
case of the PL and EL. The band at about 580 nm
is observed in the spectra LEIE in any of the used
electrolytes and is not observed under light or
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Fig. 2. Spectral distribution of the PL (1), electro-
luminescence (2) and LEIE (3) Ta,O, films in contact
with the electrolyte.

field excitation. Apparently, this band is due to the
presence on the surface of the film centers «bio-
graphical» nature. Band with a maximum at 490
nm is observed only in certain electrolytes and its
position depends on the nature of the electrolyte,
in contact with which is film. Obviously, this
additional band is related to the arising on Ta,O,
film surface emission adsorption centers.

In the spectrum LEIE tantalum oxide film, as
well as in aluminum oxide film spectrum LEIE a
band at about 460 nm is observed. This additional
band, apparently, of the chemiluminescent nature
and is explained by reaction occurring at radical
recombination of H" and OH- on the surface of the
oxide film [4]. By chemiluminescent nature of this
band is meant to initiate a catalytic surface of the
film chemiluminescent reactions that may take
place near the surface of the oxide film in contact
with the electrolyte.

Oxidation of aluminum or tantalum films with
manganese or being oxide films after oxidation in
water solution of manganese results in an appear-
ance of a band at about 600 nm. Obviously, the
appearance of this band is caused by the presence
of manganese in the film. This band is observed
for the same film in different electrolytes, which
indicates that it is not related to chemiluminescent
reactions on the film surface and the surface
centers of «biographical» nature, which are
contained in the film are responsible for its origin



Change of surface modification, by treating it
before measuring spectra in different electrolytes,
changes the properties of the layer of oxide films,
and these changes occur in a layer about 10
’m. To fix such surface changes in the study of
electroluminescence and also photoluminescence
impossible. Since the electrochemical obtained of
aluminum and tantalum oxide layers are of vari-
able thickness [5], the PL spectrum is due to the
average thickness of the physical and chemical
characteristics of these films. In the case of
electroluminescence electric field is concentrated
in the electrode layers thickness of about 10 * m,
and therefore, electroluminescence spectrum is
determined by properties of the film of the same
order of thickness.

It is established, that only the spectra of LEIE,
are sensitive to the nature of the sample and the
electrolyte in contact with which it is, that is
evidence in favour of what we observed emission
1s due to the processes occurring on the surface of
the sample. This is the evidence that by the emis-
sion spectra, occuring in the contact of oxide films
of ALO, and Ta,O, with electrolyte we can judge
adout physical and chemical properties lumino-
fores surface.
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LUMINESCENT PROPERTIES OF OXIDE FILMS ALUMINUM AND TANTALUM IN

CONTACT WITH AN ELECTROLYTE

Abstract

The results of the study of the photoluminescence spectra, electroluminescence and luminescence
excited ions of the electrolyte, oxide films of aluminum and tantalum, obtained by the electrochemical
method are presented. It is shown that the emission of oxide films, appearing in contact with the
electrolyte, due to the processes occurring on the surface of the sample.
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JJIOMIHECHEHTHI BTACTUBOCTI OKCHJHHUX IIJIIBOK AJTFIOMIHIIO I TAHTAJTY
B KOHTAKTI 3 EJIEKTPOJIITOM

Pesrome

[TpuBeneHi pe3ynbTaTd BUBYEHHS CIHEKTPIB (POTONIOMIHECHEHI], €IEeKTPOITIOMIHECLEHI] Ta
JIOMIHECLEHIII1, sika 30y/UKy€eTbCsS 10HAMH €JIEKTPOJIITY, OKCHJIHUX IUIIBOK aJIOMIHIIO Ta TaHTAaIy,
OTPUMaHUX €NEeKTPOXIMIYHUM MeToaoM. ITokazaHo, 110 CBITIHHS OKCUIHMX IUTIBOK, SKE BUHUKAE Y
KOHTAKTI 3 €JIeKTPOJITOM, 00YMOBJIEHO MpOLecaMy, 110 BiA0YBaIOTHCS HA MOBEPXHI JOCIIIKYBaHOTO
3paska.

Kuro4oBi ci1oBa: mroMiHeCIEeHITis, OKCUHI TUTIBKH, €TIEKTPOITIT.

YIK 535.37
bypnax I M., Bununckaa JI. H.

JIOMUHECHEHTHBIE CBOMCTBA OKCUJIHBIX INIEHOK AJJFOMUHUS Y TAHTA-
JIA B KOHTAKTE C QJIEKTPOJIMTOM

Pe3rome

[TpuBeneHbl pe3yapTaThl U3yYEHHUs] CHEKTPOB (POTOTOMUHECUEHINH, 3JIEKTPOIIOMUHECIICHIINN U
JJFOMUHECLICHII U, BO36y>KI[3.CMOI>i HOHAaMHU JJICKTPOJINTA, OKCHUAHBIX IJICHOK aJIFOMHWHHA U TaHTAJia,
MOJTYYCHHBIX JJICKTPOXUMUYCCKUM MCTOA0OM. HOKaSaHO, YTO CBECUCHHUE OKCHUIHBIX IIJICHOK, BO3ZHHKA-
IOI[ee B KOHTAKTE C JJICKTPOJIMTOM, OOYCIIOBIICHO TPOIECCaMH, TPOUCXOISIIIAUMA HA ITOBEPXHOCTH
uccienyeMoro oopasiia.

KiroueBble cji0Ba: JTIOMUHECIECHITUS, OKCHIHBIC TUICHKH, JIEKTPOJIUT.
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SPECTROSCOPY OF AUTOIONIZATION RESONANCES FOR THE
LANTHANIDES ATOMS: THULLIUM SPECTRUM, NEW DATA AND

EFFECTS

We applied a generalized energy approach (Gell-Mann and Low S-
matrix formalism) combined with the relativistic multi-quasiparticle
(QP) perturbation theory (PT) with the Dirac-Kohn-Sham zeroth ap-
proximation to studying autoionization resonances (AR) in heavy at-
oms, in particular, energies and widths for the Tm AR with accounting
for exchange-correlation and relativistic effects.

Traditionally an investigation of spectra, spec-
tral, radiative and autoionization characteristics
for heavy and superheavy elements atoms and
multicharged ions is of a great interest for further
development atomic and nuclear theories and dif-
ferent applications in the plasma chemistry, astro-
physics, laser physics, etc. (look Refs. [1-10]).
Theoretical methods of calculation of the spec-
troscopic characteristics for heavy atoms and ions
may be divided into a few main groups [1-6].
First, the well known, classical multi-configu-
ration Hartree-Fock method (as a rule, the rela-
tivistic effects are taken into account in the Pauli
approximation or Breit hamiltonian etc.) allowed
to get a great number of the useful spectral infor-
mation about light and not heavy atomic systems,
but in fact it provides only qualitative description
of spectra of the heavy and superheavy ions. Sec-
ond, the multi-configuration Dirac-Fock (MCDF)
method is the most reliable version of calculation
for multielectron systems with a large nuclear
charge. In these calculations the one- and two-
particle relativistic effects are taken into account
practically precisely. In this essence it should be
given special attention to two very general and
important computer systems for relativistic and
QED calculations of atomic and molecular prop-
erties developed in the Oxford group and known
as GRASP («GRASP», «Dirac»; «BERTHA»,
«QED») (look [1-5] and refs. therein). In par-
ticular, the BERTHA program embodies a new
formulation of relativistic molecular structure

theory within the framework of relativistic QED.
This leads to a simple and transparent formula-
tion of Dirac-Hartree-Fock-Breit (DHFB) self-
consistent field equations along with algorithms
for molecular properties, electron correlation, and
higher order QED effects. The DHFB equations
are solved by a direct method based on a relativ-
istic generalization of the McMurchie-Davidson
algorithm [4].

In this paper we applied a new relativistic ap-
proach [11-15] to relativistic studying the auto-
ionization characteristics of the Tm atom. New
approach in optics and spectroscopy of heavy
atomic systems is the combined the generalized
energy approach and the gauge-invariant QED
many-QP PT with the Dirac-Kohn-Sham (DKS)
«0» approximation (optimized 1QP representa-
tion) and an accurate accounting for relativistic,
correlation, nuclear, radiative effects. [17-20].
The generalized gauge-invariant version of the
energy approach has been further developed in
Refs. [12,13]. In relativistic case the Gell-Mann
and Low formula expressed an energy shift AE
through the QED scattering matrix including the
interaction with as the photon vacuum field as
the laser field. The first case is corresponding to
definition of the traditional radiative and autoion-
ization characteristics of multielectron atom. The
wave function zeroth basis is found from the Di-
rac-Kohn-Sham equation with a potential, which
includes the ab initio (the optimized model poten-
tial or DF potentials, electric and polarization po-
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tentials of a nucleus; the Gaussian or Fermi forms
of the charge distribution in a nucleus are usu-
ally used) [5]. Generally speaking, the majority of
complex atomic systems possess a dense energy
spectrum of interacting states with essentially
relativistic properties. Further one should realize
a field procedure for calculating the energy shifts
AE of degenerate states, which is connected with
the secular matrix M diagonalization [8-12]. The
secular matrix elements are already complex in
the second order of the PT. Their imaginary parts
are connected with a decay possibility. A total en-
ergy shift of the state is presented in the standard
form:

AE=ReAE +iImAE ImAE =-T/2, (1)
where I is interpreted as the level width, and the
decay possibility P=T". The whole calculation
of the energies and decay probabilities of a non-
degenerate excited state is reduced to the calcula-
tion and diagonalization of the M. The jj-coupling
scheme is usually used. The complex secular ma-
trix M is represented in the form [9,10]:

M=M"+ M+ M? 4+ ") )

where M) is the contribution of the vacuum dia-

grams of all order of PT, and M (1), M (2),M ®
those of the one-, two- and three-QP diagrams

respectively. M © s a real matrix, proportional
to the unit matrix. It determines only the general

level shift. We have assumed M'® =0. The di-

agonal matrix M ™ can be presented as a sum of
the independent 1QP contributions. For simple
systems (such as alkali atoms and ions) the 1QP
energies can be taken from the experiment. Sub-
stituting these quantities into (2) one could have
summarized all the contributions of the 1QP di-
agrams of all orders of the formally exact QED
PT. However, the necessary experimental quan-
tities are not often available. So, the optimized
1-QP representation is the best one to determine
the zeroth approximation. The correlation cor-
rections of the PT high orders are taken into ac-
count within the Green functions method (with
the use of the Feynman diagram’s technique). All
correlation corrections of the second order and
dominated classes of the higher orders diagrams
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(electrons screening, polarization, particle-hole
interaction, mass operator iterations) are taken
into account [10-14]. In the second order, there
are two important kinds of diagrams: polariza-
tion and ladder ones. Some of the ladder diagram
contributions as well as some of the 3QP dia-
gram contributions in all PT orders have the same
angular symmetry as the 2QP diagram contribu-
tions of the first order [10-12]. These contribu-
tions have been summarized by a modification of
the central potential, which must now include the
screening (anti-screening) of the core potential of
each particle by two others. The additional poten-
tial modifies the 1QP orbitals and energies. Then

the secular matrix is : a0 47" +17?, where M
is the modified 1QP matrix (diagonal), and M @
the modified 2QP one. M ™) is calculated by sub-
stituting the modified 1QP energies), and M @ by

means of the first PT order formulae for M (2),
putting the modified radial functions of the 1QP
states in the interaction radial integrals. Let us
remind that in the QED theory, the photon prop-
agator D(12) plays the role of this interaction.
Naturally, an analytical form of D depends on
the gauge, in which the electrodynamic potentials
are written. In general, the results of all approxi-
mate calculations depended on the gauge. Natu-
rally the correct result must be gauge invariant.
The gauge dependence of the amplitudes of the
photoprocesses in the approximate calculations is
a well known fact and is in details investigated
by Grant, Armstrong, Aymar-Luc-Koenig, Glush-
kov-Ivanov [1,2,5,9]. Grant has investigated the
gauge connection with the limiting non-relativ-
istic form of the transition operator and has for-
mulated the conditions for approximate functions
of the states, in which the amplitudes are gauge
invariant. These results remain true in an energy
approach as the final formulae for the probabili-
ties coincide in both approaches. In ref. [16] it has
been developed a new version of the approach to
conserve gauge invariance. Here we applied it to
get the gauge-invariant procedure for generating
the relativistic DKS orbital bases (abbreviator of
our method: GIRPT). The autoionization width is
defined by the square of interaction matrix ele-
ment [9]:
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The real part of the interaction matrix element can
be expanded in terms of Bessel functions [5,8]:
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The Coulomb part @2 is expressed in the radial
integrals R, , angular coefficients S, as follows:

Re O ~ Rel{R,(1243)s, (1243) + R, (1243 )s,

(T243)+ R, (1233)s5, (1233)+ &, (1233 )5, (1233}
(5)

where ReQ, (1243) is as follows:

ReR, (1243) = [[drr’r} £;(i) £ () ()12 02)20 ()20 (0 )
(6)

where fis the large component of radial part of
the 1QP state Dirac function and function Z is :

R oz} 2, (e, [Tl 3 ()

The angular coefficient is defined by standard
way as above [3]. The calculation of radial inte-
grals ReR, (1243) is reduced to the solution of a
system of differential equations:

- ﬁst/(ll)(a|a)|r)r2”,
- [ fZ l(alwlr)
[y1f2f4+y2f1f3] ul ) -

In addltlon, v, (0)=ReR,(1243), y (0)=X (13).
The system of differential equations includes also

(8)

equations for functions fr=, g/riet, AV 7).

The formulas for the autoionization (Auger) decay
probability include the radial integrals R (okyp),
where one of the functions describes electron in
the continuum state. When calculating this inte-
gral, the correct normalization of the function v,
is a problem. The correctly normalized function
should have the following asymptotic at »—0:

1
[a)+ _Zyésin kr+c5
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When integrating the master system, the function
is calculated simultaneously:

Mr)= {m k[ﬁf [(Dk+(ocZ)_2]+ gi[(,)kJr(aZZ)”}%

(10)
It can be shown that at r—oo, N(r)—N , where N,
is the normalization of functions f,, g, of continu-
ous spectrum satisfying the condition (9). Other
details can be found in refs.[10-13,16-20].
Further we present the results on the Tm AR
spectrum. Let us note that the positions of 2 near-
ly lying ionization limits 4/°6sn/ (with states of

the QP vacancy in the 4% core: 4, | 4 f;,5) pro-
vide two main type of the AR decay [10,11]: 1).the
Beutler-Fano decay (BFD) channel:
4., 6s1/2 (J12) nl - 4f* , 6s1/2 [J12'] Tm* +
leje,
n>7,J12=2;3, J12'=34
i1). the Letokhov-Ivanov reorientation decay
(ROD) channel:

4f1 651/2 (J12) nl - 47 6s1/2 [J12°] Tm* +

leje)
n>25 JI12=3, J12'=2;4 j=5/2,7/2,

In table 1 we list the theoretical (the experimen-

tal data are absent) results for energies and widths

/ } NP2

7/2

(in cm™) of different Tm 4 f"6sn,s,4f"6sn,p
states: E, I', — data by Ivanov etal (RPTMP)
[10,11]; E F our data (GIRPT). An analysis
shows qulte physically reasonable agreement be-
tween the values of energies £, and E,. However,
the widths 17,1, differ more significantly. In our
opinion, this fact is explained by different accu-
racy of estimates of the radial integrals, using the
different type basises (gauge invariance conserva-
tion or a degree of accounting for the exchange-
correlation effects) and some other additional
calculation approximations. In the GIRPT there
are used more optimized basises of the orbitals. In
table 2 we list similar (as in table 1) our data for
the AR widths of the Tm 4 £ 6sn,s and 4 f"6sn, p
(1/2,5/2), (3/2,5/2) states.
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Table 1. The energies and widths of the Tm
4 1.5 6s,,np [J] states (j=3/2, J=3/2, n=10-50).

n | I, (rRoD) | I, (BFD) E, I, (rRoD) | I, (BFD) | E,
RPTMP | RPTMP | RPTMP | GIRPT | GIRPT |GIRPT
10 - 3.69E-3 | 56163 3.79E-3| 56184
20 - 5.23E-4 | 58429 5.32E-4 | 58438
25 | 4.72E-1 | 2.45E-4 | 58597 | 4.86E-1 |2.54E-4| 58609
30 | 2.94E-1 | 1.32E-4 | 58678 | 3.05E-1 |1.41E-4| 58690
40 | 1.35E-1 | 5.01E-5 | 58753 | 1.46E-1 |5.20E-5| 58764
45 | 9.73E-2 | 3.38E-5 | 58772 | 9.89E-2 |3.49E-5| 58781
50 [7.24 E-2| 2.39E-5 | 58785 | 7.40E-2 |2.48E-5| 58794

Table 2. The AR widths (in cm™; our data) of the
Tm 4 £, 6s,,,np,[J] states (n=10-50).

i (1/2,5/2) (3/2,5/2)
n ROD BFD ROD BFD
10 - 6.72E-3 2.36E-3
20 - 5.61E-4 3.25E-4
25 | 401E2 | 2.57E-4 4.42E-1 1.62E-4
30 | 3.61E-2 | 1.39E-4 2.65E-1 8.51E-5
40 | 3.16E-2 | 5.04E-5 9.47E-2 3.49E-5
45 | 484E-2 | 2.55E-5 5.02E-2 3.28E-5
50 | 1.93E2 | 1.98E-5 5.45E-2 2.16E-5

In ref. [14] (see also [5,12]) it has been pre-
dicted a new spectral effect of the giant chang-
ing of the AS ROD width in a sufficiently weak
electric field (for two pairs of the Tm, Gd AR).
Following to [5], let us remind that any two states
of different parity can be mixed by the external
electric field. The mixing leads to redistribution
of the autoionization widths. In the case of de-
generate or near-degenerate resonances this effect
becomes observable even at a moderately weak
field. In the Tm one could deal with ROD ns and
np series, converging to the same ionization limit,
1.e. they are nearly degenerate states of different
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parity. Among them one can find some pairs of ns
and np states with widths I, differing by several
orders. We have quantitatively estimated a value
of the changing the studied AR (n>25) width at
the weak electric field with strength up to 150
V/em and found that the corresponding effect is
about one order of the AR width for the maximal
field strength considered.
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SPECTROSCOPY OF AUTOIONIZATION RESONANCES FOR THE LANTHANIDES
ATOMS: THULLIUM SPECTRUM, NEW DATA AND EFFECTS

Abstract. We applied a generalized energy approach (Gell-Mann and Low S-matrix formalism)
combined with the relativistic perturbation theory with the Dirac-Kohn-Sham zeroth approximation
to studying autoionization resonances in heavy atoms, in particular, energies and widths for the Tm
autoionization resonances with accounting for exchange-correlation and relativistic effects.
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CIIEKTPOCKOIINA ABTOMOHU3ALIMOHHBIX PE3OHAHCOB JJIs1 ATOMOB
JJAHTAHUIOB: CIIEKTP TYJIJIUSA, HOBBIE JAHHBIE U D®P®EKTbI

Pesrome.

O060011eHHbIH SHEpreTUUeckuii moaxos (S-marpuusslii popmanusm I'em-Mana u Jloy) u pensitu-
BUCTCKasl TEOPHs BO3MYILEHHH C JUPaK-KOH-IIIMOBCKUM HYJIEBBIM NPUOIMKEHHEM IIPUMEHEHBI K 13-
YUEHHUIO aBTOMOHMU3ALMOHHBIX PE30HAHCOB B TSDKEJBIX aTOMaX, B YaCTHOCTH, Ha €r0 OCHOBE C yYETOM
0OMEHHO-KOPPEISILIMOHHBIX U PEISATUBUCTCKUX APPEKTOB OIICHEHBI SHEPTUH U ITUPUHBI aBTOMOHH3A-
IIUOHHBIX PE30HAHCOB B TYJUIHH.

KiroueBble cj10Ba: CIIEKTPOCKOIUS aBTOMOHU3ALMOHHBIX PE30HAHCOB, PEIATUBUCTCKUMA dHEpTe-
TUYECKUH TIOAXO.
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CIIEKTPOCKOMISA ABTOIOHIBAIIIMHUX PE3OHAHCIB 111 ATOMIB
JIJAHTAHIAIB: CIIEKTP TVYJIISA, HOBI JAHI TA EOEKTU

Pesrome.

V3aranpHeHMH eHepreTHuHui miaxin (S-marpuunuii ¢popmanizm [enn-Mana ta Jloy) u pens-
THUBICTChKA TeOPist 30ypeHb 3 JipaK-KOH-IIEMIBCbKUM HYJILOBUM HAOIMKEHHSM 3aCTOCOBAHI /10 BH-
BUCHHS aBTOIOHI3AI[ITHUX PE30HAHCIB y BAXKKUX aTOMax, 30KpeMa, Ha HOro OCHOBI 3 ypaxyBaHHAM
OOMIHHO-KOPEJISAIIMHUX 1 PENATUBICTCHKUX €(EeKTIB OIliHEeHI eHeprii Ta IMMPUHHA aBTOIOHI3AIlIHHUX
PE30HAHCIB y TYJIil.

Kuio4uoBi ciioBa: CrieKTpOCKOIisS aBTOIOHI3AlIMHUX PE30HAHCIB, PEISTUBICTCHKUM €HEePreTHd-
HUH MAX1T
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APPLICATION OF A SENSOR ON THE HETEROJUNCTION CdS-Cu,S

BASIS

A novel image sensor has been developed for measuring weak op-
tical signals. The optical information is stored as the charge of the
non-equilibrium carriers trapped in the space-charge region of the
heterojunction. In the visible range of the spectrum a response of 10
Ix is achieved. In this work the opportunity to obtain the image in X-
ray beams was investigated. It is established that investigated sensor
is sensitive to soft X-ray radiation. Memory and accumulation of a
signal at a room temperature, which is characteristic of the sensor at
registration of images in visible beams, take place for the images ob-
tained in X-ray range, too, that makes it possible to apply such sensor

in medicine and in crystallography.

We have fabricated and investigated a novel
sensor based on the non-additive formation of
current [1]. The special properties of this novel
sensor are an ability for long-term signal storage
at room temperature and the large area of the op-
erating surface. Even the first fabricated samples
have an imaging area of 10 cm?, which exceeds
the area of typical CCDs by a factor of 15-20.
For example, the imaging area of the TC 241 CD
camera (Texas Instruments) is 8.6 mm x 6.5 mm.

It was established that there is no image-sig-
nal smearing with time and this quality is based
upon the principle of image formation. The latent
image in the sensor has been formed by the non-
equilibrium charge trapped in the deep levels at
the interface of the heterojunction. This permits a
time-stable image to be obtained with the sensor.

Experimental curves that characterize the pro-
cess of signal storage at room temperature for
various levels of illumination of the heterojunc-
tion surface has been obtained. Such dependen-
cies are well known for photographic emulsions.
It should be noted that the applied bias is zero
during the exposure. Before the adsorption of the
photons the system is in equilibrium and it can
be in this state for any period of time. Therefore,
under minimum illumination levels the signal in-

crease is not distorted by thermally generated car-
riers.The good stability of the latent image signal
and, therefore, its ability for prolonged storage
has been determined.

The sensor was based on a CdS-Cu,S hetero-
junction. A thin-film sandwich arrangement is
deposited by vacuum evaporation on a glass sub-
strate. A thin Cu film and a transparent conduct-
ing Sn0, layer provide the integral contacts to the
p- and n-sides of the heterojunction, respectively.
A 256 level video-signal readout is obtained by
scanning the surface of the sensor with a point IR
probe. Our computer set-up provides the output
data in two formats: 128x128 pixels with 16 grey
levels and 250x250 pixels with 32 grey levels.

FIG. 1. Image of artificial stars given by the sensor
(250x250 pixels)
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The spatial resolution is also an important fea-
ture of image sensors. The theoretical analysis of
the resolution of the detector gives a value of about
1 pm. We have not been able to focus a light spot
within such small dimensions. For visible light,
the maximum measured spatial resolution is 2-3
um. Such a high resolution is obtained because of
the small lifetime of the minority non-equilibrium
current carriers in non-ideal heterojunctions and,
consequently, their very small diffusion length.
Experimental data for the sensor are listed in Ta-
ble 1. Fig. 1 represents an image of artificial stars
produced by the sensor. High resolution of point
objects is seen in the case of an image shape of
250x250 pixels.

Parameters of the detector, based on a non-
ideal heterojunction

Imaging area 50 mm*30 mm

Maximum of sensitivity 106 1x
Spatial resolution <50 pm
Maximum period of signal 2 h

storage

It is known that the effect of X-rays, like vis-
ible beams, leads to appearance of non-equilibri-
um carriers and it can be used to obtain images
in X-rays. In this case, as in [2,3], image, in fact,
should be shaped by non-equilibrium positive
charge, captured at hole traps in space charge area
of cadmium sulphide. So, there are the reasons
to suppose that it shall have the same properties
like the images obtained in the visible range of
spectrum. At the same time, it is known that op-
erating sensors of X-ray radiation have the thick-
ness of sensitive absorbing layer not less than 100
um. And it should not forget that cadmium as
component absorbs X-rays successfully. But, the
thickness of cadmium sulphide layer, obtained
by electro-hydro-dynamic spray of liquid, is not
more than 10 (im, so the problem to use the given
transducer in X-ray range leaves open.

To clear up this problem we use the sample,
in which the layer of cadmium sulphide was ob-
tained by the above mentioned procedure. Medi-
cal plant, giving soft X-ray radiation, was used
as a source. The doze obtained by means of this
plant was not more than 100 millirentgen. As the
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test-subject, which partially screened X-ray radi-
ation, we used the absorbing wedge consisted of
aluminium foil strips with thickness of 100 (pm
each. After exposure the sample was scanned, and
the shadow of wedge with increasing density be-
ing clearly seen on the obtained image. It shows
the principal possibility to indicate X-ray images.

5%
100

50 i

1 1 1 1 1
100 200 300 400 500

d, um

FIG. 2. Dependence of video-signal amplitude on the
thickness of absorbing layer

Fig. 2 shows the curve for dependence of pho-
to- response on thickness of absorbing layer d,
which is different for various wedge parts. It is
seen clearly that signal value falls exponentially
under increase of absorbing layer thickness. It is
seen that absorbing layer reduce signal in ratio
1.37. Exponential shape of curve indicates good
linearity for dependence of signal on doze of X-
ray radiation (because increase of absorbing layer
thickness by stated value always leads to the same
drop in signal level). It is clearly seen from Fig. 3.

Besides, since the signal being used to con-
struct the plot was taken from different surface
points, the obtained curve indicates the sufficient
homogeneity of sensitivity to X-rays along the
surface.

To investigate the abilities of the sample to be
used as sensor of X-ray image, the ordinary IC
with standard plastic package was taken. Under
the repeated scanning, which was carried out in
30 minutes after the foregoing one, it was found
out that in this case there was no spread too, and
the quality of image remained satisfactory, de-



spite the signal relaxation in time. So, the positive
properties, such as memory and signal accumula-
tion characteristic of our sensor under image indi-
cation in visible beam, take place for the images
obtained in X-ray range.

o %
100

50

1 1 1 1 1

20 40 60 80 100

I, mr.

FIG. 3. Dependence of video-signal amplitude on the
doze of incident X- ray radiation

So, resting on the above described investiga-
tion, one can say with certainty, that our sensor is
sensitive to soft X-ray radiation. This makes pos-
sible to use such sensor in medicine, and also in
crystallography.

Summarizing the main properties of the novel
image sensor, we conclude that the detector is
takxke very suitable for applications in astrono-
my. The use of adaptive optics with astronomical
instruments allows the influence of atmospheric
turbulence to be decreased. In these conditions an
increase of exposure increases the power of the
telescope-sensor system that is necessary for the
imaging of faint objects, such as galaxies. The
use of the sensor to obtain large-format electronic

photographs of subtle lunar and planetary details
with high resolution is also of great interest. In
our first astronomical experiment [4] we obtained
a lunar image as well as an image of 5-magnitude
(5™) stars. The future applications of the novel
sensor are associated with the possibility of high-
quality long-term image processing by means of
active and adaptive optics.
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APPLICATION OF A SENSOR ON THE HETEROJUNCTION CdS-Cu,S BASIS

Abstract

A novel image sensor has been developed for measuring weak optical signals. The optical
information is stored as the charge of the non-equilibrium carriers trapped in the space-charge region
of the heterojunction. In the visible range of the spectrum a response of 10 Ix is achieved. In this
work the opportunity to obtain the image in X-ray beams was investigated. It is established that
investigated sensor is sensitive to soft X-ray radiation. Memory and accumulation of a signal at a room
temperature, which is characteristic of the sensor at registration of images in visible beams, take place
for the images obtained in X-ray range, too, that makes it possible to apply such sensor in medicine
and in crystallography.
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BUKOPUCTAHHS CEHCOPA HA OCHOBI TETEPOIIEPEXOAY CdS-Cu,S

Pesrome

ByB po3po0iienuii HOBHIA ceHCOp 300paskeHHs I CIIa0KUX ONTUYHUX CUTHANIB. OnTHyHa iH(Op-
Mallii 30epiraeTbcs y BUIIA1 HEPIBHOBAKHOTO 3apsiy JOKaIi30BaHOTO Ha NMAacTKax B 00JIacTi IPOCTO-
POBOTO 3apsiTy reTepornepexony. Y BUAMMIN 00JIacTi CIIEKTPY YyTIUBICTh gocsrae 10¢ k. YV pobori
TaKOXX TTOKa3aHa MOYKJIMBICTh OTPUMaHHS 300pa)Ke€HHsSI B PEHTICHIBCHKii 00acTi. BcTranoBieHo, 1o
CEHCOp UYTJIUBUHN J0 M’SIKOTO PEHTI'€HIBCHKOIO BUIPOMIHIOBaHHS. EQexTH maMm’sTi 1 HaKOIMYEeHHS
CUTHAITy TIPH KIMHATHIM TeMIiepaTypi, [0 € XapaKTepHUM JUIsI TaTYMKa TP peecTparii 300pakeHp y
BUIMMHUX MPOMEHSIX, IPUTAMaHHI HOMY 1 IPH peecTpallii 300pa)keHb B PEHTIEHIBCHKOMY Jliana3oHi,
1110 pOOUTH MOKIIMBUM 3aCTOCYBAaHHS TaKHMX JIaTUMKIB B MEIUIMHI 1 B KprcTaiorpadii.

Ki1r04oBi c10Ba: acTpoHOMIs, TreTepornepexij, CeHCOp 300pakeHHsI, PEHTI€HIBCbKUX CEHCOP
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INPUMEHEHHUE CEHCOPA HA OCHOBE TETEPOIIEPEXOJA CdS-Cu,S

Pe3rome

bbbt paspabotan HOBBIM ceHCOp M300paskeHUs JUIs CJIA0BIX ONTUYECKUX CHTHAIOB. OnTHYECKas
MHPOPMaLUU XpAaHUTCS B BUJIE HEPAaBHOBECHOTO 3aps/ia JOKAJIM30BAaHHOIO Ha JOBYIIKaX B 00JIAaCTH
MPOCTPAHCTBEHHOTO 3apsijia rereporepexofa. B BUIMMOI 00IacTH crieKTpa 4yBCTBUTENBHOCTD J0-
cturaet 10° k. B pabote Takke moka3aHa BO3MOXHOCTbH IMONYYCHHS H300pakKeHUE B PEHTTCHOB-
CKOM 007acTH. YCTAaHOBJIEHO, YTO CEHCOP YYBCTBUTEJIEH K MITKOMY PEHTT€HOBCKOMY H3JIYUYEHHIO.
D¢ dexTsr mamMsATH ¥ HAKOTUIEHHS CUTHAJIA IPY KOMHATHOHM TeMIIepaType, 4To SBISETCS XapaKTePHBIM
JUIS TaTYMKA TIPH PETUCTPALIUN M300paKeHUH B BUAUMBIX JIydax, IPUCYIIU €My U IPU PEruCTpaLuu
n300pakeHUI B pEHTTCHOBCKOM JIMAMa30He, YTO J€JIaeT BO3ZMOXHBIM IPUMEHEHHE TaKUX JaTYMKOB B
MEAMIIMHE U B KpUCcTaIorpaduu.

KuroueBble c10Ba: acTpoOHOMUS, TETEPONIEPEXO/], CEHCOP N300paXKeHHsI, pEHTTEHOBCKHI1 CEHCOP.
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OPTICS AND SPECTROSCOPY OF COOPERATIVE ELECTRON-GAMMA-NUCLEAR

PROCESSES IN HEAVY ATOMS

It is presented an estimate of probability of the cooperative elec-
tron-y-nuclear processes in some heavy atoms within of earlier de-
veloped consistent relativistic approach. The approach is based on
S-matrix Gell-Mann and Low formalism combined with relativistic
many-body perturbation theory and provides opening new field of
cooperative atomic-nuclear quantum optics.

1. Introduction

This paper goes on our work on studying the
cooperative electron-gamma-nuclear processes
[1-4]. The important example of the cooperative
e-g-N process is so called NEET (nuclear excita-
tion by electron transition) one [5-7]. The similar
NEEC (nuclear excitation by electron capture)
process should be reminded too. In both NEEC
and NEET, which are at the borderline between
atomic and nuclear physics, electronic orbital
energy is converted directly into nuclear energy.
These effects offer therefore the possibility to
explore the spectral properties of heavy nuclei
through the typical atomic physics experiments.
In fact, the NEET is a fundamental but rare mode
of decay of an excited atomic state in which the
energy of atomic excitation is transferred to the
nucleus via a virtual photon. This process is natu-
rally possible if within the electron shell there ex-
ists an electronic transition close in energy and
coinciding in type with nuclear one. In fact the
resonance condition between the energy of nu-
clear transition w, and the energy of the atomic
transition w, should be fulfilled. Obviously, the
NEET process corresponds to time-reversed
bound-state internal conversion. Let us remind
that firstly the NEET and NEEC effects have been
postulated in 1973 by Morita and Goldanskii—
Letokhov-Namiot (see also review [1] and Refs.
[5-20]). Unlike the NEEC eftect, the NEET pro-
cess has been observed experimentally in 3] 4u by
Kishimoto et al (Institute of Material Structure

Science, KEK, and Japan Synchrotron Radiation
Research Centre, Japan) and in '};0sby Ahmad et
al (Argonne National Laboratory, USA) [10-14].
Below in table 1 we present a summary of the ex-
perimental works on the NEET in %;0s. It should
be noted that each of the experimental techniques
has certain inherent difficulties. Analysis of this
problem has been presented in Refs. [1,13,14]. It
explains quite large difference between the results
of different experiments. Saying briefly, the cited
difficulties are reduced to the problem of reveal-
ing a NEET signal among the surrounding other
effects. Really, using electron beam can cause di-
rect Coulomb excitation of a nucleus. In this case
it is hardly possible to distinguish this component
from that due to the NEET process. Using a broad
continuous spectral distribution of synchrotron or
bremsstrahlung X-rays leads to contribution into
the nuclear state from direct nuclear photoab-
sorption or into a range of nuclear levels that can
feed that state or the lower-lying metastable state.
Theoretical NEET effect models were developed
in Refs. [1,5-17] (see more [1]). Many of early
estimates involved using simple approximations
that led to results at considerable variance. More
lately Tkalya [17] proposed a model for descrip-
tion of the NEET process near the K-shell ion-
ization threshold of an atom. The QED PT with
empirical estimating the nuclear and electron ma-
trix elements and the Dirac-Fock code by Band-
Fomichev (with account for finite nuclear size)
were used.
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Table 1. Experimental data on the NEET probabili-

: : 189
ties P .. (M1) for the isotope of }/Os.
Exp.group year Experimental Pyer
techniques
Otozai et al 1973 | e bombardment 1x10¢
75-85 keV
Otozai et al 1978 | e bombardment (1.7£0.2)x107
72-100 keV
Saito et al 1981 | 200 keV (4.3+0.2)x10*
bremsstrahlung
Shinohara 1987 | ,,white« (5.7£1.7)x10°
etal synchrotron
radiation
Lakosi et al 1995 | 300 keV (2.0£1.4) x10®
bremsstrahlung
Ahmad etal | 2000 | monochromatic <9.5x1071°
100-keV X rays

New theoretical approach by Ahmad et al [13]
is based on using the time-dependent amplitude
coupled equations. These authors calculated elec-
tron wave functions using the GRASP code and
tabulated values of the nuclear transition matrix
elements. Thus, the theoretical models involved
the use of different consistency level approxima-
tions led to results at quite considerable variance.
It is obvious that more sophisticated relativistic
many-body methods should be used for correct
treating the NEET effect. Really, the nuclear wave
functions have the many-body character. The cor-
rect treating the electron subsystem processes
requires an account of the relativistic, exchange-
correlation and nuclear effects. Really, the nuclear
excitation occurs by electron transition from the
M shell to the K shell. So, there is the electron-
hole interaction and it is of a great importance a
correct account for the many-body correlation ef-
fects, including inter-shell correlations, the post-
act interaction of the removing electron and hole,
possibly the continuum pressure etc [1,17-20]. In
this paper we have used earlier developed gen-
eralized relativistic energy approach [1-5] to cal-
culation of probabilities of the electron-gamma-
nuclear process in some heavy atoms ('¥0s, %1r)
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2. Relativistic energy approach to cooperative
electron-gamma-nuclear process

The relativistic energy approach is based on
the S-matrix Gell-Mann and Low formalism
combined with the relativistic many-body PT
[1,19-24]. Let us remind that in atomic theory, a
convenient field procedure is known for calcu-
lating the energy shifts AE of degenerate states
[20,24]. Secular matrix M diagonalization is used.
In constructing M, the Gell-Mann and Low adia-
batic formula for AE is used. A similar approach
with the electro-dynamical scattering matrix, is
applicable in the relativistic theory [1-5,19-24].
In contrast to the non-relativistic case, the secu-
lar matrix elements are already complex in the
PT second order. Their imaginary parts relate to
radiation decay probability. The total energy shift
is as:

AE = ReAE + i ImAE,
Im AE =-G/2,

(1)
2)

where G is interpreted as the level width,
and the decay possibility P=G. The whole
calculation of energies and decay probabilities
of a non-degenerate excited state is reduced to
calculation and diagonalization of the complex
matrix M. To start with the Gell-Mann and Low
formula it is necessary to choose the PT zero-
order approximation. Usually, the one-electron
Hamiltonian is used, with a central potential that
can be treated as a bare potential in the formally
exact PT [21]. The total probability of radiative
decay (excitation, de-excitation) is connected
with imaginary part of AE of the system «atom
plus field» [9,18-21]. The corresponding
corrections of the PT for InAE can be represented
as a sum on the virtual states. In the lowest PT
the separated terms of these sums correspond to
the additive contributions of different physical
channels into the total decay probability. The
fundamental parameter of the cooperative NEET
process is a probability P . (cross-section) of
the nuclear excitation by electron transition. In
fact it can be defined as the probability that the
decay of the initial excited atomic state will result
to the excitation of and subsequent decay from
the nuclear state. Within the energy approach a



decay probability is linked with ImDE for system
(nuclear subsystem plus electron subsystem)
excited state. An imaginary part of the excited
state energy shift in the lowest PT order is as [1]:

ImAE =e” Imi - hmﬂd x,d*x,e’ )
ADFyi s o) < | (JN (x, )JN (DI, >+

3)
r,t,) is the photon propagator (for

Iy, >+

Here D(rt,
example, in the Lorenz gauge); J,, j— are the
4-dimensional components of a current operator
for the nuclear and electron (hole) subsystems;
x=(r,r, 1) is the 4D space-time coordinate of
the particles, respectively; g- is an adiabatic
parameter. The nuclear current can be written as

follows:

JIR) =y vy, (4)
where J” is operator of an nuclear electromagnetic

transition, y,is a nuclear wave function. The
current operator for electron is

JE=varty. (5)
where y# are the Dirac matrices. The Hamiltonian

of the interaction of the electronic hole current

Jj% and the nuclear current J (R) is written as :

(6)
The energy shift can be further represented
as the PT set. After transformations the final
expression for Im DE is written sum of the
corresponding N-electron (hole) contributions:

ImAE =ImE, +ImE,,,

Hin = j &’r @R j#% Du(xv, r-R) J}(R).

(10)
ImE, = IIderder .
w0y
Tar2
Here r, =|r, -r,|s o, 1s the energy of transi-

tion between the initial / and final F states; sum
on F means the summation on the final states of
a system. Naturally, the form of operator in (10)
is defined by a gauge of photon propagator (see
discussion in Refs. [9, 21]). In zeroth approxima-

tion dependence ¥ _ ¥, onnuclear and electron co-

ordinates (R, , R, )) is factorized (~®,®,). Thus,
the combined electron (hole)- nuclear one-photon

transitions occur as each of the operators 7,7,
in (10) contains the combination of nuclear and
electron variables. After factorization and transfor-
mations the expression (10) can be presented in the

following form:

ImE, =——* ;V(RNI)(I);e(ReZ)'
4r

N2

sinwgR,

: (I):-‘N (RNZ) (DFe (Rel )‘DFN (Rm )q)[e (Rez )(Dnv (RNZ)‘

(11)

The expansion of the operator Sin(@r Ry ) on the
Ral

spherical harmonics generates the decay proba-

bility multipole expansion. It can be written in the

following known form:

s1n|a)|R
Ral

/H/(I /1+%

(Ia)|R ) (cosR R, ) (12)

2 RRzM

where J is the Bessel function of the first kind and
(H=21+1.

In fact this expansion coincides with the known
power expansion; naturally the strict decreas-
ing contribution on multipolarity corresponds to
them. In our problem the power expansion pa-

rameters are the combinations w!. R,, oy R, . Fur-
ther the effects of purely nuclear transition, purely
electron-(hole) transition and combined electron
— nuclear transition in (11) can be distinguished.
The corresponding technique of work with these
expansions is well developed [8,19-21] and often
used in our previous papers (look [1-5]). In the
expression for P there is the square modulus
of the Hamiltonian of the electron hole current-
nuclear current interaction, averaged over initial
states and summed over the final states and writ-
ten (say, for M, — K transition) as

1
(J; 401 J, )
Mjn — A a)Z(/Hl) 2 2
[224+1) 1

RE™M (0, BEIMA T, — 7 ) (13)

Here B[E/(M)A\; J-J is the reduced nuclear
probability, ‘ REM (wN)‘ are the atomic radial
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matrix elements of electric (magnetic) [E/M]
multipolarity A; y and J  are the angular
momenta of the electronic and nuclear states
correspondingly. The atomic radial matrix

elements L})ej{ (wN)‘ of [E/M] multipolarity A are
expressed by means the integral:

Tdrrz » |7 J“yz(am)[ () f, () + £,()g, ()]
A [ S 74
(15)

where f(r) and g(r) are the large and small com-
ponents of the Dirac electronic wave functions.
Other details can be found in Refs. [1-5,18-24].

3. Results and conclusions

In concrete calculation of the NEET prob-
abilities for different systems one should calcu-
late the corresponding matrix elements. As we
will consider below M1 (E2) transition from the
ground state to the first excited state in the nuclei
®0s and ;;Ir , it should be noted that the val-
ues of B[E/(M)I; Jl.-Jf] are usually taken from the
Nuclear Data tables or can be estimated according
the known formula (see Ref. [1]). To calculate the
electronic wave functions and matrix elements
we used the relativistic many-body PT formalism
[1-4,18,22]. It allows take into account accurately
the relativistic, exchange-correlation, nuclear,
radiative corrections (code «Superatom»). The
zeroth approximation electronic wave functions
are found from the Dirac (or Dirac-Kohn-Sham)
equation with potential, which includes the SCF
potential, the electric and polarization potentials
of a nucleus. As an account of the finite nuclear
size has a sensitive effect on the energy levels
of the bound electron, one should use the Fermi
function of the charge distribution in a nucleus.
The correlation corrections of the second and high
orders are taken into account within the Green
functions method (with the use of the Feynman
diagram’s technique). There have taken into ac-
count all correlation corrections of the second
order and dominated classes of the higher orders
diagrams [18]. The magnetic inter-electron inter-
action is accounted in the lowest (on a’ parameter;
a is the hyperfine structure constant). The QED
corrections are accounted effectively: the Lamb
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shift self-energy part - within the generalized
Ivanov-Ivanova non-perturbative procedure and
the polarization part - in the generalized Uehling-
Serber approximation [18]. The important feature
of the whole method is using the optimized one-
quasiparticle representation in the zeroth approxi-
mation, which is constructed within the method
[9]. The nuclear part of the method includes a set
of the nuclear shells models, including the rela-
tivistic mean-field approach and Dirac-Bloum-
kvist-Wahlborn and Dirac-Woods-Saxon models
[2, 26-28]. Our data on the NEET probability for
(*®os, W), atoms together with the alternative the-
oretical (by Tkalya & Ahmed etal) [13,16,17] and
experimental data (see [11-13] and Refs. therein)
are listed in table 2. Let us note that in '¥#0s during
the NEET process the initial K-vacancy state de-
cays via an electronic transition from the M shell.
The KM, (70.822 keV, M1) KM, (71.840 keV,
E2) and KM,, (71.911keV, E2) atomic transitions
can give the contribution. The corresponding nu-
clear state at 69.535 keV can be excited via M1 or
E2 transitions from the 3/2° nuclear ground state.
The following energy parameters w,=69.535 keV,
w=E -E.=70.822keV, G, =42.6¢eV,G,~12.8¢eV
are used for '¥0s atom. The energy parameters for
i ow,=73.04 keV, w =72.937 keV, G, =45 eV,
G,, =12.8 €V. Analysis of all presented theoretical
data shows that these results are consistent with
each other and are in the physically reasonable
agreement with the recent experimental results.

Table 2. Theoretical and experimental probabilities

P per (M1) for WOs and 1r
Nucl. | Nuclear Experi- Theory | Theory | Our
excitation | ment. by by theory
energy values Tkalya | Ahmed
(keV) etal
) 69.535 |<9.5x101° 1.2 1.3 1.9
(i %1010 %1010 %1010
193 73.04 (2.8+0.4) 2.0 - 2.7
7 %107 %107 x107

In conclusion note that above presented method
with some modifications can be reformulated in
a case of the multi-nucleon nuclear system with



using potentials [26-28]. Generally speaking,
the approach used can be applied in studying the
whole spectra of the cooperative electron-other
particle-g-nuclear processes in atomic/nuclear
systems [2-17,28-36] and thus provides opening a
new field of cooperative atomic/nuclear quantum

optics.
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OINITUKA U CIIEKTPOCKOITHUSA KOOIIEPATUBHBIX QJIEKTPOH-TAMMA-AJEPHBIX
IMPOLECCOB B TA/KEJBIX ATOMAX

Pe3rome. Ha ocHOBe paHee pa3BUTOrO MOCIEIOBATEIHHOTO PEISTHBUCTCKOTO YHEPTETUUYECKOTO
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OPTIMYZATION IN CONDITIONS FOR CdS-Cu,S HETEROPHOTOCELL

SHAPING

We carried out the investigation in photoelectric properties of pho-
toconverter on conditions that shaped each level of its structure. Cad-
mium sulphide layers doped with zinc (Zn Cd, S, x < 0,2) obtained
by electrohydrodynamic spray procedure on glass substrates coated
with tin dioxide by the practice described in [--] were used as the

basic ones.

The thickness of these layers is 3...4 um. The
layer of CuC1 was applied by thermal sputtering
on surface of cadmium sulphide one being under
room temperature. Then, Cu,S layer is shaped
under heating as the result of substitution reac-
tion in solid phase

2Cu, Cl+ Cd CdS < (1 -98)Cu

where y and 8 — the numbers described the de-
viation degree from stoichiometry for CdS and
CuCl, correspondingly. The compound CdCl,
obtained as reaction outcome can be wasted by
washing in distilled water. The deposition of cop-
per contact was the crown stage to form the con-
verter.

The introduction of Zn into CdS layer to in-
crease open-current voltage (U ) leads simulta-
neously to increase in base resistance and respec-
tively to decay of short-circuit current (I ). So,
the decrease of resistivity was the first stage to
optimize the conditions for heterojunction shap-
ing. Zn Cd,_ S newly-made layers were thermally
treated on air and in vacuum with different time
intervals and under various temperatures. The
dependencies of U  and I on vacuum anneal-
ing temperature within the range 470 K — 770 K
are presented in Figure 1. The given curves show
that the maximum values of U_ and I can be
reached within the annealing range 710...740 K.

Such higher temperature value is connected
with recrystallization processes in Zn Cd,_S
layer. The optimal annealing time is 25 minutes.
One should take into account that the decrease
of sulphur surface concentration and desorption
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oxygen adsorbed under growth are the important
processes in vacuum annealing because oxygen
in Zn Cd,_ S base level increases its resistivity
and hampers the reaction of Cu S shaping. As the
annealing result cadmium sulphide surface be-
came enriched in cadmium.
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Figure 1. Photoconverter dependence of U__ (/) and
I (2)on Zn Cd, S vacuum annealing temperature
(AM- 1,5).

The base surface should be depleted with sul-
phur accordingly to chemical reaction to obtain
CuS of stoichiometric composition. The stoi-
chiometric composition of Cu S is necessary to
obtain photovoltaic effect observed only in chal-
cocite phase (Cu,S). Vacuum annealing will im-
prove the efficiency of elements when Zn Cd, S
surface is enriched with sulphur that has been
observed in our case.

The fact that vacuum annealing agrees with
production technology of (ZnCd)S/Cu,S pho-
toconverters (by substitution process in solid



phase) should be referred to the positive aspects
in thermal treatment of Zn Cd, S layer. Such
annealing is carried out before deposition of cu-
prum chloride and is one of the stages to shape
heterostructure in the united technological pro-
cess.

The annealing of base layers in air slightly
improves photoconverter parameters. This can
be explained as follows: oxygen and sulphur are
not removed during such annealing, and surface
parameters are not applicable to shape effective
heterojunction.

The determination of optimal conditions to
create cuprum sulphide layer that provides high
efficiency of photoconverter is seemed to be im-
portant. The data [] showed that Cu S was grown
by epitaxy on CdS and sulphur sublattice remain
unchanged. Only cuprum and cadmium atoms
diffuse during the reaction. The deviation in
CuCl and CdS stoichiometry will be represented
in cuprum sulphide stoichiometry. So, we have
paid our particular attention to grow CuCl layer
of stoichiometric composition. One knows that
CuCl is not stable composition and can pass into
CuCl,-2H,0 crystalline hydrate phase. When this
material is applied in deposited layer of cuprum
chloride the impurity in the form of CuCl, or
CuCl, 2H,0 will be present and the composition
Cu S that differs significantly from Cu,S is de-
termined. So, CuC1 powder (newly-prepared or
cleaned) was used for deposition of cuprum chlo-
ride layer, and evaporator was covered by copper
chip to saturate chlorine ions with it fully. This
resulted in cuprum chloride layer that the nearest
to stoichiometric one.

When temperature of substrate with Zn Cd,_
S and CuCl increases higher that 370 K copper
began to diffuse from CuCl to the growing sur-
face of cuprum sulphide, and at the same time
cadmium diffuses from cadmium sulphide to the
growing surface of CdCl,. As the rates of cop-
per and cadmium diffusion depend on vacancy
concentration, there will be the dynamic equilib-
rium between diffusant concentrations. During
the most period of reaction the diffusion of Cu
and Cd will take place through the mixtures of
cuprum chloride and cadmium chloride, on the
one side, and through the mixtures of cuprum sul-

phide and cadmium sulphide, from the other side.
At the start of reaction vacancy concentrations
will be significant and diffusion through thin ar-
eas of mixtures will be easy. As reaction follows
the areas of mixtures become thicker and thicker
and diffusion through the whole width becomes
hampered. So, when thickness (d) of CdCl, layer
increases, diffusion of cooper from CuCl will
decrease sharply. It follows that thickness of cu-
prum chloride layer influences considerably on
kinetics of Cu S formation.

To determine the optimal thickness (d) of CuCl
layer we studied the dependence of photocell pa-
rameters on the mentioned value. The thickness
of cuprum chloride layer was varied by changes
in amount of powder charged into evaporator.

Curves / and 2 (Fig. 2) demonstrate the chang-
es in open-current voltage and short-circuit cur-
rent of the samples from thickness (d) of CuCl
layer. The given curves were measured under
light intensity that corresponded to atmospheric
mass AM 1,5. Figure 3 shows that maximum val-
ues of parameters and I | can be reached at values
d~0,4...0,6 pm. When thickness d decreases, the
thickness of growing Cu S layer is not sufficient
to absorb completely the incident radiation, so
short-circuit current decreases, but at its increase
the diffusion of cooper ions is blocked by the
growing layer of cadmium chloride and the reac-
tion results in formation of cuprum sulphide layer
with higher deviation from stroichiometry.

L -
2 dnm

Figure 2. Photoconverter dependence of U (1) u I
(2) on thickness (d) of CuCl layer (AM1,5).
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Temperature of substitution process is rather
significant to obtain Cu S being similar to the
stoichiometric composition. The substrates with
Zn Cd,_S and CuCl layers were placed over the
heater that increased temperature up to 440...460
K and withstand it during ¢ ~ (5...35) min.

. Uy, mBi
500 \+
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| Y
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Figure 3. U_ dependence of photoconverter on forma-
tion time of Cu S layer at temperatures: 1 — 440; 2
—460;3 —480;4— 500 K

Figure 4. CVC of Zn Cd, S — Cu,S heterojunction
at AM1,5

The results for U measurements on heating
time are presented in Figure 3. All curves have
the maximum, and the higher T, the maximum
value U_ reaches early. But the highest photo-
voltage value is reached at 7 = 440 K. At higher
and lower temperatures these values decrease.

88

The optimal conditions of layer formation are
T ~440 K and = 20 min.

Experimental current-voltage characteristics
(CVCQ) for Zn Cd, S-Cu,S photoconverter made
according to the optimized procedure are present-
ed in Figure 4.

Under AM 1,5 the efficiency of photoconver-
ter with square 1 cm? is 6,0% under open-circuit
voltage U = 510 mV and short-circuit current
I =15 mA/ecm?, CVC occupation coefficient is
equal to = 0,61.

The described investigation determined the
optimal conditions shape Zn Cd, S-Cu,S hetero-
junction for high-effective converters of solar en-
ergy into electric one.
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Abstract

CdS-Cu,S thin film structures are prospective to be the base for high-efficient converters of solar
energy to electric one. The theoretical efficiency of these elements is 27 %. But the complexity to
obtain all components of the system with optimal parameters confines to reach such higher efficiency
in practice.
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LASER-PHOTOIONIZATION METHOD OF SEPARATION OF THE
ISOTOPES: RADIATIVE PARAMETERS FOR ALKALI ELEMENTS

It is proposed an optimal scheme of the separating isotopes alkali
elements, which is based on the selective laser excitation of the iso-
tope atoms into excited Rydberg states and further DC electric field
ionization. Some radiative parameters data are evaluated for the alkali

elements.

The AVLIS (atomic vapour laser isotope sepa-
ration) and MLIS (molecular laser isotope separa-
tion) methods, based on the atomic photoioniza-
tion and molecular photoionization and photodis-
sociation processes, are well known now and ac-
tively developing [1-10]. The laser photoioniza-
tion method is one of the most perspective meth-
ods for the separating isotopes, nuclear isomers
and nuclear reactions products [1-20]. The stand-
ard laser ionization sensor scheme is usually real-
ized with using a scheme of the multi-step excita-
tion and ionization of atoms by laser pulse. The
scheme of selective ionization of atoms, based on
the selective resonance excitation of atoms by la-
ser radiation into states near ionization boundary
and further photo-ionization of the excited states
by additional laser radiation, has been at first pro-
posed and realized by Letokhov et al (look refs.
[1,2]). Naturally, this scheme represents a great
interest for laser separation of isotopes and nucle-
ar isomers. However, a significant disadvantage
of the two-step selective ionization of atoms by
laser radiation method is a great difference be-
tween cross-sections of resonant excitation c__
and photo-ionization ¢ . ~ ([o /o, ]>10*+10%).
It requires a using very intensive laser radiation
for the excited atom ionization. The situation is
more simplified for autoionization resonances in
the atomic spectra because of the advanced en-
ergy parameters, however, the detailed data about
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characteristics of these atomic states are often ab-
sent. Here the main problems are connected with
difficulties of theoretical studying and calculating
the autoionization resonance characteristics. An
account of complex relativistic and correlation
effects (continuum states, self-energy diagrams
contributions etc.) by means of the traditional
quantum-mechanical methods became obligato-
rily.

In anumber of papers (look refs. [10,11,17-21])
a possibility of the selective ionization of atoms,
based on the selective resonance excitation of at-
oms by laser radiation into states near ionization
boundary and further ionization decay of excited
atoms by external electric field, has been consid-
ered. Electric field changes the electron spectra
so that the part of discrete spectra levels (near the
ionization boundary) part moves into continuum
and other levels become by the autoionization
ones. The probability of their autoionization de-
cay quickly increases with growth of the main
quantum number. The most optimal situation is
when atom is excited to state, which has the auto-
ionization probability more than the radiation de-
cay one. To receive an accurate information about
optimal laser photoionization sensor scheme, it is
necessary to carry the accurate calculation of the
process of sequent atomic excitation by laser field
(it 1s the standard task) and probability of ioniza-
tion of the atoms in the highly excited states (au-



toionization levels) by electric field. Now the ac-
curate calculations of elementary atomic process-
es in different calculation schemes are intensively
carried out, including calculation of characteris-
tics of decay of the autoionization resonances [8-
21]. As a rule, non-relativistic approximation has
been used [1]. More consistent approach to this
problem must be based on the relativistic models
[11,17-21], as the most interesting elements for
laser isotope separation are heavy ones and a role
of relativistic corrections is often very dramatic.

We present a new optimal scheme of the sepa-
rating isotopes, which is based on the selective
laser excitation of the isotopes atoms into excit-
ed Rydberg states and further DC electric field
ionization. Some radiative parameters data are
obtained for alkali elements. It should be noted
that the excitation and ionization cross-sections
of ground and low excited state for these atoms
by laser pulse are as follows: the excitation cross-
section 6, = ¢, ~10°-10" cm?, ionization cross-
section from excited state: 6, = ¢,~10"%-10""cm?,
from ground state 6,~10""cm” [1]. For selective
photoionization scheme with excitation to Ry-
dberg ns, np states with n = 10-50 and further
ionization by the DC electric field (see below)
the calculated cross-section values are as follows:
6,~x10"+">cm?’. It means that the selective pho-
toionization scheme with using the Rydberg states
(autoionization resonances) and ionization by ex-
ternal electric field is quite effective for studied
isotopes of alkali atoms from the energetic point
of view. But it is arisen a problem with the ioniza-
tion output (here it may be less than 100%, so it is
necessary to search the optimal levels). The cor-
responding theory of determination of the exci-
tation and ionization cross-sections and radiative
probabilities in a laser field is in details given in
ref. 5, 11,17-20].

The important aspect of theoretical studying
laser photoionization isotope separation process
is linked with calculating probabilities of the au-
toionization resonance decay in the external DC
electric field [11,17]. In a case of atomic ioniza-
tion by the pulsed field, a probability of this pro-
cess is determined by the following expression:

(1)

Winlm) = 3 (api7)> Wimnym)
n2

Here W(n n,m) is the state decay probability;
a are the coefficients of expansion of the y(nim)
functions on the parabolic functions (nnm).
In real multi-electron atom it is necessary to ac-
count for the influence of the electron shells,
which results in the changing the potential barrier
and wave functions. Usually in order to take into
account an influence of the electron shells one
should use the corresponding model potentials.
The detailed description of the «best» model po-
tentials and corresponding schemes can be found,
for example, in Refs.[8,10,22].

To define the wave functions and electron state
energies in an electric field, one needs to carry out
the diagonalization of energy matrice, calculated
between states with the same n [11]. The diago-
nalization of the complex energy matrix leads to
complex energy correction:

ReE -i172 (2)
where Re E is the level shift and 7" is the level
width, including the radiation and autoionization
widths simultaneously. If the effects of the au-
toionization resonance decay are included in the
matrix M, then /" presents only the autoionization
width of the state. Only Re M is diagonalized.
The imaginary part is converted by means of the
matrix of eigen-vectors {C }. The eigen vectors
are obtained by diagonalization of ReM:

IkaZ ZC*mlMl]C]k
y

The other details of calculation procedure are
given in refs. [5, 11,17- 21].

As example, we present some characteristic
results of numerical calculating the ionization
characteristics for the alkali elements isotope
(the rubidium). In table 1 the characteristics of
the quickly decayed states of the Rb atom (elec-
tric field strength: E =3x10*V/cm) are given for
states with fundamental quantum number n=7-12
(our data). In fig.1 we present the calculation re-
sults on critical electric field strength £ in depen-

€)
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dence on effective quantum number n” for atoms
of Rb, Na (dots- experimental data; line 1 is the-
oretical estimate on the basis of classical model
E~ 1/16n* without an account of the Stark shift
and electron tunneling effect [1]; line 2 is calcula-
tion result on basis of the H-like non-relativistic
model [2]; dashed line is corresponding to our
relativistic data). It is stressed that the hydrogen-
like approximation gives an inaccuracy ~15-20%
[17]. However, consistent relativistic calculation
has given the results in an excellent agreement
with experiment.

Table 1. Characteristics of the quickly decayed states
of the Rb atom
(E =3%x10*V/cm; n=7-12)

laxation processes (resonant re-charging etc.[1])
begin to destroy and change achieved excitation
level of atoms. Using DC electric field ionization
scheme sharply increases the output of charged
particles, improve in whole energetics of the la-
ser photoionization scheme and its optimality. It
is possible to accept the special measures to pro-
vide very high ionization output (up to 95%) that
requires using specially separated autoionization
levels. The analysis shows that creation of laser
photoionization scheme on the basis of consid-
ered scheme is more perspective in comparison to
traditional two- and three-step laser photoioniza-
tion schemes with an atomic ionization by laser
pulse at the final step [1,2].

The next step is modelling the optimal parameters
of the laser photoionization separating scheme.
As usually [16-18], the optimization procedure
of the laser photoionization sensor scheme is in
a searching the optimal form of the laser pulse
to provide a maximum of excited particles in the
gases separation scheme (naturally this is one of
the possible versions). The separation process is
described by the density matrice equations sys-
tem (c.f. [12,13]). We considered a scheme for
laser separation and sensing Na, Rb isotopes. At
the first step of the laser photoionization scheme
d-pulse provides a maximally possible level of
excitation for the up state. At the last step an
external DC electric field ionization must be re-
alized earlier than the parasitic spontaneous re-
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So, we considered the alkali elements isotopes
separation scheme, which is based on the selec-
tive laser excitation of the isotopes atoms into ex-
cited Rydberg states and further DC electric field
ionization, and evaluated some important radia-
tive parameters. The final presentation of the op-
timal parameters for the whole scheme requires
more detailed search of the optimal laser and DC
electric pulses characteristics and solving the task
of the optimal governing [16-18].
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ionization. Some radiative parameters data are obtained for alkali elements.
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JA3EPHO-®OTOUOHU3ALIM METO/I PA3AEJEHUSA U30TOIIOB:
PAINALIMOHHBIE TAPAMETPBI JJI1 IHEJIOYHBIX JIEMEHTOB

Pesrome.

[IpencraBiena ontuMaibHasl CXeMa JJa3€pHOTO pa3zesieHUs] U30TONOB LIEJIOYHbIX 3JIEMEHTOB, Oa-
3UPYIOLIASACS Ha JIA3EPHOM BO30YKJICHHH aTOMOB M30TOIOB B pUAOEPTOBCKUE COCTOSHHS U JAJIbHEH-
e HOHU3AIMU BHCHIHUM IMOCTOSAHHBIM 3JICKTPUUCCKUM I10JICM. OHpCI[CJICHI)I HCKOTOPBLIC paaraliu-
OHHBIC MaPaMCTPhI JJId HICJIOYHBIX 3JICMCHTOB.

KuroueBble ciioBa: nazepHblil pOTOMOHU3ALMOHHBIN METOI, pa3/IeJIEHNE U30TONOB, PaIUAI[HOHHbIE
napameTpsl

94



VK 535.42, 539.184

C. B. Ambpocos, O. II. Deduyx, O. B. [ywkos, A. 1. Jlenux

JA3EPHO-®OTOIOHI3AIIMHUM METO/I HOALJIEHHA I30TOIIB:
PAJTAINIMHI ITAPAMETPH JJIA JIYKHUX EJIEMEHTIB

Pe3rome.

[IpencraBiena onTuMaabHa CXeMa JIa3epHOTO TOUICHHS 130TOMIB JIy’)KHHUX €JIEMEHTIB, sika 06a3y-
€THCS Ha JITa3epHOMY 30y/PKeHHI aTOMIB 130TOIIB y PiA0EPriBChbKI CTaHU Ta MOAANBIIINA 10HI3aIi1 30-
BHIIIIHIM CTaJIUM €JICKTPUYHUM IToJieM. Bru3HaueHi 1eKoTpi paaiaiiifHi mapaMeTpH IS JIYKHUX eJIe-
MEHTIB.

Kurouosi ciioBa: nazepuuii poToioHI3aIHHIN METO, MOAICHHS 130TOMIB, pajlialliifHi mapaMeTpu
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INFLUENCE OF NANOCRYSTALLITE SIZES ON THE ABSORPTION
SPECTRUM OF CDS NANOCRYSTALS

Recently, special attention is paid to the magnetic and semiconducting nanomaterials,
and the interest in them is increasing. This is due to the enormous practical importance
of these classes of materials for the development of information, medical, chemical, and
electronic technology. Nanomaterials based on semiconductors (eg, A B, and A B,
have unique optical properties and are promising materials for the active elements of
nonlinear optics and nanoelectronics devices.

In this paper, the synthesis of nanocrystals was performed by two different methods: the
first is with the introduction dopped aqueous solution of sodium sulfide in an aqueous
solution of cadmium nitrate, the second is by blowing hydrogen sulfide in a container
with an aqueous solution of cadmium nitrate. The technology of obtaining nanocrys-
talline structures with colloidal solutions by both methods were worked, we’ve found
conditions and reagent concentrations necessary to produce nanocrystals of a given size.
The characteristic size of the nanocrystals on the optical absorption spectra. With the
help of the data was calculated energy level spectrum, characteristic of these objects.
The good agreement between the values obtained with the theoretical data podtverdaet
possibility of approximation of the form of a spherical semiconductor nanocrystal quan-

tum dots.

We investigated the cadmium sulfide nano-
crystals obtained by two independent methods: the
first method nanocrystals formed by a chemical
reaction of colloidal solutions of cadmium
nitrate (Cd (NO,),) and sodium sulfide (Na,S)
in aqueous solution photo jelly (14 g gelatin in
100 ml of water, 14%). Gelatin has the properties
of isolated nanoparticles in the volume and acts
as a dielectric matrix. Chemical reactions was
performed on formula:

Cd(NO,), +Na,S — CdS+2NaNO, (1)

In the course of chemical reactions in aqueous
solution Cd (NO,),) (0.007 g,0.06 gand 0.05 g per
50 ml of distilled water) mixed with an aqueous
solution of gelatin in 1:1, with continuous stirring,
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drip (droplet diameter 3 mm), with a period
of dropping t = 3-4 sec. (for uniform response
components), an aqueous solution of Na_S (300
drops). Throughout the time of preparation of the
samples, the temperature of the solution was kept
constant of 60 = 5 °C (was fixed by thermometer).

The second method as an alternative method
for making nanocrystals used technology in
which cadmium sulfide nanocrystals prepared
by blowing hydrogen sulfide in a container with
a solution of cadmium nitrate. The chemical
reaction of the synthesis:
Cd(NO,),+H,S—CdS|+2HNO, (2)

Cadmium is a source of hydrated Cd (NO,), -
4H,0 c concentration of 0.007 grams per 50 ml
of water. As a stabilizer used 9% of photographic
gelatin.



Hydrogen sulfide is obtained by decomposition
of concentrated aqueous sodium sulphide by the
30% solution of the orthophosphoric acid. We
slowly dripped acid (100, 200 and 300 drops) to a
solution of sodium sulfide.

Was synthesized two series of samples, one
for each method, each with three samples with
different concentrations of reagents: the first one
was 0.007, 0.06 and 0.05 g of Na,S per 50 ml of
water in 14% aqueous solution of gelatin in the
first method, the second one was with 0.007 g Cd
(NO3) 2 in 50 ml of water with a 9% aqueous
content photo gelatin for the second method.

Usually, we obtain reducing the size of the
nanocrystals shifts the fundamental absorption
edge to shorter wavelengths [1, 2]. The shape of
the absorption band depends on the conditions
of synthesis of nanocrystals and the number of
initial reagents. The absorption spectra obtained
by the first method, are shown in Fig. 1:

The absorption spectra for the second alternative
method of obtaining CdS nanocrystals are shown
in Fig. 2:

The absorption spectra of the second series in
Fig. 2, obtained by the second method has more
complex structure than the absorption spectrum
on Fig. 1. This indicates the presence of different
types of optical transitions.
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Fig. 1. Spectra of absorption of nanocrystals CdS (Ne
1-0.06 g of Cd(NO,),in 50 ml of water, 300 drops
of Na,S with concentration 0.1 g of Na,S per 50 ml
water, 14% aqueous solution of gelatin; Ne 2 - 0.06 g
of Cd(NO,), in 50 ml of water, 300 drops of Na,S with
concentration of 0.05 g of Na S per 50 ml water, 14%
aqueous solution of gelatin; Ne 3 -0.007 g Cd(NO,),,
300 drops of Na,S with concentration of 0,05 g of Na,S
per 50 ml water, 14% aqueous solution of gelatin)
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Fig. 2. The absorption spectra of the samples with 9%
concentration of gelatin (Ne 1 - 0.007 g Cd (NO3) 2,
50 ml of water, 100 drops of H 2 S, 9% gelatin, Ne 2
-0.007 g Cd (NO3) 2 in 50 ml of water, 200 drops of
H2S, 9% gelatin Ne 3 - 0.007 g Cd (NO3) 2) in 50 ml
of water, 300 drops of H 2 S, 9% gelatin)

To better define the edge of the fundamental ab-
sorption bands were calculated first derivative of
the absorption spectra of Fig. 2. They are shown
in Fig. 3. The fundamental absorption edge is
defined as the highest peak:

12

1
08 \
: 06
, \ Net
/i _
04 - 4 Ne2

\ /N f
02 / A M A, N,
Sy LYy b A

0

dD/dE, abr. un.

23 25\ 1/ 27 A o 3l 33
/
02 / f

04

Fig. 3. The first derivatives of the absorption spectra
of 9% concentration of gelatin (Ne 1 - 0.007 g of Cd
(NO,),, 50 ml of water, 100 drops of H S, 9% of gelatin,
Ne 2-0.007 g of (NO,), in 50 ml of water, 200 drops of
H.S, 9% of gelatin Ne 3 - 0.007 g of Cd (NO,),) in 50
ml of water, 300 drops of H,S, 9% of gelatin)

Values of the effective band gap, determined by
the maximum extremum in Fig. 3 (Ne 1-2.64 eV,
Ne 2-2.66 eV, Ne 3-2.67 ¢V) were obtained by
extrapolation of the absorption edge to the energy
axis, into the eq. (3) [1] to find the effective size
of the nanocrystals:

hl 2
Re | Mo
2#(E<'/7 - ES)

)

where R- the radius of the nanocrystal, m
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To determine allowed optical transitions of
different types are necessary to build second deri-
vative of the absorption spectra of Fig. 2, which
are shown in Fig. 4:
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Fig. 4. The second derivatives of the series with a 9%
of gelatin content gelatin (Ne 1 - 0.007 g of Cd (NO,),,
50 ml of water, 100 drops of H,S, 9% of gelatin, Ne 2 -
0.007 g of (NO,), in 50 ml of water, 200 drops of H,S,
9% of gelatin Ne 3 - 0.007 g of Cd (NO,),) in 50 ml of
water, 300 drops of H,S, 9% of gelatin)

Table 1

Number of Is | 1p | 1d | 1f | 1g | 2s
transition —

2.68 [2.82 | 3.06 |3.25 [3.68 |3.16
E trans ,theor ° eV

2.68 | 2.8 |297 |324 | -- |3.16
trans,exp > eV
Number of 2 |6 |10 [ 14 |18 | 2
nuclons

Thus, in this paper, the necessary conditions
for the formation and concentration of reagents
to prepare nanocrystals of a specific size were
obtained. Displacement measurement edge of
the main absorption band in the short wavelength
region with decreasing the size of the nanocrystals
[5] allowed us to calculate the effective size of
the objects. A comparison of the radii, calculated
theoretically and experimentally obtained from
the optical absorption spectra confirms the
theoretical assumption about the shape of the
spherical nanocrystals as quantum dots [6, 7].

Conclusion. Based on these data the energy-
level diagram (Fig. 5), which can be interpreted
as single-particle states of infinite square well
for several values of | <6 and n. This shows that
with the increase of the well depth levels are
dropping. Also the decreasing of the energy level
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occurs with increasing width of the well, i. e., the
parameter R. Table 1. shows that the course of the
levels in a square well reproduces the first two
magic numbers 2 and 8. Number 2 corresponds
filled 1s-state, the number of 8 corresponds filled
Is-and 1p-states. We can assume that also played
a third magic number of 20, because the levels
of 1d and 2s Rural location close to each other.
In this case, the number 20 corresponds to the
filling of 1s-, 1p-, 1d-and 2s-states. The numbers
28, 50, 82 and 126 can not be obtained by filling
a rectangular well nucleons levels without spin-
orbit interaction.
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INFLUENCE OF NANOCRYSTALLITE SIZES ON THE ABSORPTION SPECTRUM OF
CDS NANOCRYSTALS

Abstract

Recently, special attention is paid to the magnetic and semiconducting nanomaterials, and the interest
in them is increasing. This 1s due to the enormous practical importance of these classes of materials for
the development of information, medical, chemical, and electronic technology. Nanomaterials based
on semiconductors (eg, A B, and A B, ) have unique optical properties and are promising materials
for the active elements of nonlinear optics and nanoelectronics devices.

In this paper, the synthesis of nanocrystals was performed by two different methods: the first is with
the introduction dopped aqueous solution of sodium sulfide in an aqueous solution of cadmium nitrate,
the second is by blowing hydrogen sulfide in a container with an aqueous solution of cadmium nitrate.
The technology of obtaining nanocrystalline structures with colloidal solutions by both methods were
worked, we’ve found conditions and reagent concentrations necessary to produce nanocrystals of a
given size. The characteristic size of the nanocrystals on the optical absorption spectra. With the help
of the data was calculated energy level spectrum, characteristic of these objects. The good agreement
between the values obtained with the theoretical data podtverdaet possibility of approximation of the
form of a spherical semiconductor nanocrystal quantum dots.

Keywords: nanocrystals, absorption, energy bands.
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BJIMAAHUE PASMEPOB KPUCTAJIVIMTOB HA CIIEKTPBI IIOTVIOIEHUA
HAHOKPUCTAJUIOB CDS

Pe3rome

B IIOCJICAHECEC BpeMﬂ 000606 BHUMAHHC y21€J'I$[€TC$I MAardmuTHBIM U HOHynpOBO}IHI/IKOBBIM HaHOMaA-
Tepuagam, IPUYeM UHTEPEC K HUM MOCTOSIHHO BO3PACTAET. ITO CBA3AHO C OTPOMHOM MPAKTUYECKOM
SHAYNMOCTBIO OTHUX KJIACCOB MaTepI/IaJ'IOB HJIA paSBI/ITI/Ifl I/IH(i)OpMaIII/IOHHI)IX, MEIUIIMHCKUX, XUMHUYCC-
KHX, JJIEKTPOHHBIX TeXHOJ0ruil. HaHOMaTepuaibl Ha OCHOBE MOIYNPOBOIHUKOB (Hampumep, A B u

1= VvI
A B, ) obnagaroT yHUKaIbHBIMU ONTUYECKUMU CBOMCTBAMU U SIBJISIIOTCS IEPCIIEKTUBHBIMU MaTEpH-

aJizleE JUISl aKTUBHBIX JJICMEHTOB HEJIMHEWHOW ONTUKM U YCTPOMCTB HAHOXJIEKTPOHUKH.

B nanHoit paboTe cuHTE3 HAHOKPUCTAIIJIOB IPOBEACH ABYMS Pa3IMUYHbIMU METOAAMMU: IEPBBIA — C
MIOMOIIBIO TOKANEJIbHOI0 BBEICHHUS BOJJHOTO pacTBOpa Cy/b(uia HaTpUsl B BOAHBINA pacTBOP HUTpaTa
KaJIMHsI, BTOPOU — IIyTEM IPOAYBKH CEPOBOJOPO/IA B EMKOCTH C BOJHBIM PACTBOPOM HUTpATA KaIMHUS.
OtpaboTaHa TEXHOJIOTUS MTOJYYSHHU HAHOKPUCTAININYECKUX 00pa30BaHUil C KOJUIOMIHBIX PACTBOPOB
10 IByM METOAaM, HalJIeHbl YCIOBHS U HE0OX0JUMbIe KOHLIEHTPAIIMK PEAareHTOB JUIsl MOTyYEeHUs Ha-
HOKPHCTAJUIOB 33JJaHHOT0 pa3mepa. OIpeneneHbl XapakTEPHbIE pa3Mepbl HAHOKPUCTAJUIOB 10 CIIEK-
Tpam onTHYecKoro noromeHus. C moMoIb0 NOTYyYEHHBIX JaHHBIX ObLT PACCUYMTAH SHEPreTUYECKUN
CIIEKTp YPOBHEH, XapaKTepHBIX JJIs JAHHBIX 00BEKTOB. XOpolllee COBIaICHUE MOTYYSHHBIX 3HaUCHUH
C TEOPETUYECKUMU JaHHBIMU IOITBEPIAET BOSMOXKHOCTh UCIIOJIb30BaHUS MPUOIKEHUsS O popMe Ha-
HOKPHUCTAJUIOB KaK C(epUIeCKUX MOIYyIPOBOIHUKOBBIX KBAHTOBBIX TOUKAX.

KiroueBbie ciioBa: HAaHOKPUCTAJUIbL, ITOTTIOMCHUEC, SHCPTCTUUCCKUC 30HBI.
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BIIJIMB PO3MIPIB KPUCTAJIITIB HA CIIEKTPHU ITIOITIMHAHHSA HAHOKPUCTAJIIB
CDS

Pesrome

OcranHIM 9acoM 0coONIMBa yBara MpHIUISETHCSI MATHITHUAM 1 HAIIBIIPOBITHUKOBUM HaHOMaTepiajam,
IpUYOMY IHTEpEC 10 HUX MOCTiiHO 3pocTae. e moB’s3aH0 3 BEIMUYE3HOIO MPAKTUYHOIO 3HAYYIITICTIO
IIUX KJIACiB MaTepiajiB sl PO3BUTKY 1H(POPMALIHHIX, MEMYHUX, XIMIYHHUX, €IEKTPOHHUX TEXHOJIOT1H.
Hanomarepianu Ha OCHOBI HalliBNPOBIAHKKIB (Hanpukian, A, B, Tta A B, ) BONOAIIOTE yHIKaIbHUMH
ONTUYHUMH BIACTUBOCTSIMH 1 € MEPCIIEKTUBHUMHU MaTepiajiaMu [l aKTUBHUX €JIEMEHTIB HETIHIHHO]
OIITHKH 1 IPUCTPOIB HAHOCIEKTPOHIKH.

VY naHiif poOOTI CHHTE3 HAHOKPUCTAJIIB MPOBEACHUHN JBOMA PI3HUMHU METONAMU: TEpIINi - 3a J10-
MIOMOTOI0 TOKANeJIbHOTO BBEIEHHS BOAHOTO PO3YMHY CyIb(idy HATpil0 B BOAHHUHA PO3YUH HITpaTy
KaJMil0, IPYTHi - HUIIXOM MPOAYBKH CIPKOBOJHIO B €MHOCTb 3 BOJHHM PO3UYMHOM HITPATy KaaMilo.
BinnpainpoBana TEXHOJOTIS] OTPUMaHH HAHOKPUCTAIIYHUX YTBOPEHb 3 KOJIOITHUX PO3YMHIB 32 IBOMA
METOJJaMH, 3Haii/IeH1 yMOBH 1 HEOOX1/1HI KOHIICHTpALlil peareHTiB I OTPUMaHHS HAHOKPHUCTAIIIB 3a/1a-
HOTO po3Mipy. Bu3zHaueHo XapakTepHi po3Mipyu HAHOKPUCTAJIB 32 CIIEKTPaMHU ONITUYHOTO MOTTHHAHHSL.
3a I0MOMOror0 OTPUMaHUX JIaHUX OyB pO3paxOBaHUM €HEPreTHYHHIA CIIEKTpP PiBHIB, XapaKTEPHUX IS
naHux o0’ ekTiB. ['apHuii 30ir OTpUMaHKX 3HAYEHb 3 TEOPETUYHUMU JaHUMU MTOJTBEPACT MOKIUBICTh
BUKOPHCTAHHS HAOMIKEHHS TIpO (JOpMy HAHOKPHUCTATIB K C()EPUUHUX HAIIBIPOBIIHUKOBUX KBaH-
TOBHX TOYKaX.

Kir04oBi ci10Ba: HaHOKpUCTAH, TOTJIMHAHHS, CHEPTETHYHI 30HU.
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NANOELECTRONIC’S MATERIAL FOR OPTIC SYSTEM

The theoretical approach of quantum-dimensional system we have
discussed. Our results are important for visualization and generation
nanodimensional parts of the optical system.

An semiconductor surface is specific surface
disordered phase (SDP) and the main peculiarities
of modern nanoelectronic devices depend on the
individual parameters of the surface phase. Fur-
thermore, the reactions of atomic hydrogen (H),
fluorine (F), chlorine (Cl) and bromine (Br) with
Si surface were widely studied experimentally
and many investigators have observed the semi-
conductor SDP directly [1-3]. For a quantitative
analyses of nanostructures like nanoclusters (NC)
creation in Si and other solid materials the clus-
ters distribution along the surface is necessary.

On the other hand, the recent progress in the
combination of visualization with simulation
techniques have concurred to obtain spectacular
results in the investigation of chemical reaction
mechanisms as well [4]. The traditional quantum
chemical ab initio methods, based on the Hartree-
Fock scheme have become well established in
studies of the electronic and geometrical structure
of the solid NC [1]. Therefore, the surface NC
as real objects and model in the nanoelectronic’s
material for intelectual system is great interest.

Our Model Molecular Graphics Package
(MMGP) which is specially designed so as to al-
low for high-level computerized visualization in
molecular science. MMGP contains many inter-
faces with quantum chemical programs such as
the semiempirical and molecular surface geom-
etry generation, which is based on the interatomic
potential (for example, Modified Stillinger-Weber
(MSW)).

In the paper development and applications of
the MMGP to the Si-NC was demonstrated. The
MMGP generates detailed and easily interpre-

table and aesthetically appealing graphics repre-
senting models of molecular structures and relat-
ed properties. The package offers a high level of
interactivity through the use of the mouse and via
a large set of menus and submenu, organized in
such a way so as to enable users to learn rapidly
the basic operations leading to efficient visualiza-
tion (see Fig 1,2.).

Fig 1.
Map of the density electron distribution for the
nanocluster

Fig.2.
3D-representation of the
nanoparticle’s formation from nanocluster

For all the menu items, a help facility has been
implemented. Various representation options
and attributes may be selected for adapting the
visual output to personal needs and preferences:

101



the molecular structures may be represented
as discrete dots, and the global appearance
may be modified via attributeS such as back
ground appearance, perspective or orthogonal
projection and others. The purpose of the MMGP
is the interactive visual representation of three-
dimensional (3D) models of molecular structures
and properties for research. Due to the flexibility
of the data- and program-structure, various
chemical systems ranging from small compounds
(clusters) to large macromolecules may be
investigated; additional interfaces and tools can
easily be implemented. The MMGP contains the
tools which are neccessary for the investigation
and visualization of the results generated by the
calculation program-package contains:
- Modified IEHT-a method.

This is for semiempirical calculations of one-
electron level energies, wave functions and other
parameters of electronic structure of NC. The
estimation of the total energy of clusters which
has different size is follows:

Fury Q7 a5) = Q47 a5) .\

+ZgiEi—(Eee+Eexc)
all 9% ]
Eoe = v 2v 2
ZZMB s @)

v, 1s the fitting parameter.

—POTENTIAL package.

This is simulation programme for calculations
based on different types of interaction potentials.
One of them is modified Stillinger-Weber-type
potential [2]. Hamiltonian is follows:

s A
H(71,7..T No P, Py D) = —+

PP PN = o

N N
T T T e
i<j i< j<k

3)

F1,Fp...T y are coordinates of the atoms. V,
. 18 the twin potential (4); V,, ~ tree-part SIW-
potential :
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©,, 1s angle, Ty 'fmd fjk’ fy'.= ‘]‘{—I‘jJ is
the vector between i and j atoms in units of the
equilibrium distance between nearest atoms in

the structure (7()). For Si 7 = 2,3514 (modified

SW), and 7(=2,09514 (original SW). The energy
unit equal £ = 2,1675 ¢V ie E, . in the crystal
Si . The parameters of the modified SW-potential
are present in the [3].

—Graphic Package is a geometrical program
based on 3D-representation of the investigation
of NC.

We will report the results of test calculation
for adsorption processes, optics properties of
the closely packed and ball-like Si NC. Real
surface objects may be built by introducing
stereochemistry, i.e., the 3D atomic positions,
and it is important to visualize them as molecular
models with the usual rendering techniques
leading to 3D perception. MMGP visualization
allows investigators to emphasize at length the
different aspects of molecular structure of surface:
chemical topology, conformational details, etc.

We applied the MMGP to the Si-SDP. With
the appearance of semiempirical methods the
calculation of the equilibrium geometry and
visualization of quite large model became
possible (N=125 Atoms). The calculation bond
lengths of some surface are given in ref. [5-7].

As one can see from these data the calculated
interatomic are in a quite good agreement with
the experimental ones. Especially, the changes of
the Si - Si bond, going from a small Si -NC (2-10
atoms) to big are accurately described. We find
the energies of NC, binding energy per atom and
interection energy of the systems «NC-SDP» are



obtained for more stable geometry. Furthermore,
the energetic positions and equilibrium distances
as well as of silicon are described rather well.

Other example of the adsorption process and
chemical reactions on semiconductor surfaces
is the interaction with halogen-atoms [6]. When
using the model to represent the SDP, a choice
has to be made about the NC size, that is, the
number of atoms which are treated explicity
in the calculation, and the level of precision
of the required computation. Fortunately, the
chemisorption of atoms on SDP seems to be of
local character. This fact is greately supported by
ab initio model calculations, and particularly by
the calculations for the chemisorption of F and Cl
on Si-SDP.

In our calculation the single NC contains
10-100 Si atoms, representing the first four
layers of the Si-SDP. We regard this model as
hypothetical molecules (quasimolecules) and do
try to compare the computed results (for example,
magic numbers) directly to experimental data
of the corresponding impurities in the solids or
chemisorbed systems [1]. The mass spectra of
charged NC, where magic numbers are observed
[3].

Take into account the internal structure of the
ball-like Si NC we investigate theoretically the
adsorbtion and scattering of light by ones. The
theory for the interaction of electromagnetic
fields with local charge-carrier near boundary of
the small spherical semiconductor microcrystals
was presented in [8]. In the [5,8] the dipole
moments of NC (using MMGP) and transition
dipole moments for local bulk states and local
exterior surface states were calculated. It was
shown that the dipole moments of the transitions
for local states of the Si NC are large compared
to the typical values of transition dipole moments
for Si - NC.

Conclusion. We have shown that the
calculated energy and geometrical characteristics
by MMGTP are in satisfactory agreement with the
experiment and others ab initio calculations [1-
8]. The present calculations show that the MMGP
can be used to obtain a detailed and reasonably
accurate description of various aspects of the
small halogen-Si-NC. In view of interest of a

physicist for the visualization of such NC, one
may foresee that the data banks that represent
the major types of stable systems will soon be
available. Therefore, it is important for a physicist
to have at hand the computer tools allowing
visualization and generation of computational
information. The combination MMGP with
molecular dynamics in connection with technique
of simulated annealing, makes it a very useful tool
for the determination of geometries of large NC.
Reconstruction processes at Si SDP or amorphous
solids can be studied also in this way
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RELATIVISTIC MODEL DIRAC-FOCK APPROACH TO STUDYING Fe
PLASMA EMISSION SPECTRA IN A LOW INDUCTIVE VACUUM SPARK

There are presented the results of theoretical calculation for tran-
sition probabilities of the Fe plasma Li-like satellite lines on the basis
of the relativistic perturbation theory (PT) with the Dirac-Fock model
zeroth approximation and accounting for correlation and radiative
corrections. With using the calculated values for relation of intensi-
ties of the dielectronic satellites lines and resonant lines of He-like
ions, it is carried out an estimate of the plasma electron temperature

and density.

At present time a great attention is turned to
problems of experimental and theoretical study
of high temperature multi-charged ions plasma
and developing the new diagnostics methods (c.f.
[1-12]). Similar interest is also stimulated by im-
portance of carrying out the approaches to deter-
mination of the characteristics for multi-charged
ions plasma in thermonuclear (tokamak) reactors,
searching new mediums for X-ray range lasers.
The X-ray laser problem has stimulated a great
number of papers devoting to development of
theoretical methods for the modelling the elemen-
tary processes in a collisionally pumped plasma.
The current trend is to study high Z (Z is a charge
of a nucleus of ions). There is a hope to find lasing
effects on the transitions in plasma of the Li-, Ne-,
Ni-like ions. Very shocking example is a scheme
for accomplishing tabletop x-ray lasing in Li-like
ion of Ne at 98 A in an optically ionized plasma
during recombination in the transient regime. At
the same time, low temperature plasma sources
are more efficient and less expensive devices.
They show promise for producing lasing in the
vacuum ultraviolet and soft X-ray region. Prelim-
inary investigations of capillary spark discharge
were made (c.f.[5-9]), which show the possibility
of their use as effective plasma sources for the
generation of a soft-X-ray or extreme ultraviolet

amplified spontaneous emission. A great progress
in development of laser technique, tokamak and
accelerator experiments resulted to a new class of
problems in the plasma physics and correspond-
ingly diagnostics of their parameters. The elec-
tron temperatures and particle confinement times
in tokamak plasmas permit the ionization of the
heavy impurity elements up to the helium-like
(eventually hydrogen-like) charge state. High
resolution spectroscopy of the line emission of
these ions has become a powerful technique for
determining the electron and ion temperatures 7,
and T ,the macroscopic plasma movement and
dynamics of the plasma impurity transport. Ex-
perimental measurements have beer carried out
at several large tokamaks: Ti**" and Fe?*" (Prince-
ton Large Torus), Cr*** (tokamak de Fontenau-
aux-Roses=TFR) etc. The TFR measurements of
the plasma parameters and wavelengths, atomic
characteristics of satellite spectrum of the He-like
ions from Ar'®* to Mn* (Ar, Sc, V,Cr, Mn) are ac-
curately carried out and presented in ref. [3].

In ref. [1-3] a new, effective relativistic ver-
sion of the PT for calculations of the spectro-
scopic characteristics of the multicharged ions
in plasma have been developed It is based on the
fundamental formalism of the QED perturbation
theory [10-14]. It has been used for developing
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high resolution theoretical spectroscopy schemes
for sensing and diagnostics the tokamak plasma
parameters [1]. We carried put the estimates of
the tokamak plasma parameters (electron tem-
perature etc.) and presented the calculation results
for wavelengths and other atomic characteristics
of satellite spectrum of the He-like ions from
Ar'®" to Mn? [4]. However some theoretical non-
consistency remained because of the non-account
so-called QED corrections in theoretical scheme.
For ions of the Ar'®* , Sc*™' there is got a good
agreement with the tokamak de Fontenau-aux-
Roses (TFR) and other measurements [5-9], but it
is obvious that this scheme must be significantly
improved for a case of plasma of more heavy el-
ements. Here we present the results of theoreti-
cal calculation of the Fe plasma Li-like satellite
lines on the basis of the relativistic perturbation
theory with account for correlation and radiative
corrections. With using the calculated values for
relation of intensities of the dielectronic satellites
lines and resonant lines of He-like ions, it is car-
ried out an estimate of the plasma electron tem-
perature which is equal 2,4keV under electron
density of 10%sm’.

Now we describe the key moments of our
theoretical scheme. The details of the whole con-
sistent QED version for studying and spectro-
scopic characteristics of the multicharged ions in
plasma have been earlier presented in refs. [2,3]
and based on the gauge invariant QED energy ap-
proach [1,10-12] and correct account of the finite
nuclear size and QED effects (the Lamb shift, in-
cluding self-energy part and vacuum polarization
part).

The wave functions zeroth basis is found
from the Dirac equation solution with potential,
which includes core ab initio potential, electric,
polarization potentials of nucleus (gaussian form
for charge distribution in the nucleus is accepted).
All correlation corrections of the PT second
and high orders (electrons screening, particle-
hole interaction etc.) are accounted for. The
nuclear potential is provided by choice of charge
distribution in the nucleus. The Coulomb potential

for spherically symmetric density p(dR) is:

Viuel (r|R): —((l/r)}f/dr'rvzp(r’
0

)

© L '
Rj+ [drr p(r
r
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Let us consider the Li-like ion as example.
One can write the DF-like equations for a three-
electron system /s’nlj. Formally they fall into
one-electron Dirac equations for the orbitals
Is,nlj with potential:

V(r)=2V(r|1s)+V(rinl)+V _+V(r|R).

This potential includes the electrical and po-
larization potentials of the nucleus. The part V_
accounts for exchange inter-electron interaction.
The main exchange effect will be taken into ac-
count if in the equation for the /s orbital we as-
sume V(r)=V(r|ls)+V(r|nlj) and in the equation
for the nlj orbital V(r)=2V(r|1ls). The rest of the
exchange-correlation effects are accounted for in
the first two PT orders by the total inter-electron
interaction. The core electron density is defined
by iteration algorithm within gauge invariant
QED procedure [12]. Other details of the calcula-
tion procedure, including definition of the matrix
elements of the QED PT with effective account of
the exchange-correlation effects can be found in
refs. [1,10-12]. The details of calculational pro-
cedure are described in ref. [1-3]. Here we only
note the following: in order to construct the op-
timal PT zeroth approximation we use ab initio
quantum electrodynamics (QED) procedure [12].
The lowest order multielectron effects contribu-
tion, in particular, the gauge dependent radiative
contribution for the certain class of the photon
propagator calibration is minimized. Such a mini-
mization results in the construction of the optimal
one-electron basis.

In the Fe plasma in full similarity with the K,
Cu plasma in a law inductive vacuum spark [2,7]
one could observe the resonant lines /snp-1s’ of
the He- like ions with ground quantum number n
from 3 to 6. The satellite lines /s5°2/-1s2Inl with
n=3,4 are situated nearly.

In [2,4] we present the measured values of
wavelengths (in A) of the Li-like lines dielec-
tronic satellites to /s*'S-1s3p’P, emission line
in the K plasma in a law inductive vacuum spark.
We also present theoretical data on wavelengths,
obtained on the basis of calculation within differ-
ent theoretical approaches: PT on the 1/Z, rela-
tivistic PT with model zeroth approximation for
three-quasiparticle atomic systems with effective



Transitions Probability Wavelength Wave-
B C D B C D length [7]
1522p2Py )5 —1s2p3p2Ds 5 | 01,26 59,65 59,70 | 1,5933 11,5932 1,5934
152292 5 —152p3p2Ds 5 | 33,76 27,39 26,60 | 1,5931 1,5929 1,5935 é’ggégi
1522p2Py )5 — 152p3p*S3 2 4,88 7,56 14,68 | 1,5947 1,5945 1,5948 ’
1s22p?Py 5 ~1s2p3p*Py | T SAB e ) 15953 -
1s22p2P3/2 —1s2p3p4D5/2 """ e 1,5952 -

Table 1. The transitions probabilities (P, in 10" s™') for Li-like lines of dielectronic satellites to /5°'S -1s3p'P,
emission line in the Fe plasma: (B)- PT on 1/Z, C- relativistic PT with model “0”’-approximation for 3-quasi-
particle atomic systems with effective account for correlation and radiative corrections (present work), D-

method AUTOJOLS [2,7].

account for correlation and radiative QED correc-
tions, method AUTOJOLS, optimized Dirac-Fo-
ck method with account QED corrections [2,7].
Table 1 lists the theoretical data on energies and
transitions probabilities (in 103 s™"), which are cor-
responding Li-like lines of dielectronic satellites
to /5°'S,-1s3p'P, emission line in the Fe plasma.

As in a case of calculating dielectronic satel-
lites to emission line /s*'S -1s3p'P, for K plasma
in a low inductive vacuum spark [2,7], theoretical
and experimental values of wavelengths for satel-
lite lines in a whole are sufficiently well agreed
with each other. However, values for the transi-
tion probabilities, calculated by different theo-
retical methods, are significantly disagreed with
each other. Our work has shown that new ab initio
version of the relativistic PT with correct account
of correlation, relativistic and radiative effects for
three-particle atomic systems is to be waited for
a powerful theoretical tool for studying complex
spectra and spectral characteristics of the plasma
emission as in a law inductive vacuum spark as
other plasma sources. It should be noted also that
our approach is in a great degree oriented on the
classical tasks of spectroscopy of free multich-
arged ions and spectroscopy of plasma. The last
fact is especially valuable from the point of view
of the realizing spectroscopic diagnostics of the
hot plasma etc.

To define the electron density and temperature
of a plasma one needs the correct data on the in-
tensities of dielectronic satellites to resonant lines
and the corresponding set of atomic constants
(coefficients of dielectronic recombination, ve-

locities of impact excitation, probabilities of ra-
diation decay and autoionization etc. [2-7,13-17].
In our case the plasma electron temperature and
its electron density can be defined using the re-
lationship between the dielectronic satellites in-
tensities, say, j,k, and resonant line. The intensity
of resonant line of the He- like ion is defined as
follows (c.f. [2,7]):

T
Ip =Ne<v0>1s_2pJ. Npjedt
0

where N, is a concentration of the He-like ions,
<vs> is an averaged cross-section of the impact
excitation /s-2p; t1is a time of the hot plasma. The
relationship between the resonant lines satellites
intensities of the He- like ions, say, Fe, Cl ions, is
as follows:

!

1
NHecz dt{< VO > 0p _[ NHeFe dt}
0

W=1Ig Hyp =<vo>_,,

With using the method of ref. [7], theoretical
data of present paper, it is possible to evaluate
the value of W in dependence upon the electronic
temperature for given electron density: N =10
cm’. In result we predict the electron temperature
2400 eV that is in an reasonable agreement with
experimental data [7]. The presented theory has
to be very effective tool in treating the atomic
(multicharged ions) spectroscopic characteristics
in the laser-produced plasma, where studying of
the elementary atomic processes is of a great in-
terest and importance (see, for example, [18,19]).
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Abstract. There are presented the results of theoretical calculation for transition probabilities of the
Fe plasma Li-like satellite lines on the basis of the relativistic perturbation theory with the Dirac-Fock
model zeroth approximation and accounting for correlation and radiative corrections. With using the
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PEJIATUBUCTCKH MOJEJIBbHBIN MMOIXO/ IMPAKA-®OKA K N3YUEHUIOCIIEKTPA
W3JIYYEHUSA IJIABMBI Fe B MAJIOMHIYKTUBHON BAKYYMHOMN UCKPE

Pe3tome. [IpoBeeHo n3ydenne napaMmerpoB Li-mogoOHBIX CATEIUIMTHBIX JTUHUHN mmia3mel Fe Ha
OCHOBE pacueTa METOAOM PEISATUBUCTCKON TEOPUH BO3MYLIEHHUH ¢ AMPaK-(POKOBCKUM MOJEIbHBIM
HYJICBBIM TIPHOIMKEHUEM U YIETOM KOPPEIISIIHOHHBIX U PaTUAIMOHHBIX ToNpaBok. C MCIOIb30Ba-
HUEM PACCYUTAHHBIX 3HAYCHUN OTHOIICHHS] MHTEHCUBHOCTEH JUAJIEKTPOHHBIX U PE30HAHCHBIX JIMHUN
He- noo0HbIX HOHOB IOJTy4€Ha OLIEHKA BEJIMYMH AJIEKTPOHHOM TeMIleparypbl U IUIOTHOCTH IL1a3MBbl.

Kirouesble cioBa: Li-moqo0HbIe caTeITUTHBIC JTHHUY, 11a3Ma Fe, pensTuBucTckas Teopus BO3-
MYLICHUI
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PEJATUBICTCHKHAN MOJAEJBHUM MIIXIT JIPAKA-®OKA 10 BUBYEHHS CIIEKTP
BUITPOMIHIOBAHHS TIJIA3MMU Fe Y MAJIOTHAYKTUBHINA BAKYYMHIN ICKPI

Pe3ome. Bukonano BuBueHHs mapameTpiB Li-moniOHuX caTeniTHUX JiHiA mia3mu Fe Ha ocHOBI
PO3paxyHKy METOJIOM PEJISTHBICTCHKOI Teopii 30ypeHb 3 Nipak-QOKIBCHKUM MOJEIHHUM HYJIbOBUM
HAOJIMDKEHHSM 1 ypaxyBaHHSIM KOPEJIIMHUX Ta paiallifHUX MOMPaBOK. 3 BUKOPUCTAHHIM pO3pa-
XOBAaHUX 3HAYCHb BiTHOIICHHS IHTCHCUBHOCTEH JICNEKTPOHHUX W pe30HAHCHUX JiHIA He- momioanx
10HIB BUKOHAHO OLIIHKY BEJTMYMHU €JICKTPOHHOI TEMIIepaTypy Ta I'YCTHHH TUTa3MHU.

Kuarouosi cioBa: Li-oniOHi carenitHi JiHii, ia3ma Fe, pensituBicTchka Teopis 30ypeHb
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FEATURES OF PHOTOCURRENT RELAXATION IN SENSOR-BASED
CdS CRYSTALS OR FEATURES OF PHOTOCURRENT RELAXATION IN
CRYSTALS WITH FAST AND SLOW RECOMBINATION CENTRES

The fast relaxation of the photocurrent associated with electronic
processes has been explored. The external factors effect has been in-
vestigated. It was shown that in contrast to the accepted view of the
phenomena, the of carriers’ transitions mechanism includes thermal ex-
citation in sensitivity centers, and only then transition to the free state.

The study of semiconductor devices operating
in the infrared part of the spectrum attracts
attention in connection with their applications for
communication, diagnostics, radiation sensors,
in technological processes, for data-transmission
systems, in medicine, in military science, etc.

One of the most promising materials for the
production of such electronic devices are semi-
conductors of A’B® group due to cheapness of
the substances used, well-designed fabrication
technologies, and also due to high photosensitiv-
ity of the devices based on such materials.

One of the typical specimen of these binary
compounds is cadmium sulfide. For many years,
CdS crystals are of considerable interest owing
to high photoresponse (the ratio of light to dark
conductivity up to eight orders of magnitude),
the optimal (~ 5.7 nm) lattice constant, the
comparative ease of electrical contacts plating,
as well as to a significant solubility coefficient
for most doping agents. Due to well-established
properties, in some cases, such crystals are used
as a model material to clarify the nuances of
photoelectric processes.

At the same time this semiconductor belongs to
a class of large-gap semiconductors. Its band gap
width (2.42 eV), providing the most part of the
positive operating properties, including the above,
significantly limits range of spectral sensitivity.
Even at the expense of its improper excitation it
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can be extended to long wave region only up to
980 - 1000 nm. Further extension up to 1600 nm
(twofold) can be achieved for crystals doped both
with fast and slow recombination centers.

The specific feature of such samples is a pres-
ence of the photocurrent infrared blanking effect
through the joint operation of the recombination
centers. The elements’ sensitivity does not de-
crease, as it usually happens with direct current
measurements, but also can significantly increase
as the relative change of the current is measured
instead of the current itself.

The photocurrent infrared blanking reduces
current magnitude formed by the free carriers,
excited by light from the proper absorption re-
gion, when sample is additionally subjected to
long wavelength lighting.

The wave length of suppressing light is usually
in an infrared part of the spectrum. Therefore the
effect is called photocurrent infrared blanking.
For the first time this mechanism was suggested
by A.Rouz.

The A.Rouz’ model is based on the process of
a charge carriers release from traps. In this case,
after the light excitation from the local center,
nonequilibrium carrier does not participate in
the current formation immediately. Depending
on the applied electric field and temperature, it
stays for some time in the vicinity of the cen-
ter. It is energetically favorable for such carrier,



of course, to return into the trap. The change of
trap’s charge state after the excitation event also
promotes this process. Such free-capture oscilla-
tions, probably repeated, do not affect measured
electric current, as the spatial position of such
charge carriers is unchanged. For this reason,
these stages of excitation remained unexplored.

As a tool to study these oscillations we chose
the photocurrent infrared blanking effect.We be-
lieve that this approach has several advantages.

First, if the crystals under consideration are
sufficiently saturated with S- and R-centers, the
distance between these centers is small. In this
case, holes, knocked by infrared light from centers
of slow recombination, after passing only a few
crystal lattice cells will hit the S-centers and af-
fect the current. Moreover, if the S-and R-centers
are distributed uniformly, the free path length will
be more or less fixed. In ordinary situation, these
processes are concealed by scattering, random
trap captures, other channels of recombination,
etc.

In addition, the features of the infrared blanking
allow to change independently both parameters
of current-forming self light, and the intensity
and spectral composition of the infrared light,
responsible only for the holes release.

Finally, the effect of IR-blanking allows iden-
tifying and investigating the mechanism of carri-
ers’ emission from a specific class of the centers,
whereas in the usual case we have to deal with a
range of traps, depletion processes of which ob-
scure each other.

These features of the infrared blanking make
it a sensitive and flexible method for studying the
fine details of improper carriers photoexcitation.

The present study aims to investigate features
of the carriers excitation from bound to the
conductive state using the photocurrent IR blank-
ing effect and the features of current formation.

In the paper [1] the long-time relaxation of the
photocurrent (about 10° - 10* seconds per day) in
short samples of cadmium sulfide with IR-blank-
ing under illumination by their proper light is de-
scribed. A model that explains such relaxation is
also suggested there. When crystals are stored in
the dark for a long term deep R-centers (1.1 eV),

gradually losing charge, are retracted by barriers
field into the spatial charge region of electrical
contacts and accumulate there. At the subsequent
illumination they diffuse towards the crystal cen-
ter. In this case, the photosensitivity of this region
increases, photocurrent increases as well.

We also observed a similar relaxation which
authors [1] associated with migration of ions in
the crystal. In accordance with the techniques
proposed in this article, measures to eliminate
such change of the photocurrent were implement-
ed in the sample preparation. The samples were
kept for a long time on their proper light.

In the article [2] the middle-time (10°-10? sec-
onds, tens of minutes) relaxation of proper current
was studied. The complicated form is explained
by additional mechanism of the electrical con-
tacts’ spatial charge region shape change due to
external voltage applied. However, as before, it
was supposed that the photocurrent formation is
controlled by the spatial redistribution of the crys-
tal impurities.

In this regard, it is interesting to study the
photocurrent change for the periods, excluding
influence of ionic processes — 10'-10% sec (tens of
seconds, up to several minutes). In this case, the
sample is illuminated by its proper light of varying
intensity (Fig. 1A). For ease of comparison, all
graphs are shifted to the

t=0.

Usually photocurrent relaxation is measured
from the initial state, i.e. darkness, to completely
steadied value, i.e. saturation on graph I (t). In
this case, only one value of light intensity is used.

It is clear that the process of electrical current
change includes at least two fundamentally diffe-
rent phases. In the initial phase, the photoexcitation
of free carriers occurs, most of which fills existing
traps and recombination centers. In our case, there
are, at least, effective R-centres for this purpose.

The nonequilibrium charge capture process
dominates for small values of light intensity, when
the number of absorbed photons is less than traps
concentration. Conditions are unfavorable for the
formation of the photocurrent. On the contrary,
the final stages of relaxation occur already in
conditions of quasi-equilibrium for capture-
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emission processes. In our samples, it happens not
less, than in four channels: besides always present
sticky centers, recombination at the S-centers
occurs, as well as captures and emissions from
ground and excited states of R-centers and
intracenter transitions as shown in Fig.2b.

Exactly this complex ensemble of interactions
was a main subject of research. Therefore,
measurements were carried out in the conditions
of already existing intensity of proper light and
steady photocurrent during the transition to the
higher intensity. The additional lighting switching
on is considered t = 0 (Figure 1A).

Observations were compared with the reverse
process, when the intensity decreased to the base
value. In this case, the competing process de-
termines the system behavior — centers are de-
pleted. Indeed, at measurements in low lighting
conditions, we observed rather widened relaxation
region on the L) graph. At the same time, the
reverse relaxation appeared faster.

A Iph, },lA

0,2
2
0,1 1
0,1 ] 4 3
5
6
T T T T T T
0 1 2 3 4 5 6 t, min

Fig. 1A. A photocurrent relaxation during the change
of proper light intensity: 1. — from 4.25 to 9.8 lux;
2. — from 9.8 to 4.25 lux; 3. — from 1.35 to 4.25 lux;
4., — from 4.25 to 1.35 lux; 5. — from 0.6 lux to 1.35
lux; 6. — from 1.35 to 0.6 lux.

For the transitions from low to high lighting
conditions at large luminous fluxes, in addition to
the natural increase of the photocurrent absolute
values, the increase of the growing compo-
nent over time was insignificant, due it’s being
determined not by lighting parametres, but the
presence of empty states in the traps. The de-
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clining component of the I (t) dependence was
delayed to a bigger extent, as it is determined by
the greater charge stored in the traps.

Finally, for the relatively high light intensities,
as shown in Figure 1A, the photocurrent mag-
nitude itself depended on intensity of used light.
Dynamics of its change — both increase and
decrease, starting with two minutes, appeared
identical. By superimposing the graphs it can be
shown, that these parts of the curves coincide.

In addition to this, the relaxation time from the
initial value for the decrease to the initial value
for the growth (Fig. 1A) also increased with light
intensity increase.

Note that the method of photocurrent relaxation
analysis in the separate measurement of the step-
wise light intensity is used for the first time.

The short time region, that is less than 2 min-
utes, appeared dependent on the temperature at
which the measurement was made. The essential
curve shapes are shown as Figure 1B.

Graphs on Figure 1b were normalized to the
saturation point. That is, for the convenience of
comparison, the value of the current in the satura-
tion area in both cases was taken as 100% with the
corresponding conversion of currents in other ar-
eas. Actual absolute values of a current decreased
with temperature increase, value in the saturation
area, and the current value both.

To avoid rapid reduction of currents associ-
ated with the effect of temperature blanking [3],
which is not considered in this study, we used the
temperature range below 50-60 ° C, typical for the
beginning of T-blanking.

As seen in Figure 1B, the temperature increase
leads to a noticeable rise of relaxation in 2-3 times.
Taking into account approximately 1 sec durations
of current evolutions, we related observed changes
to electronic processes.

When proper light illuminates sample release
of nonequilibrium charge carriers occurs. A certain
number of them are involved in the photocurrent
formation, but significant part, especially in the
initial moments, are spent on filling of deep traps.
It is obvious, that the amount of such carriers cap-
tured by traps is great at first, as traps were empty.
But eventually it is reduced, as traps are filled.



This provides an increase of free state carriers,
with the corresponding relaxational photocurrent
increase.

At the same time the competing process oc-
curs - as traps are filled at a given temperature the
number of thermally emitted carriers increases.

In general, the presence of a plateau is charac-
terized by approximate balance of carriers cap-
tured by and emitted from traps. With temperature
growth at the same intensity of captures a num-
ber of thermal emissions increases. This provides
faster saturation (see Fig. 1B).

To observe the photocurrent relaxation under
influence of the long-wave radiation, wavelengths
corresponding to the maxima of blanking - 960
and 1380 nm (fig. 2.A) were used. Optimal inten-
sities of proper light and blanking light were set
according to [4]

41Iph, rel. unit
100 | 5

754

50—

254

T T T T T
20 40 60 80 100 120

T >

t, sec

Fig. 1B. Plot of the short time current relaxation
l.—at t°=175°C;2. —att°=43.5°C.

Fig. 2.A. Temporal photocurrent changes in the
blanking maxima.

With the constant exciting light after the relax-
ation of photocurrent I, the infrared illumination
was turned on, preset on a wavelength of the cor-
responding blanking maximum and photocurrent
| time dependence was measured.

Both curves start from the same point corre-
sponding to the value of proper excitation. With
the infrared lighting photocurrent blanking starts
and the current decreases — the curve 1, corre-
sponding to a wavelength of 960 nm, is above the
curve 2 for the wavelength of 1380 nm and takes
longer to reach saturation.

I, mA
_ Io
0,15 oo
1
2
' t, sec
- I : I I
100 200 300

Fig. 2.A. Temporal photocurrent changes in the blank-
ing maxima.

This is explained as follows. Figure 2.B shows
the band diagram, where the transitions from the
ground state of R-centers correspond to curve
1, and the transitions from the R ‘correspond to
curve 2.

Since there is a thermal transition from level R
to level R’, the probability of transition from level
R’ is greater than from level R. This explains the
fact that the curve 2, corresponding to the transi-
tion R’, is lower than curve 1, corresponding to the
transition from the levels R.

As seen in Figure 2.A, curve 2 reaches satura-
tion faster. This is due to only one process, name-
ly the transitions from the R’. At the same time,
curve 1 is due to transitions from the R and R’,
plus the thermal transitions inside the sensitivity
centers from the ground to the excited states. In
addition, as noted above, there is a probability of
inverse capture of a hole from the valence band by
R centers. In general, the existence of such com-
plex combination of processes accounts for more
delayed front of the observed curve.

KT R’
1,1 —
eV

0,9eV
Y EV

Fig. 2B. Model of phonon-photon transitions
involving excited states of R — centers.
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Thus, the considered model suggests greater
holes population on R’ levels due to the thermal
transitions from the ground state of R-centers
to R’. It contradicts with R.Bjub’s zonal model
[5] which is based on the opposite mechanism
of holes release — intracenter optical excitation
with activation energy 0.9 eV followed by thermal
excitation in the band with energy of 0.2 eV.

These data provide additional evidence for al-
ternative model presented in the paper [6].
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Abstract.

The fast relaxation of the photocurrent associated with electronic processes has been explored. The
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CALCULATING THE RADIATIVE VACUUM POLARIZATION
CONTRIBUTION TO THE ENERGY SHIFT OF 2P-2S TRANSITION IN

n-HYDROGEN

Calculating the radiative contribution due to the vacuum polariza-
tion effect to energy shift for 2p-2s transition in muonic hydrogen has
been carried out on the basis of gauge-invariant relativistic many-

body perturbation theory.

Due to the significant progress in the modern
experimental technologies now a great interest at-
tracts studying spectra of heavy and super heavy
elements atoms, exotic atomic systems, including
hadronic and leptonic atoms [1-6]. Especial prob-
lem is connected with précised calculating the
radiative corrections to the transition energies of
the muonic atoms, namely, muonic hydrogen [1-
5]. Naturally, it is provided by necessity of further
developing the modern as atomic and as nuclear
theories. From the other side, detailed informa-
tion about spectra of the exotic atomic systems
(kaonic, pionic, muonic atoms) can be very use-
ful under construction of the new X-ray stand-
ards. One could remind a great importance of the
muonic chemistry, muonic spectroscopy. Very at-
tractive perspective of the thermonuclear fission
through the mechanism of the muonic catalysis is
still interesting and widely studied.

The standard Dirac approach is traditionally
used as starting basis in calculations of the heavy
ions [5]. The problem of accounting the radiative
corrections, in particular, self-energy part of the
Lamb shift and vacuum polarization contribution
is mostly treated with using the perturbation theo-
ry (PT) on parameters //Z, aZ (o is fine structure
constant). It permits evaluations of the relative
contributions of different expansion energy terms:
non-relativistic, relativistic ones, as functions
of Z. For high Z (Z is a nuclear charge) serious
problems are connected with correct definition of
the QED corrections: the Lamb shift, Lamb shift
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self-energy part, vacuum polarization, the nuclear
finite size correction etc [6-13]. Further improve-
ment of this method is linked with using gauge
invariant procedures of generating relativistic
orbital basises and more correct treating nuclear
and QED effects [5-8,13-18].

In refs. [19-22] it has been proposed a new
scheme to calculating spectra of heavy systems
with account of nuclear and radiative effects,
based on the relativistic many-body PT [13-18]
(see also [3]) and advanced effective procedures
for accounting the radiative corrections. Here we
present the results of calculating the contribution
due to the vacuum polarization effect to energy
shift for 2p-2s transition in muonic hydrogen. The
obtained result has to be more précised in com-
parison with our result [19].

The calculation of the radiative vacuum polari-
zation shift in the muonic hydrogen can be per-
formed using the relativistic Dirac approximation
as a zeroth one. Further, the expectation value of
the radiative vacuum polarization operator gives
the corresponding correction. One can write the
one-particle relativistic Dirac equation with a po-
tential:

(1)

This potential includes the electrical ¥ and
polarization U(r ) potentials of a nucleus. Fur-
ther one could define the charge distribution in a
nucleus, for example, by the Gaussian function
(look details in Ref. [9]):

V)=V (r)+U(r).



p(AR)= (4v3 12 [Ix )exp(— yr? ) )

Here vy = 4/ nRz ; R is an effective nucleus radius.
As usually, the Coulomb potential for spherically

symmetric density p(11R) can be written as

follows:
r 1 |2 1
Viucl (V|R): ~(/r)arr P(’” Rj*‘
0

© LI '
+jdrrp(r
r

Rj- (3)

The details of the determination of this poten-
tial can be, for example, found in ref. [9]. The
vacuum polarization part is usually accounted in
the first PT order by using the Uehling potential
[1,8,16,17]:

U(r)= —32—;de exp(— 2rt/az 1 +1/2¢7)

Ji2 -1
2

t 3mr

4)

The corresponding expectation value of this op-
erator gives the corresponding vacuum polariza-
tion correction. In the scheme [17] this potential
is approximated by quite precise analytical func-
tion (see details in refs. [3,15,16]). The most ad-
vanced version of the such potential (C® C) is
presented as follows:

C(e)= (90 (o) /E Cile)+ (o)),
 Ole)=G(1le)

_ Cy(g)=-1.8801exp(-g)/g"’

C,(g)=h(g/2)+1.410545-1.037837g"

f(g)=((1.1024/g —1.3361)/ g + 0.8027)

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%. We
carried out the calculation of the vacuum polari-

zation contribution to the energy shift for 2p-2s
transition in muonic hydrogen. It should be noted
that the energy levels of muonic atoms are very
sensitive to effects of QED, nuclear structure and
recoil since the muon is about 206 times heavi-
er than the electron. As usually the fundamental
constants from the CODATA 1998 are used in the
numerical calculations. The most QED effect for
muonic atoms is the virtual production and anni-
hilation of a single ee- pair (the Uehling contri-
bution). In table 1 we present our data for the gen-
eralized Uehling potential expectation values and
results of other calculations [5,17]). The mixed
muon-electron vacuum polarization correction is
0.00007 meV. Correction to the Lamb shift due
to the anomalous magnetic moment has the value
(accepted in literature value): -0.00002mev. The
relativistic recoil correction is connected with the
well known fact.

The centre of mass motion can be separated
exactly from the relative motion only in the non-
relativistic limit. Relativistic corrections have been
calculated and its contribution to 2p-2s energy
[1]: -0.00419 meV. To obtain total relativistic and
recoil corrections, one must add the difference be-
tween the Uehling potential expectation calculated
with relativistic and non-relativistic wave func-
tions, giving total correction 0.0169meV. Two-
photon recoil for p- hydrogen is -0.04497 meV.
Higher-order radiative recoil corrections give an
additional contribution of -0.0096meV. The final
result for the p- hydrogen Lamb shift is 202.054
meV.

In conclusion we note that usually the radia-
tive corrections are estimated in the light systems
by means of the aZ expansion method and surely
this approach is quite consistent in a case of the
little values on nuclear charge. Obviously, the
expansion method can not be used for studying
the Lamb shift (polarization of vacuum eftfect) in
more complicated and heavier muonic systems
(than, say, hydrogen or the muonic hydrogen). At
the same time our method is applicable to light
atoms and more heavy ones as in free state as in
an external field [21,22].

Table 1. The Uehling potential expectation value (R —proton radius in fm)

Point Nucleus
2p12-2s12 2p3n-2sin

R,=0,875 [5]
2p1n-2s12 2p3n-2sin

R,=0,875 [19]
2p12-2s12 2p3n-2sin

R,=0,875 (our th.)
2p12-2s12 2p3n-2sin

205.0282 205.0332 | 205.0199 205.0250

205.0207 205.0256 205.0202 205.0254
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CALCULATING THE RADIATIVE VACUUM POLARIZATION CONTRIBUTION
TO THE ENERGY SHIFT OF 2P-2S TRANSITION IN p-HYDROGEN

Abstract. Calculating the radiative contribution due to the vacuum polarization effect to energy
shift for 2p-2s transition in muonic hydrogen has been carried out on the basis of gauge-invariant
relativistic many-body perturbation theory.
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PACUET PAIMAITMOHHOI'O BKJIAZIA 3A CYHET D®PEKTA INOJAPUZALINN
BAKYYMA B CIBUI' JQHEPI'UH 2P-2S IIEPEXO/IA B m- BOAOPO/IE

Pe3rome. HpOBC,Z[CH pacyeT paaualiMOHHOI0 BKJIaJla 3a CUCT 3(1)(I)CKTEI nojisipu3anuu BakKyyma B
CABUI' HSHEPIruu 2p-2S nepexoga B MIOOHHOM BOAOPOAC MCTOAOM KaJ'II/I6pOBO‘{HO-HHBapHaHTHOﬁ
peHﬂTI/IBI/ICTKOI\/'I TeOoOpUuun BO3MyH_[CHI/II71.
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PO3PAXYHOK PAHIAHIﬁHQF O BHECKY 3A PAXYHOK E®EKTY NOJSAPU3AILIL
BAKYYMY V¥ 3CYB EHEPI'II 2P-2S IIEPEXOAY Y m- BOJAHI

Pe3tome. Bukonano po3paxyHOK pajianiifHOro BHECKy 3a paxyHOK e(eKTy MoJsipu3amniii BaKyyMmy
y 3CyB €Heprii 2p-2s mepexoiy y MIOOHHOMY BOJHI METOAOM KalliOpOBOYHO-iHBapiaHTHOI PEIIsSTH-
BICTCBKOI Teopii 30ypeHb

Ku104oBi ci10Ba: || — BOzieHb, CHEPTETUYHUH 3CYB, PEIATHBICTCHKA TEOPIs
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EFFECT OF AMMONIA VAPORS ON THE BREAKDOWN
CHARACTERISTICS OF Si AND GaAs P-N JUNCTIONS

The influence of ammonia and water vapors on /-} characteristics of the reverse
currents in Si and GaAs p-n junctions was studied. At most of the studied samples,
the ammonia- and water vapors lover the breakdown voltage. At some devices an op-
posite effect was observed. This difference is due to dominance of different surface
centers, which have donor or acceptor properties. And some p-n junctions exhibit a
fixed breakdown voltage independently on the presence of ammonia and water va-
pors. This is due to the bulk location of the breakdown in these samples. Thus, the
influence of ammonia vapors on the breakdown voltage provides some information
on the localization of the breakdown and on the charge state of surface centers.

Key words: p-n junction, gas sensor, reverse current, breakdown voltage, surface

center.

1. INTRODUCTION

The gas sensitivity of the p-n junctions at re-
verse bias is much higher than at the forward bias.
It was shown on GaAs-, AlGaAs- [1, 2], GaP- [3],
InGaN- [4] and Si [5-7] p-n junctions. The for-
ward current, due to ammonia and (or) water mol-
ecules adsorption, is shortened by the bulk injec-
tion current at the bias voltages of 0,5 — 2,5 Volts,
depending of the band gap. And reverse currents
caused by adsorption processes are much higher
than the bulk current. This enables to apply to the
sample relatively high reverse bias voltages that
provide higher gas sensitivity. The upper limit for
this voltage is due to breakdown [8]. Ammonia-
and water molecules are donors in III-V semi-
conductors and in silicon. The gas sensitivity of
studied p-n structures at reverse biases is due to
forming of a surface conductive channel which
shorts the p-n junction.

The adsorption of electrically active molecules
can change the breakdown voltage, which is dan-
gerous for the using of p-n structures as gas sen-
sors at reverse biases.

The purpose of this work is a study of the influ-
ence of ammonia and water vapors on stationary
I-V characteristics and on the breakdown voltage
of GaAs and silicon p-n junctions.

2. EXPERIMENT

The measurements were carried out on GaAs
and silicon p-n junctions with the structure de-
scribed in previous works [1, 2] and [5, 6], respec-
tively. I-V characteristics were measured with an
automatic system. The effect of vapors over water
solutions of several NH, concentrations and over
distilled water was studied on stationary /-J char-
acteristics, as well as on the current kinetics in p-n
junctions. The currents in the samples were lim-
ited to <5 pA in order to prevent non-reversible
breakdown.

I-V characteristics of the reverse current in a
GaAs p-n junction are shown in fig 1. Curve 1,
measured in dry air, has a section with a steep as-
cent due to avalanche breakdown at a voltage of
18 Volts. A measurement in saturated water va-
pors (at a partial pressure of 1.2 kPa) gives the
breakdown voltage of 5 Volts, as shown in curve
2. The breakdown voltage non-monotonously
changed with partial pressure of wet ammonia
vapors as illustrated in curves 3—6. Curve 4, mea-
sured under ammonia pressure of 10 Pa, demon-
strates that the breakdown voltage in this sample
can increase due to adsorption of NH, molecules.
Such behavior of the breakdown voltage in am-
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monia vapors suggests that the breakdown in this
sample is located at the surface of the crystal.

I pA
5 %

?
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/
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Fig. 1. I-V characteristics of the reverse current in a
GaAs p-n junction, measured in dry air (curve 1) in
water vapors (2) and in wet NH, vapors of several
partial pressures, Pa: 3 — 1; 4 — 10; 5 — 20; 6 —
100.

V, Volts

Fig. 2 presents /-V characteristics of the reverse cur-
rents in another GaAs p-n junction, measured in dry
air and in NH, vapors of several partial pressures.
As seen in this figure, the breakdown voltage in this
sample is 18 Volts and does not change in ammonia
Vapors.
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Fig. 3. I-V characteristics of the reverse current ina Si
p-n junction, measured in dry air (curve 1) and in wet
NH, vapors of several partial pressures, Pa: 2 - 5; 3 —
10; 4 —20; 5—100; 6 —200.

Similar behavior is characteristic of some Si
p-n junctions, as illustrated in fig. 3. It is evident
from curves 5-6 in fig. 3 that the breakdown volt-
age in this Si p-n junction amounts to 28 Volts and
does not change in water and ammonia vapors.
This means that additional ionized donor centers
due to adsorbed water- and ammonia molecules
does not affect the electric field in the region of
the depletion layer where the breakdown occurs.
This argues that the avalanche breakdown in re-
ferred samples of GaAs and Si p-n junctions oc-
curs in the crystal bulk and is not associated with
the crystal surface.

3. DISCUSSION

The dependence of the avalanche breakdown
voltage on the parameters of an asymmetrical
abrupt p-n junction can be described as

Vs =60(E, /1,1)"*(N,/10")™"*,

(1)
where E, is the band gap of the actual semicon-
ductor; N, denotes the impurity concentration in
the region of lower doping in the p-n junction [9].



This expression can be used for an estimation of
the impurity concentration in a p-n structure by
using of the measured breakdown voltage as

N, =10"°(60/V,)**(E, /1,1)* .

2)

The irregular change of the breakdown voltage
with the ammonia concentration in the ambient
atmosphere, illustrated in fig. 1, can be explained,
as we assume the presence of several non-homo-
geneities with different local concentrations of
donors and acceptors at the surface in this sample.
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Fig. 4. [-V characteristics of the reverse current in a Si
p-n junction, measured in dry air (curve 1), in water
vapors (2) and in wet NH, vapors of several partial
pressures, Pa: 3 —1; 4 —5; 5—10; 6 —20; 7 —
100.

Fig. 4 presents I-V characteristics of the re-
verse current in a Si p-n junction, measured in
dry air, in water vapors and in ammonia vapors
of several partial pressures. Curve 1, obtained
in dry air, exhibits a breakdown voltage of 17,8
Volts, that corresponds to an impurity concentra-
tion of 5,0-10'"%cm™. As measured in water vapors
of a H,O partial pressure of 12 kPa, the break-
down voltage was 20 Volts, which yields for the
impurity concentration an estimation 4,3-10'"cm-
3. A comparison of both this values, estimated

from the measurements in dry air and in water
vapors, suggests that the avalanche breakdown in
this sample is located at the crystal surface. The
adsorbed water molecules partly compensate the
electrically active centers, which are responsible
for the surface breakdown.

Curve 3 in fig. 4, measured in ammonia vapors
with a partial pressure of 5 Pa, shows a break-
down voltage of 35,2 Volts, that corresponds to
a concentration of electrically actives centers of
3,0-10'cm™. The ammonia vapors of higher par-
tial pressures give the further rise of the break-
down voltage. An analogues effect was observed
on the breakdown voltage in GaAs p-n junctions.

The effect of ammonia vapors on the break-
down voltage in Si and GaAs p-n junctions is
schematically illustrated in fig. 5. The model
takes into account that water and NH, molecules
are donors on the surface of Si and GaAs crystals.
Fig 5a depicts the donors and acceptors distribu-
tions in a local section of p-n junction, which is
responsible for the surface breakdown. The donor
concentration N, in the n-side of the depletion re-
gion of this p-n junction is much higher than the
acceptor concentration N, in the corresponding
layer of this region:

N,>>N,. 3)

Therefore the breakdown voltage V,, is con-

trolled by the acceptor concentration at the p-side

of the p-n junction. The value V,, can be calcu-
lated from the expression (1), where

Ny,=N,. 4)

Fig. 5b illustrates the structure of the same lo-
cal p-n junction at the crystal surface under pres-
ence of ammonia vapors in ambient atmosphere.
Since adsorbed ammonia molecules are donors,
they partly compensate the acceptors, which re-
sults in a widening of the local depletion region,
as shown in fig. 5. In this case the breakdown
voltage is determined with the same formula (1),
where

N,=N,- Ny, (5)
where n* is an additional donor concentration
due to ammonia molecules adsorption. It is evi-
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dent from formulas (1) and (5), that an increase in
N enhances the breakdown voltage.

An analysis of curves 1-3 in fig. 4 using re-
lation (2) yields for ny** values 0,7-10'°cm” and
2-10'"cm, respectively, for local donor concen-
trations, produced by water- and ammonia mol-
ecules (under a partial pressure of 5 Pa) adsorp-

tion.
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Fig. 5 The donors and acceptors distributions in a
local section of p-n junction, which is responsible for
the surface breakdown: a) — in dry air: ») — in wet
ammonia vapors. The dashed areas correspond to the
depletion region.

If an opposite to (3) inequality takes place in
the non-homogeneity, an increase in the local
donor concentration, due to donor molecules ad-
sorption, lowers the breakdown voltage.

The samples of Si and GaAs p-n junctions with
the breakdown located in the crystal bulk, as well
as those with the breakdown voltage, enhanced
by donor molecules adsorption, can be used as
water- and ammonia vapors sensors, which can
work at reverse biases, having higher sensitivity,
than at forward biases.

The (absolute, current-) sensitivity of a gas
sensor can be defined as

S, =AI/AP, 6)
where A/ is the change in the current (at a fixed
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voltage), which is due to a change AP in the cor-
responding gas partial pressure [10]. An analysis
of the data in figs 2 and 3 yields for the maximum
sensitivities of the corresponding GaAs and Si p-n
junctions to ammonia vapors values of 60 pAPa’!
and 20 pAPa’, respectively.

4. CONCLUSIONS

The reverse bias is preferable for the gas sen-
sors on Si and GaAs p-n junctions, as far as it
provides a higher gas sensitivity, than the forward
bias. The upper limit for the reverse bias voltage
is due to breakdown voltage, which can depend
on the partial pressure of the investigated vapors.

A simple model is proposed to explain the de-
pendence of the p-n junction breakdown voltage
on the ammonia partial pressure in the ambient
atmosphere. In terms of this model the adsorbed
ammonia molecules produce ionized donor cen-
ters, that partly compensate acceptors in local sur-
face non-homogeneities, which are responsible
for the breakdown. Depending on the donor- and
acceptor local concentrations, this can result in
either decrease or increase of the breakdown volt-
age.

The behavior of the breakdown voltage in am-
monia vapors can be used for diagnostics of sur-
face non-homogeneities in p-n junctions. Such di-
agnostics can be applied to a choose of samples,
which can work as gas sensors under reverse bi-
ases, having higher sensitivity.
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EFFECT OF AMMONIA VAPORS ON THE BREAKDOWN CHARACTERISTICS
OF Si AND GaAs P-N JUNCTIONS

Summary

The influence of ammonia and water vapors on /-} characteristics of the reverse currents in Si and
GaAs p-n junctions was studied. At most of the studied samples, the ammonia- and water vapors lover
the breakdown voltage. At some devices an opposite effect was observed. This difference is due to
dominance of different surface centers, which have donor or acceptor properties. And some p-n junc-
tions exhibit a fixed breakdown voltage independently on the presence of ammonia and water vapors.
This is due to the bulk location of the breakdown in these samples. Thus, the influence of ammonia
vapors on the breakdown voltage provides some information on the localization of the breakdown and
on the charge state of surface centers.

Key words: p-n junction, gas sensor, reverse current, breakdown voltage, surface center.

125



YIK 621.315.592
0. O. IImawenko, ®@. O. [Imawenxo, B. P. I'ilnbmymoinosa, I B. /logeaniok

BIIVIUB ITAPIB AMIAKY HA XAPAKTEPUCTHUKMU ITPOBOIO P-N IIEPEXOAIB HA
OCHOBI Si TA GaAs

Pe3srome

JlocaiKeHO BILIMB MapiB aMiaky Ta BOAW Ha BOJBT-aMIIEPHI XapaKTEePUCTUKH 3BOPOTHUX CTPYMIB
y p-n nepexoaax Ha ocHOBI Si Ta GaAs. B OuIbIIOCTI AOCHIKEHUX 3pa3KiB MMapu aMiaky Ta BOIH
3MEHIIYIOTh HanpyTy npoboro. Ha neskux 3paskax criocrepiraBcs 3BOpoTHUi edekt. L{st pizuHutist o0y-
MOBJICHA JOMiHYBaHHSIM Pi3HUX IMOBEPXHEBUX IIEHTPIB, IKi MalOTh JOHOPHI a00 aKLENTOPHI BJIaCTHU-
BOCTI. Jlesiki p-n mepexonu MaroTh (iKCOBaHYy HANpyry MpoOOI0 He3aJeKHO BiJ MPUCYTHOCTI MapiB
amiaky Ta Boau. /lana moBeninka 0OyMOBJIEHA JIOKaJli3ali€ero MpoOoro B 00°eMi KpUCTaly B TaKUX
3pa3kax. TakuM 4YMHOM, BIUIMB MapiB aMiaky Ha HAINpyTy MpoOoro Jae iHhopMallito Mpo JOKaIi3amiio
po0oI10 1 PO 3apsiIOBHIA CTaH MOBEPXHEBUX LIEHTPIB.

KurouoBi ciioBa: p-n mepexifl, ra30BHil CEHCOP, 3BOPOTHHI CTPyM, Hampyra npoboio, moBEpxXHe-
BUU LEHTP.

UDC 621.315.592
0. O. I[Imawenxo, @. O. [Imawenxo, B. P. [unomymounosa, I B. Jlogeantok

BJIMSAHUE ITAPOB AMMUHAKA HA XAPAKTEPUCTUKU ITPOBOSA P-N IIEPEXO/10B
HA OCHOBE Si ! GaAs

Pesrome

HccrnenoBano BIUsSHUE TApOB aMMHUaKa M BOJIBI Ha BOJIBT-aMIICPHBIC XapaKTEPUCTHKU 0OPaTHBIX
TOKOB B p-n mepexosax Ha ocHoBe Si v GaAs. B OonbpIIMHCTBE McCae0BaHHBIX 00pa3lioB Haphl aM-
MHaKa ¥ BOJbI YMEHBIIAIOT HaNpspkeHHe mpobost. Ha HekoTophix oOpasnax Habmromancs oOpaTHbIM
s dekt. D10 pasnuuue 00ycIOBIECHO TOMUHUPOBAHUEM PA3INYHBIX TTOBEPXHOCTHBIX LIEHTPOB, UMe-
IOLIMX JIOHOPHBIE MO0 aKLeNnTOpHbIe cBoMcTBa. HekoTopbie p-n nepexoisl UMErOT (PUKCUPOBAHHOE
HarnpspKeHUe MpoOosi He3aBUCUMO OT MPHUCYTCTBUS MAPOB aMMHAaKa M BOJbL. Takoe moBeaeHue o0y-
CJIOBJICHO JIOKaju3alue nmpodos B 00beMe KpucTasia B Takux oopasuax. Takum oOpa3oM, BiIUsHUE
apoB aMMMaKa Ha HanpshKeHHe MpoOos AaeT HHPOPMALIMIO O JOKAIM3alKU TPoOos U 0 3apsI0BOM
COCTOSIHUM ITOBEPXHOCTHBIX IIEHTPOB.

KuroueBble cjioBa: p-n nepexoi, ra30Bblii CEHCOP, OOPATHBIN TOK, HaNpsKeHHE Mpo0os, MOBEpX-
HOCTHBIM LIEHTP.
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CALCULATION PROCEDURE FOR THE QUANTUM-DIMENSIONAL

SYSTEMS

Calculations of structural phase transitions B1 - B2 under pressure
in halcogenids Alkali and Metals are carried out on the basis of ap-
proach of the local functional density theory, using as adjustment
designing of amendments to potential by means of the electronic
density received in self-coordinated calculation using approxima-
tion of local density. The results has interest for nanosystems.

The standard calculation procedure of the en-
ergy of zoned structure E,_(for example, [1]) is
used. In special points of Brillion’s zone equation
the secular was solved

(k8 - Ef)| @+
2

+), WMk+gk+2) C,,(2) =0,
) (1)

where 2k are factors of decomposition of

pseudo-wave function as a number of plane waves

0,022 Gu(@ |k+2)
¢ )
n is then number of a zone, k is a wave vector
in the first Brilluon’s zone, g, g¢ - are vectors of
a return lattice. The Furies-image of potential
W(k,, k,) includes Furies -images potentials such
as: W, — Hartree, W __ — exchange-correlation,
W.,.is [2] — pseudo-potential which is named as
Bachelet — Hamann — Schliiter.
Full energy using the density functional
theory (DFT) is represented as

1
:W;E}—EH+EXC+EeS+aIZ,

3)
where N is a number of atoms of various grades
in an elementary cell, energy Hartree

Q 4 2
E,=52 —=1k& . ®
The exchange-correlation contribution is the fol-
lowing

£.=0F [e.(2)- w.(2)] ol2). 5

where W is the volume of an elementary cell,
¢ (g) is the density of exchange -correlation en-
ergy, r(g) is a Furies -image of electronic density,
z is the average number of the valent electrons on
atom, E__ is electrostatic energy.

Non Coulomb part of electron-ionic inter-
action is the following

, e (=) 87TZ
o = lglil(l){ %HS(g) + Q2 } 6)

The local density functional theory (LDFT) is
the standard approximation methods of calcula-
tion of exchange-correlation energy (5). And the
same lacks of this approach [3] are well-known.
From the point of view of research of polymor-
phism we shall note some of them: underestima-
tion of the forbidden zone; understating of param-
eters of a lattice; different influence LDFT on the
calculation of different conditions, that especially
strongly affects the size of the forbidden zone and
details of a structure of electronic zoned structure.
Some lacks are peculiar directly LDFT, others re-
sult from DFT.
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Recently a number of methods both avoiding
application LDFT is offered, and trying to remove
existing lacks of frameworks LDFT. Among the
last we shall note self-action corrected (SAC)
pseudo-potentials [4]. SAC eliminates not physi-
cal self-action of every electron and reduces en-
ergy filled orbitals. Received in this approach
power functional is noninvariant at unitary trans-
formation filled orbitals it is possible to design a
set of decisions too. Thus p-orbitals of an anion
practically do not change, however d-orbitals of
a cation can strongly be changed. It is necessary
to note, that distortion of zoned structure is con-
nected as with p-d-hybridization, which wrong
estimates using LDFT, and to a wrong calculation
of s-conditions which form a bottom of a zone
of conductivity. Special interest can be shown to
halcogenids of calcium because in Ca still there
are no d-electrons. Calculation results sometimes
to bad enough convergence of results in settle-
ment circuits both not taking into account, and
taking into account elimination of p-d-hybridiza-
tion. Thus, the iterative decision of the equation
(1) insufficiently precisely describes the located
conditions because of not physical self-actions.
Entering SAC pseudo-potentials [5]:

%ilc = Vaus = VH[,O at] - V"‘[’O at]’ )

unitary repeat calculation for electronic density
of separate atoms r*. Such pseudo-potentials can-
not be used in solid-state calculations because of
long interaction of Coulomb tails which should
be compensated to introduction additional com-
posed 1/r, , which shifts a power scale and it is
taken into account only inarear <r,__.

The addition of additional contributions to
pseudo-potential, which action could be counted
«is destroyed’» in part or completely application
LDFT further it is modeled by fit procedure. These
contributions are designed from the electronic
density received in LDFT-calculation. On each
step of iterative procedure the density changes in
view of correction factor which depends on vol-
ume of an elementary cell. That part which in [5]
is received from nuclear calculations is modeled
and keptr, _as the second fitting parameter.

For research of polymorphism the self-coordi-
nated calculation in 80 points for each connec-
tion in an interval 0,4 W -1,2 W with a step 0,01
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W, where W, is the experimental volume of an
elementary cell in structure B1 was carried.

Results of calculation were adjusted under the
equation using Berch’s condition

e 3272w

where P is pressure, B is the volumetric module
of compression at P=0, W is the volume of an el-
ementary cell, W is the volume of an elemen-
tary cell at P=0.In structure B1 the calculation of
W, and B are adjusted under the corresponding
experimental information, in structure B2 param-
eters determined full energy E _ and B. Table 1
represents equilibrium volumes of elementary
cells W, volumetric modules of compression B,
deviations DW  and DB from the corresponding
experimental values, arising basically because
of the limited word length of the parameters, full
of energy E_ and volumes of elementary cells at
phase transition B1-B2 for structure B1. Table
2 contains the same data for structure B2. De-
viations only with known experimental data (see
[6,7] where are resulted as well results of calcula-
tions of other authors) are specified. Designations
of volumetric characteristics: W .., W ., — equi-
librium volumes of elementary cells in structures
B1 and B2; Wpt » Wpt2 — volumes at pressure of
phase transition in corresponding structures are
geven

AQ = Qg =€y s AQ = Q) —
—Q 5AQ =Qp —Q H (9)

Table 1. Results of calculation in structure B1.
Co- |Q,  AQ/|B, AB/ | E, Q,
nection | (au. Q, GPa B, Ry (awy

% %

CaO 98,12 +4,3 |113,01 0,0 -17,071 72,44
SrO 115,59 -0,3 190,29 -0,8 -16,996 90,02
CaS 155,91 +0,1 |63,78 -0,3 -10,830 113,30
SrS 183,92 -0,1 |[57,90 -0,2 -10,537 149,93
BaS (21928 -02 |[52,65 +1,3 |-11,056 197,13
CaSe 175,21 -0,1 |53,70 +5,3 -9,870 126,65
SrSe 205,25 -0,1 44,62 -0,8 -9,685 167,86
BaSe 242,81 +0,1 |39,18 +0,5 |-9,357 215,83
SrTe 249,34  +0,1 40,77 +1,9 |-8,638 206,17
BaTe |289,42 -0,1 |38,03 +0,1 |-8,430 263,15




Table 2. Results of calculation in structure B2.
Con- | E, B, Q, Q,
necton | Ry GPa (awy (auy
CaO -17,029 138,74 84,62 64,85
SrO -16,972 120,32 101,65 84,59
CaS -10,790 59,68 138,66 99,70
SrS -10,517 65,65 158,64 131,89
BaS -11,045 4474 195,12 173,44
CaSe -9,832 46,71 158,09 111,32
SrSe -9,671 59,94 183,39 155,88
BaSe -9,349 37,85 220,56 194,96
SrTe -8,631 49,27 235,61 200,27
BaTe -8,424 46,14 265,09 243,79

Conclusion. In structure B1 the calculation of
W, and B are adjusted under the corresponding
experimental information, in structure B2 param-
eters determined full energy E  and B. Table 1
represents equilibrium volumes of elementary
cells W, volumetric modules of compression B,
deviations DW and DB from the corresponding
experimental values, arising basically because
of the limited word length of the parameters, full
of energy E_ and volumes of elementary cells at
phase transition B1-B2 for structure B1. Table
2 contains the same data for structure B2. De-
viations only with known experimental data (see
[6,7] where are resulted as well results of calcula-
tions of other authors) are specified.
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Abstract

Calculations of structural phase transitions B1 — B2 under pressure in halcogenids Alkali and Met-
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designing of amendments to potential by means of the electronic density received in self-coordinated
calculation using approximation of local density. The results has interest for nanosystems.

Key words: phase, transition, density, optics

VJIK 539.3
O. B. I'paboscvruii, A. M. Knumenxo, /{. B. Jlicogenko
PO3PAXYHKOBA IMPOLEAYPA JIUIS1 KBAHTOBO-PO3MIPHUX CUCTEM

Pe3rome

[IpencraBneni pe3yabTaTH pO3paxyHKy CTPYKTYpPHUX HapameTpiB ¢a3zoBHX mepexoiiB tumy Bl —
B2 mij THCKOM y XanbKOTEHIaX TYKHUX METalliB. 3HAUYCHHS OTpUMaHi y HaOIrkeHH1 QyHKITIOHATY
€JIEKTPOHHOI I'yCTUHU. BHKOPHCTAHO MiATOHOYHI ITapaMeTPH JI0 MTOTEHIIIaJiB B3a€MOJIT 010 yCepe-
HEHHSI PO3TOJIUTY €JIEKTPOHHOI T'YCTHHHU 332 CaMOY3TO/DKCHOI0 CXeMOI0. Pe3ynmbrati MaroTh iHTEpec
JUTSI HAHOCHUCTEM.

KuarouoBi ciioBa: dasa, mepexoau, rycTuHa, ONTHKA

VK 539.3
O. B. I pabosckuii, A. M. Knumenxo, /[. B. Jlucogenko

PACCUETHASA NPOLEAYPA UIs1 KBAHTOBO-PASMEPHBIX CUCTEM

Pe3rome

[IpencraBneHsbl pe3ylbTaThl pacueTOB CTPYKTYPHBIX MapamMeTpoB (a3oBbIX NepexonoB Tuna Bl —
B2 mon naBiieHneM B XaJbKOTEHUAX IMIEIOYHBIX METAUIOB. 3HAYCHUS MOJYYCHBI B MPUOIMKEHUU
(bYHKHI/IOHaHa BHGKTPOHHOﬁ IIJIOTHOCTH. I/ICHOJIB3OB3,HBI IIOATOHOYHEBIC HapaMeTpH K IIOTCHIINAaJIaM
B3aUMOJICUCTBUS ISl YCPEIHEHUs paclpeeieHus] JIEKTPOHHON TUIOTHOCTH B CAaCOCOTIIACOBAHHOM
CXeMe. P€3y.]IBTaTBI I/IHTGPGCHBI JI1 HAHOCUCTEM.

KuroueBsle cjioBa: ¢a3za, mepexo/sl, INIOTHOCTh, ONITHKA
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IHOOPMAULIA IJIA ABTOPIB HAYKOBOI'O
3BIPHUKA «PHOTOELECTRONICS»

V 36ipHuKy «Photoelectronics» ApyKyroTbCsl CTaTTi, SIKi MICTATh pe3ylbTaTd HayKOBHUX JO-
CIII/DKEHb Ta TEXHIYHUX PO3POOOK y TAKUX HAIPAMKAX:

di3uKa HaiBOPOBIIHUKIB, T€TEPO- 1 HU3BKOPO3MIpPHI CTPYKTYpH;
di3uKa MIKpOEJIEKTPOHHUX MPHUIIA/IIB;
KBaHTOBa ONTHKA 1 CHEKTPOCKOMIS sIIep, aTOMIB, MOJIEKYJ Ta TBEPAHUX TLJ;
OnroenekTpoHika , KBAHTOBA €JIEKTPOHIKA 1 CEHCOPIKa;
dotodizuka sapa, aTOMIB, MOJIEKYIT;
B3aeMoist iIHTEHCHMBHOTIO JIa3€pHOTO BUIIPOMIHIOBAHHS 3 sIIpaMU, aTOMHUMH CUCTEMaMH, pe-
YOBUHOIO.
306ipHuk BKItoueHo 110 [lepeniky creniansuux Bunanb BAK Ykpainu 3 ¢pi3uko-mareMaTHuHuX
Ta TEXHIYHUX HayK.

Pyxonucu HajcunaroThes Ha aapecy: Bianosia. cekperapro Kyranosiii M. L., Byn. [Tacrepa, 42,
Onecpkuit HamioHanbHUH yHiBepcuTeT iM.1. I. MeunukoBa, M. Oneca, 65026, http://www. photoelec-
tronics.onu.edu.ua
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