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STATE OF THE ART OF GAS SENSORS — MOX SENSORS
- AS A WORKING EXAMPLE

_ This paper summarises the state of the art of metal oxide sensors. The characteris-
tics of the two principal types of MOX sensors, thick film and thin film MOX sensors,
“are described in detail. Recent results and the future potential of an innovative sensor
type, which is based on a combination of thin and thick film technology, are discussed.

Introduction

In principle the measurement of gas composition
is simple with very expensive and versatile instru-
ments e. g. spectrometers. In contrary the increa-
sing market volume and the expansion to new appli-
cation fields calls for gas and odour monitor sys-
tems which are not only sensitive and selective but
also small, iriexpensive and with low power con-
sumption. Metal oxide (MOX) semiconductor sen-
sors are due to their prospects for cheap and easy
detection and their known high sensitivity and sta-
bility a promising candidate. They consist of MOX
sensing layers deposited on substrates provided with
electrodes and heater and work at temperatures in
the range 200...450 °C. The sensing principle is based
on the observation that the conductivity of me
oxides depends on the ambient gas composition
Reducing gases release electrons into the Eemi;

conductor layer and thus reduce the elec

sistance, oxidising gases capture electro% the
sensitive layer and hence cause a resis crease.
The most established material is S ombina-
tion with noble metal additives. reviews on
semiconductor gas sensors.arilable b, 243

State of the Art 6 ensors

At present,
fabrication hay,
nology is used:to
a thickness
on ceramic

MOX

% echnologies for sensor
peehestablished. Thick film tech-
@ uce sensitive MOX layers with
few to several hundred micrometers
rates. Typical examples of thick film
‘are shown in figure 1.
ther hand, the physical vapour deposi-
ti ensitive MOX on substrates, which have
abricated in silicon technology, i. e. the pro-
uction of MOX sensors in thin film technology
sults in MOX layers with a thickness in the range
of some nanometers.

The major advantages of thick film sensors are
their good sensitivity and stability as it can be seen
by typical results shown in figure 2 and figure 3.
The high stability is due to the fact that the proper-
ties needed for gas sensing (microstructure, doping,

© J. Kappler, N. Barsan, U. Weimar, 2001
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Fig. 2. Stability of SnO, sensors and electrochemical cells:

The error bars represent the standard deviation for a period of
3 months. For low concentrations, the MOX sensor shows much
higher stability -
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Fig. 3. Sensor response of a Pd doped SnO, sensor and

electrochemical cell to CO concentration between 50 ppb

and 50 ppm. For CO concentrations below 1 ppm, the
electrochemical cell shows no signals

applied before the deposition of the sensing layer.
One drawback of the standard thick film technology
is the high power consumption of the final bulky
device and the problems arising in mounting the
overall hot sensor elements.

Sensors made by thin film technology on the
other hand can have a very small size. If substrate
with heated membranes for keeping the semsiiive,
material at working temperature are used gthe\power
consumption can be reduced by at leasg one jprder
of magnitude compared with thick filmssafid no
special mounting is needed. A highlysclaimed extra
advantage is also the compatibility with)8ilicon tech-
nology which gives nice oppoﬁﬂgﬁﬁés for electro-
nic integration. The biggest &dvantage is arising
out of the difficulties in adjustifig the morphology
of the sputtered or ev afed films for high sensi-
tivity and stability? This seems to be a conceptual
problem of the physital vapour deposition method
for the metalfoxide sensitive layer.

Moreoymh; thick and thin film sensors of-
ten show a¢ selectivity. One way to overcome
this pfoblém ‘s to combine single sensors into ar-
rays. multi‘sensor arrays with pattern recognition
algﬁ‘uz’ihms were proved to be effective in solving

.§1§ Prbblem. Integration to multi-sensor arrays is

principle straightforward, but implies some bottle-
fecks. Arrays comprised of thick film sensors are
large and have a high heating power consumption.
Thin film sensor arrays suffer from their general lack
of sensitivity and adjustable selectivity.

New approaches used for SnO, based sensors
such as modulation of the operation temperature
increase the number of sensor variables, called fea-
tures [4, 5]. The key point in using this new approach
is the low thermal inertia (as for micro-machined
substrates) and a good sensitivity and stability of
the sensing layer (as for thick film sensors).

4

Innovative sensor type

Recent developments led to innovative sensors
fabricated by the combination of the‘two different
technologies. The substrate is produced in silicon
micro-machining technology onto which thick film
sensing layers are deposited by drop deposition. A ty-
pical example for such a sensor is given in figure 4.

Cross section Top view Membrane (1x1 mm?).

Sensitive material
PECVD insulation
layer

0,8 um

Electrode
contacts

Buried heatet,

Fig. 4. Sensor produced by syifibidsis of thick and thin
film technology: Thick film layeg on a micro-machined
Substrate

N\ ¢

Buried heater

Silicon substrate Sensor holder

The resulting déyices are powerful tools, which
bear the advantages of both technologies. They are
sensitive, longytenm stable, small, inexpensive due
to a possible'fiass production, they show a low ther-
mal inerfiag‘and a low power consumption (some ten
mim&’%r temperatures between 200 °C and

5)) Due to this they do not only prevail the
established sensor types in many application fields,

\ in addition, their better functionality and the result-

ing selectivity increase open new application fields.
Two ways to take advantage of this better functiona-
lity will be illustrated in the following by two typical
examples.

If the sensor temperature of a micro-machined
sensor is modulated sinusoidally, the resulting re-
sistance pattern is characteristic for the ambient
atmosphere. A subsequent fast fourier transform
(FFT) can be applied to determine the first harmo-
nics of the resistance pattern. If a radar chart of
the normalised amplitudes of the first harmonics is
drawn (as an example see figure 5), the shape of

Resistance pattern

50 ppm CO
Ss

50 ppm CO + 1 ppm NO,

£

= air ees 50 ppm CO
=« mixture =« 1 ppm NO,

5oy a(f)eas

ST

Fig. 5. Sinusoidal modulation of the sensor temperature:

The obtained sensor resistance shows characteristic patterns

dependen t on the ambient atmosphere. The polarplot of the

normalised first harmonics — obtained by FFT — shows the
discrimination of the gas mixtures



the polygon is characteristic for the ambient gas
atmosphere. By comparing the amplitudes of the

Sensor signal R, /Ry,

Theater = 310 °C / Pd doped

10
—30% r. h.
—==50% r. h.
=2==70%.1. b,
1 L T S NN Y TR O N R e D A LS Tt -
0,0 0.1 702 03+ 0,4.7:05:.0,6:..0,7— AT, °C

Fig. 6. Simultaneous resistance and sensor temperature
measurements with a Pd doped SnO, sensor operated
at 310°C:

A discrimination between H,, CO and CH, for ambient humi-
dities between 30% r. h. and 70% r. h. has been achieved

normalised harmonics a discrimination of different
ambient gas atmospheres can obtained. In figure 5,
an example for such a discrimination between dif-
ferent ambient atmospheres (air, 50 ppm CO, | ppm
NO, and 50 pprm CO + 1 ppm NO,) is shown [6].

An alternative method for increasing the number
of independent parameters, which can be obtained
simultaneously by means of one micro-machined
sensor is the simultaneous monitoring of sensor tem-

perature and sensor resistance, which are both de-
pending on the gas interaction. A typical result [7],
the discrimination of H,, CO and CH,, is shown in

- figure 6.

Summary and Conclusions

It has been shown that by combination of twe
established technologies — thick and thin film tech-
nology — innovative sensors can be fabricated, which
do not only combine the advantages of thick and
thin film technology, i. e. sensitivity, long term sta-
bility, small size, low price, low thermal inertia and
low power consumption, but also lead to a selec-
tivity improvement due to their better functionali
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Cd,S- AND Sn,WO,-BASED. GAS SENSORS: :
THE ROLE OF CHEMICAL COMPOSITION IN CO SENSING

Electronic structure of chemisorption complexes on surface of oxidic a-Sn,WO,- and
Cd,S-based gas sensors with different elemental composition were cornparatlvely studxed
by XPS CEMS and IR-spectroscopy combined with conductivity measurements. T

wiihe

surface sites of Cd and Sn with different coordination were characterized by ¢
sorption of CO. It was found, differing from the case in well-oxidized SnO,, t }@
trical conductance of Sn, WO, and Cd,S films appeared to either increas se
when exposed to CO depended on concentratnon of surface Sn and Cd ionSpartial

pressure of analyzed gas and operating temperature

It is argued that surface metallic species on the
investigated films are responsible for oxidizing and
reducing types of chemisorption reactions. The re-
lative location of energy levels, formed in band
gap by external orbitals of chemisorbed complex to
Fermi energy was considered as determining fac-
tor for the observed different chemisorption mecha-

nisms. %

1. Introduction

The molecular understanding of sens 2cha-
nisms on prototype materials has proved t&"be pre-
requisite for the development of Sensor sy-
stems. On the other hand, t of adsorp-
tion/desorption mechanism at of surface
sites in creation of transdu 1@nductance signal
in semiconductor gas se:&S to some extent, in
a controversial state tance, two different
models are commor ssed to explain the role
of metallic surf cies at chemisorption and
catalysis in f cing electronic charge-transfer
reactions: urface defect may act as speci-

fic sit X isorption and/or dissociation of
molec e detected or they may pin Fermi

energy.
@approach applying model of external orbitals
i the band scheme of semiconductor was repor-

y author in Ref. [1]. In this case, the interaction
between separate orbitals of adsorbate and semicon-
ductor surface should be considered taking into
account the energy position of orbitals in band gap
of semiconductor. Therefore, studies of observed
low-temperature dual response induced by CO in
conductance of a-SnWO,- and CdS-based sensors
depending on partial pressure of analyzed gas and
operating temperature together with similar effects
caused by SO, [2] can be extended by considering
the interaction between the sorption subsystem

6

\'0
*

: 'S

characterized

complex (e

nal orbit
by col

local parameters of chemisorbed
onfiguration and location of exter-
he electronic subsystem, described
characteristics of crystal (e. g., values
ending and bulk position of conduction-
bx e relative to Fermi level).
e values of collective parameters of crystal
can be caléulated on the basis of modified Volken-
tein model [1, 3]. Local characteristics of the sorp-
tion subsystem can be estimated using methods of
quantum chemistry, dealing with limited molecular
systems, and considering the interaction between
corresponding molecular fragments [4]. Cluster mo-
del is particularly convenient for the understanding
of interactions between chemisorbed molecules and

surface sites with different degree of coordination.

For instance, metal atoms on extended faces, edg-
es, steps and corners can be easily simulated with
cluster model.

Cluster approach was used to study electronic
structure of SnO, and to simulate adsorption of
oxygen and carbon monoxide on surfaces of SnO,
and CdS. Energy levels related to metallic surface
species with different coordination and different kind
of oxygen vacancies were described for the basic
SnO, and CdS clusters together with levels origi-
nating from O2 and CO adsorbates [5].

2. Experimental

The electro-hydro-dynamical technique was used
for deposition of CdS thin films from CdCl, and
(NH;),CS solution on heated (480 °C) glass sub-
strate [3]. A variation of stoichiometric composition
of CdS films was obtained by mixing the initial solu-
tions in different proportions of Cd/S ions.

Stannous tungstate films were grown by means
of refractive co-sputtering with Balzers BAS 450
magnetron sputtering system, where tin target was

@© V. Golovanov, V. Smyntyna, V. Brinzari,
G. Korotcenkov, 2001
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in d. ¢. mode and tungsten target in r. {. mode, re-
spectively. Both thermally oxidized Si(111) and glass
were used as substrates for the films. The deposi-
tion sputtering was made in argon atmosphere con-
taining 11% of oxygen. Different sputtering pow-
ers (75—150 W) were selected to the tin target and
150 W to tungsten target in order to obtain films
with different Sn/W ratios.

XPS (X-ray Photoelectron Spectroscopy) was
used for determination of atomic ratios at the film
surfaces. EDS (Energy Dispersive Spectroscopy of
X-rays) and CEMS (Conversion Electron Mossbauer
Spectroscopy) were used to characterize CdS stan-
nous tungstate and stannous tungstate films. The
ratios of Cd/S ions in the bulk determined from EDS
measurements were from stoichiometric to 1,96.
The surfaces of Cd,S films have been enriched by
metal species. Three different film types with Cd/S
surface ratios of 1,6 (I-type), 2,4 (Il-type) and 3,2
(Ill-type) were used in the study. The values of x
from 0 to 1,5 were determined by EDS measure-
ments for Sn,WO, thin films. The samples Cd,S and
Sn,WO, used in the study are identified in table 1.

IR spectra were recorded with Perkin-Elmer-577
spectrometer interfaced with a 3600 Data Station.
The pellet was mounted in an IR cell, which allowed
both heating and cooling in situ under vacuum or
controlled atmosphere.

Two-point method was used in electrical conduc-
tivity measurements and wire contacts to stannous
tungstate films were made with low-temperature
gold paste. The computer-controlled measuring sys-
tem employing the flow-through principle was used

for varying gas concentration, heater voltages of t i
films and for data acquisition, handling and stora ' ‘
4

The d. c. voltage of 1 V was used in conductanc

measurements of the films. @
<

exposure
films to CO
1 (300—500 K)
. |2, 6]. Here we
atised by carbon mon-

3. Results

The unusual dual response in
of n-type semiconductor CdS
and SO, in low-temperature®i
was reported by author i
describe the dual respéns

and a-Sn,WO, thin

oxide in conductane
tal composition on the

films with differgnt
surface.
Figure 1 sho conductance response G,/G,

above the r temperature T" and Gy/G, below
f CO in dry nitrogen (oxygen and
centrations are few ppm) for three dif-
film types I, I and IIl. G, is the meas-
uctance in nitrogen and G, — the conduct-
fter exposure to CO. CO behaves as a redu-

%:g gas at all temperatures with I-type film, but

the border temperatures T* at 300 K and 320 K
with the II- and Ill-type films, respectively. With
these two film types, the behavior of CO changes
from reducing to oxidizing when temperature of
films decreases through 7". The enrichment of sur-
face by Cd (Ill-type films) has decreasing effect

on T". The increase of the sensitivity to CO with
increasing surface content of Cd is also shown in
fig. 1, both above and below T".

G,/G,
N w o o

—

G,/G,
L G T

1 1 B | 1 1

320 340 360 380 440
Temperature, K

Fig. 1. Conductance response Gm%ld Go/Gy) of I-, -

II- and II-type CdS films to ¥00 pp in nitrogen at

different ’temp tures:
T is the border temperatut tween oxidizing and reduxing
behav’ f CO

L
280 300

ical response (t,) and re-
orresponding to a change of

Figure 2 sho
covery (T..) ti
90% of thet ange) of Ill-type films in case of
exposute to ppm of CO in nitrogen at different
teaw%ures. The temperature T* plays important

in

ro mperature behavior of both T, and t

rect

3k

i

&
2L

370 - 420
Temperature, K

320

Fig. 2. Response (t,) and recovery (T..) times of an

IlI-type CdS film at different temperatures for 90% con-

ductance changes after introducing and removing 100 ppm
of CO in nitrogen, respectively

IR spectroscopy has been used in order to study
possible changes in chemisorption of CO on CdS
surfaces above and below temperature T*. Typical
results in absorption region of carbonilic species,
2000...2300 cm~" are shown in fig. 3 for I-type and
[II-type films. An exposure of Ill-type films to 100
ppm of CO in nitrogen at 290 K led to the imme-
diate appearance of broad and intense absorption
peak in region 2085...2115 ¢m. The peak consisted

7
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of two components at 2090 crn~! and 2110 cm~'. At
the same time, the decrease was observed in con-

A U

a b
1,0 - 2090 -
1
o
‘B
o
=
K
a5l 2140, .
A
n
1
l' !
__%\_

2100 2200 2100 V/cm™
Fig. 3. IR absorption bands in the region of carbonilic
species measured after CO chemisorption on surfaces of
(a) lll-type and (b) I-type CdS films at 290 K (solid line)

and 340 K (dashed line)

ductivity of films. After removing of CO from the
atmosphere, the band at 2110 cm~! disappeared first,
while the band at 2090 ¢~ decreased gradually and
vanished after 15 min. A shift of adsorption peak
up to 2140 ¢m~! was found after increasing film
temperature above T" to 340 K. At the same time,
inversion of CO behavior from oxidizing to redu-
cing has been observed. IR spectra measured from
[-type films, did show only a less intense peak at
2140 ¢cm™ (fig. 3, b) and was accompanied by r
cing behavior of CO.

The chemisorption of carbon monoxi

Sn WO, films also display dual conduc @

vior in response to CO. Figure 4 shows the cop

ance response of Sn, WO, films to di

trations of CO in synthetic air at

A dual behavior of conductanc

shown between 470 K and 57, ig. 4. At 570 K,

conductance of film incre th increasing CO

concentrations, but at 47&onductance increased

at exposure to 10 pp CO while at higher CO

concentrations, cond ce decreased with increa-
en{fatior’ A dual conductance beha-

vior is now (Obs d also at constant temperature

of 470 v g CO concentration. It should be

noted, {ha nges in type of chemisorption reac-

tion fro % idizing to reducing was observed also

on %-type of CdS thin films, when CO concentra-

/i

been increased from 5 to 100 ppm. As it is

in fig. 4, both response and recovery times

e large differences between 470 K and 570 K.
It was found that dual conductance response to
CO did not depend only on temperature and CO con-
centration, but also on tin content in a-Sn,-WO,
films. This is shown in fig. 5 where conductance
ratios between synthetic air (G,) and 250 ppm of
CO in synthetic air (G,) are plotted for different films
in table 1, having different tin concentration in tem-
perature range between 420 K and 670 K. Only
II-type films show dual conductance behavior with

8

respect to temperature. The border temperature T*
is around 500 K. a-SnWO, was found from SEM and

Conductance, 10°¢ S

o

Conductance, 10-¢ S

710 15 20 25 30 35 40 45
Time, min

*
F%ﬁlductance response of Ill-type a-Sn,WO, film

to ditferent concentrations of CO in dry synthetic air (a)
at 470 K and (b) — 570 K

AFM images to be the matrix phase in these films.
The strong increase of the conductance ratio G,/G,
of pure WO, film (I-type film) at 320 K is shown
in fig. 5. )
The unusual conductance response of some SnO,
thick films to CO after fast cooling process is de-

2.4+
2,2+
2,0 -
S 18}
o 1,6 b
1,4 |
1,2 +

1,0
1,0 r 2

1,2
o' 1,4
S~
< 1,6 F 1

1,8 +

2’0 1 i 1 L L 1
100 150 200 250 300 350 400 450

Temperature, K

250 ppm of CO

Sn/W:
11— 1,12
2— 048
3 — 0,37
4 — 0,03
5 — 0,00

Fig. 5. Conductance response G,/G, (and Go/G,) of diffe-
rent Sn,WO, films in table | (x = Sn/W ratio) to 250 ppm
of CO in sinthetic air at different temperatures



scribed in Ref. [7]. The situation with those SnO,
films resembles the present situation where the
unusual dual conductance behavior appears only by
films with high cation concentrations and high con-
ductivity at temperatures below T". It should be
noted, that study of SnO, films prepared by usual
thick-film technology, shows that CO behaves as
reducing gas increasing the conductance of n-type
semiconductor on the well-oxidized (1 Torr of O, at
700 K for 10 min) SnO, films, but only heating at
800 K and above in UHV causes the dual conduc-
tance response to CO in low-temperature range
(300—500 K).

4. Discussion

The oxidizing behavior of CO, in connection with

dual response, is very difficult to explain. Its appear-

ance in both oxidic a-Sn,WO, and CdS films may
rule out changes in the amount of donors as the
origin for the behavior. Different electrode mate-
rials used for CdS (indium) and a-Sn,WO, (gold)
films may also rule out electrodes as the origin
for the behavior. Then, the origin should be at the
film surfaces. The abrupt changes in response and
recovery times (fig. 2) and in CO chemisorption
(fig. 3) at border temperature T" also support this
reasoning.

It is well known,.that carbon monoxide in car-
bonilic form coordinates onto metal sites via carbon
atom [8]. This fact along with appearance of oxidi-
zing behavior of CO only on Cd,S and Sn,WO, films
with high cation concentrations permits to conclude

that metallic atoms at surface of investigated film&

play an important role in CO chemisorption.

The possibility for oxidizing behavior is that CO
behaves as surface acceptor trapping electrghighon
surface of semiconductor. The red shift in darBionyl
stretching band in fig. 3, a, when the CQ ‘béhavior
changes from reducing to oxidizing béloW§T ", is in
agreement with that interpretation/Thefransfer of
an electron from surface site 6 antibonding 2x*
orbital of CO leads to significantyweakening of C—
O bond and is attributedsto,the typical band in
2085...2115 ¢cm~! regign,_ N\, *

The important censéquence of the approach con-
sidering interaction hetween collective and local
subsystems is thefdeperidence of local energy levels,
originating from adsorbates, on configuration and
location of ¢xfegnal orbitals of surface defects. In-

: jransfer reactions between adsor-
sémiconductor surface may cause the
ch @ 'collective electronic subsystem of semi-
or. On the other hand, changes in local
ubsystem i. e. in polar surface layers of ionic semi-

» ductors and corresponding changes in electron

alfinity of semiconductor may reflect in injection
rates of electrons from-adsorbed species. For that
reason, characterization of the surface sites, their
coordination and charge state are of great impor-
tance for atomistic understanding of sensing me-
chanisms.

It is possible to conclude from CEMS results that,
differing from the case in SnO,, tin is the divalent
form Sn*? in a-Sn,WO, films. Cluster approach used
for simulation of electronic structure of SnO, (110)
face shows that appearing of Sn?* ions on surface
can take place also in SnO, with the presence on
surface of oxygen vacancies, which in low-tempera-
ture range causes changing in coordination of sur-
face tin atoms [5].

The formation of «bridging» vacancies (i. e. from
the removal of oxygen anions from the terminal layer
of an ideal, rutile-structure (110) surface) lowers the
coordination number of half surface tin cations from-
the initial value of six (the bulk coordination) to foun,
Tin cations resulting from this reduction can be
described as Sn* species making some polanity to
«unit» surface layer and changing electron@iiinity
of semiconductor surface. The formation‘ohisolated
«in-plane» vacancy (i. e. from removal™ei oxygen
anion from what is normally the second, tin-contain-
ing, atomic plane of ideal (119) surface) lowers
coordination number of ohe adjdeent surface tin
cation from four to three, while the other two near-
est neighbours go fromMivefold to fourfold coor-
dination. A\

It was shown gmiyref, [9] that defect electronic
states which appeafed low in band gap for anneal-
ing temperaturésNess than 800 K in UHV arised
from «bridging» Oxygen vacancies. Heating at 800 K
or above causes the formation of «in-plane» oxygen
vacameyy The «in-plane» oxygen vacancy is cha-
racterized by occupied states higher in band gap
Witich'extends to Fermi level and plays role of donor-
type defects in n-type semiconductors.

J It may not be the accident that heating of well-
oxidized SnO, films at 800 K and above in UHV
caused the dual conductance response to CO, while
heating of SnO, films up to 700 K did not cause
oxidizing behavior of CO. Indeed, the presence of
Sn** ions on surface of SnO, films with «bridging»
oxygen vacancies implies that catalytic and chemi-
sorption processes are now possible on the surface
with an electron transfer between Sn*2 jons and
adsorbed molecules without any electron exchange
between bulk and surface. The important factor for
observation of conductance decreasing in this case
is an interaction of surface defects with collective
subsystem of crystal, e. g., location of external orbi-
tals of such surface defects near Fermi level, as it
takes place with formation of «in-plane» oxygen
vacarncies.

The temperature-stimulated conductance mea-
surements on freshly deposited CdS Ill-type films
in pure nitrogen exhibit Arrhenius slope of 0,05 eV,
related to cadmium interstitial species [3]. a-Sn,WO,
ll-type films also feature by Arrhenius slope of
0,05...0,07 eV, corresponding to donor-type defects
related to Sn?* jons [6]. Therefore, on investigated
films CdS and a-Sn,WO,, Cd* and Sn?* surface
species play dual role of centers determining dark
conductivity behavior and basic sites for chemisorp-
tion. This fact provides a good opportunity for studies

9
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of interaction betweenlocal and collective subsys-
tems in semiconductor surface-active structures.
. The increase of operating temperature above
320K for CdS films and above 450 K for a-Sn,WO,
films caused the considerable reduction of electron
presence in external orbitals of metallic species and,
hence; the shift of Fermi level towards the middle
of band gap promoting the changes in type of chemi-
sorption reaction from oxidizing to reducing:

The atoms with the lowest coordination on sur-
face are the most reactive towards the interaction
with gas phase. On such «active centers», reactions
take place with appreciably reduced activation ener-
gies. These atoms or groups of atoms normally re-
present a modest fraction of total number of exposed
ones and are thought to be located on edges, steps,
corners or other defects of microcrystals or micropar-
ticles. The Ill-type CdS and Sn, WO, films, enriched
by Cd and Sn species, may have the high number
of those presented on such edges, steps, corners and
other surface defects, where coordination number
can be exceptionally low. Conversely, at surface of

I-type film Cd and Sn atoms are basically with higher:

coordination at crystal faces. For that reason, dif-
ferent features in IR spectra, measured from CdS
films with different surface composition, may be
considered in terms of interaction of adsorbates with
surface Cd atoms having different coordination. -
The peaks fitting results for the IR spectrum show
presence of two types of chemisorbed complexes on'
the surface of I-type CdS films. One absorbing™at
2090 cm™', is assigned to Cd(0)CO complex stabi-
lized on interstitials reduced cadmium speci@sfvith
low coordination number (Cd,). The otier, %Sﬁrb
ing at 2110 cm™!, is atributed to:Cd(I)CO acceptor-
type complex chemisorbed above surface ®dmium
ions with higher coordination in €rystal. The last
ones featured by reduced densify dfvalence elec-
trons on external orbitals resulfiig 6f donation into
semiconductor conduction Sy§tém and chemisorp-
tion take place with trapping of conduction-electron
fromithe collective sgbSystém of thecrystal. The
spectra:peak at ZiW‘ has been attributed to
the.donor-type £LdE)EO chemisorbed complexes,
whic¢h are clia »;C‘E;i-sfic of less reduced areas, where
electron @ &
type GA(I)CO Tomplexes related to spectra peak at
2110 afn-")characteristic of more reduced areas,
where elé€tron availability was large. This assump-
tionsYcorresponded to the results of IR, VIS, UV
$tudy of CO chemisorption reported in ref. [8].

{ The charge-transfer reactions involving surface

sites with high coordination may proceed with cap-
ture of conductance electrons from collective elec-
tronic subsystem, as it takes place, for instance, for
chemisorption of acceptor-type Cd(I)CO complexes.
On the other hand, interaction between chemisorbed
molecules and surface sites with low degree of co-
ordination has the high probability for charge —
transfer reactions to occur only in local subsystem
at semiconductor surface (i.e. chemisorption of
Cd(0)CO complexes): Indeed, the differences bet-
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filability is poor, while the acceptor-

ween trec (~ 3 min.) for conductivity changes (fig. 2)
and time requested for disappearance of the peak
at 2090 cm™!, corresponding to Cd(0)CO complexes
(~ 15 min.) after evacuation of CO show that de-
creasing of conductance caused mainly by Cd(I)CO
comiplexes, related to the peak at 2110 ¢!, involv-
ing capture of conductance electron, while Cd(0)CO
complexes does not influence essentially on the
changes in conductance. V10io1bi

The change of stoichiometric ‘composition tot
wards the decrease of metal component (I-type filgis)™
leads to the essential decrease of concentration‘ef
reduced Cd, defects with low coordination, fiutnber
and promotes chemisorption of CO on _bagé surface
cations. For this reason, the band at 2085, 2115 crm
has vanished together with accepjos-type of chemi-
sorption reaction. The decrea8e ai/tdtal concentra-

.tion of surface metallic spegies‘tiay Tead to decrease

of sensitivity also in donor*ype region and the in-
tensity of the peak at 2140 ¢m!, which has been
observed experimentally (figs. 1, 3).

It is well knoWmn, thai% CO preferentially attacks
low-coordinated surface ions. Therefore, the inver-
sion of charge state of chemisorbed complex together
with shift ig aMJR spectra caused by increasing of
CO parfiab pressure may be connected with the
sequenfidl _interaction of CO molecules with the
highly\ceordinated cation adsorption sites, when Cd,
dﬁé&é ‘became completely occupied. Oxidizing be-
havier of CO is in fact predominant at the lowest
coverage. :

Donor-type M(I)CO complexes are generally cha-
racterized by low:stability, owing to the nature of
the ion — carbon interaction, essentially in the high-
ly charged ions, and to the electron donor properties
of CO molecule. Conversely, acceptor-type M(I)CO
and M(0)CO complexes are characterized by the
higher stability, owing to the ability of low valence
ions and metal atoms to form p-bond with CO mole-
cule. For that reason, the change of type of chemi-
sorption reaction should cause inversion of the ra-
tio between t,, and T,.., that corresponded to ob-
served experimental results (fig. 2).

‘In the same way as the ions and/or the atoms
with different coordination numbers show different
reactivity towards simple molecules, they can show
also different response to excitation. As discussed
in Ref. [10], radiative decay pathways are more ef-
ficient for low-coordinated ions than for those with
high-coordination. The ions with high coordination
have the larger number of bonds to crystal and they
couple more strongly with phonon and electron tran-
sitions of lattice, providing high probability for non
radiative decay and charge — transfer reaction.

Indeed, the behavior of IR spectra peaks at
2090 cm~! and 2110 em™! after evacuation of gas

- atmosphere shows that at the earlier stages of treat-
“ ment only sites with larger coordination number
‘ became free from surface contaminants (carbo-

nyl groups). Absorption at 2090 c¢m~! assigned
to the Cd(0)CO complexes was still observed. At
the final step of treatment (after 15 min) the ab-



sorption due to CO molecules adsorbed above low
coordinated surface sites was also decreased to zero
level. The situation with CO chemisorption resemb-
les the situation where CdS films with different
elemental composition were characterized by oxy-
gen chemisorption [11]. In that case, the increase
of stability of molecular oxygen, chemisorbed at
low coordinated cadmium atoms led to «frozen-in»
states of adsorbates at surface.

5. Conclusions

- From combined measurements of XPS, CEMS,
IR spectroscopy and conductance changes, we de-

duce that surface metallic species are the basic cent-"
ers for carbon monoxide chemisorption on CdS films. "

Interaction with low coordinated Cd, atoms features
by increased stability of chemisorbed complexes.
Reduction of coordination number in the case of CO
chemisorption, leads to inversion in type of chemi-
sorption reaction from reducing to oxidizing. Sn%*
ions in Sn,WO, films are responsible for dual respon-
se in the case of exposure of Sn,WO, films to CO.
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REAL NANODIMENSIONAL SILICON PARTICLES:

CLUSTER APPROXIMATION

It is proposed that silicon sphere-like atomic cluster (AC) system of intermediate
size (10 <n < 100) correspond to structures, which are «bricks» of core of the real
nanometers range particles. A simplified parameterisation density functional theory
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(PDFT) scheme for calculations of electronic structure of these clusters is presented. “;“"% i
The small computational effort of PDFT treatment allows to perform molecular dyna- %
mics (MD) simulations of clusters up to a hundred atoms. The accuracy of the method™ ?

is illustrated by the results of calculations for Si-AC with different sizes.

Silicon nanodimensional structures

In recent years, optical properties of silicon nano
structures (Si-NS) have been the subject of intense
investigations, because the quantum confinement
of electrons and holes leads to linear and non-linear
optical properties, much different from those of bulk
crystals. Since Canham’s discovery of visible light
emission from porous Si (see ref. [1]), great deal of
efforts have been devoted to investigate the optical
properties of Si-NS. There are direct experiments
on the geometry of the Si-NS [1, 2]. =y

Besides, optical data [3] indicated the existé%;ge
of atomic clusters (AC) in films and was m@diated
by the localized electronic states associ ’ft!dﬁ Wwith
the clusters. In particular, there were ogzervgd pe-
culiar Raman spectra in Si-SiO, systems, Being diffe-
rent from those of bulk c-Si, a-Si, Afh _micro-crys-
talline Si, but very similar to the dénsity of state
spectra of Siy and Siy [4]. The‘experimental data
strongly suggest that these(films are the systems
of AC much smaller thaw%d nm embedded in
SiO, matrices. Althougm@ vsize and size distribu-
tion of the clusters not known, introduction of
various size of cl $wandomly into SiO, thin films
may generafé l\gm,}i%’ed electronic states. If these
previous @%&'aﬂ! taken into account, it is rather
straight rm_ﬁ) attribute presently observed Ino
(0 — wﬁﬁ? vity) versus T-4 (T — temperature)
behaviounde the VRH (variable range hopping) con-
ductien through the localized electronic states as-
sociated with the C, Si, and Ge clusters [3]. As Si
‘gﬁcentration increases, the slopes (B) of In o versus
P14 straight lines decrease. Since the increases
in Si concentration lead to the increases in the
size and/or number of Si clusters, the decreases
in B may be attributed to the increase in size
and/or number of Si clusters. Thus optical data
indicated the existence of clusters in the films, the
present VRH conduction was thought to be medi-
ated by the localized electronic states associated
with the clusters.

In the other hand, small silicon clusters of atoms
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(Si-AC) have recently become the subjects of intense
study [4—13] in the hgpe that their properties can
provide new insight to physical and chemical beha-
viour of the nanodimensional materials [1—3]. Pro-
bably, the Si-NS corisists from Si-AC structures.
The large syuridee*o-volume ratio and the large step
and defegtad€psity are expected small Si-AC to be
highlyg%ff e. Moreover, the flexibility afforded by
the small ffumber of atoms could give rise to novel
stg.\_lﬁ“%es which can possibly lead to the synthe-
sis 0f artificial materials with uncommon properties.

In this paper a new approach to the study of small,
intermediate-size Si-AC and Si-NS is proposed. Some
calculations [6—8] predict that Si-AC in these size
range have tetrahedral bonded network structures
whereas others predict more compact structures.
Taking the above said into consideration we based
on the following premises. First, for small Si-AC
(n< 10) it is possible to construct a tree with core
of fourfold-co-ordinate atoms, similar to bulk Si
(for example, see [11]). Second, for larger Si-AC
(10 <n < 100) it is possible to construct a network
containing a core of fourfold-co-ordinate atoms, simi-
lar to bulk Si, which are surrounded by a surface of
atoms with optimal (threefold or fourfold) co-ordina-
tion, similar to Si surfaces (as [9]). Structures of ex-
ceptional stability can be obtained when exactly all
surface atoms participate in the surface reconstruc-
tion and any change in the size (addition or remo-
val of atoms) introduces «defects» similar to those
on c-Si surfaces. To construct a real Si-NS, our model
used: 1) a core of fourfold — co-ordinated atoms, si-
milar to bulk Si (complete Si-NS), or 2) 5-, 6- and
7-membered Si-rings and their combinations for the
construction of surface blocks (empty Si-NS).

Reactivity and size effects
of the atomic silicon clusters

The nature of Si-NS and reconstruction of Si-AC
in the range size 1 <n< 100 (n is a number of at-
oms in AC) remains open to intense debate too. Si-
AC is small piece of nature in the range of nano-
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meters and is not molecule, and it can not to repre-
sent itself as the bulk material also. For example,
J.R. Chelikowsky and Phillips J. C. [8, 12] has sug-
gested that the small Si-AC was metallic rather than
covalent in nature. This is due to their physical
size. Clusters of covalently bound non-metals usu-
ally have more open geometries that satisfy the
specific highly-directional bonding requirements of
silicon and germanium. Si-AC form prolate structu-
res up to n~25...35 [4, 10], but then rearrange to
more spherical morphologies [7, 8]. In fact Si-AC
appears to be more closely related to the high-pres-
sure metallic phases of bulk silicon than to the
diamond structure [6, 7, 12]. These works appears
to define metallic clusters as those, which have bond
angles of 60°.

" The absorption spectra from 0,94—5,58 eV are
obtained for gas-phase neutral Si-AC containing
18...41 atoms [10]. The spectra of all clusters are
essentially identical. The optical signature of these
clusters has much in common with that of c-Si.
These spectra are unexpected: theoretical calcula-
tions predict [6] wide variation in structure over the
size range, but experimentally Si-AC has numerous
strong sharp absorption which does not shift in
energy over Si-AC size range. Furthermore, the
partial spectra of Si-AC are smaller than Si;; and
larger than Si,,. The spectral signature common to
Si;g—Siy, persists for sizes up to at least 70 atoms.
This spectral similarity is completely unexpected.
Because of a molecular point of view, these clus-
ters span sufficiently large size range to have struc-
tural differences, which should show up in their
optical spectra.

From these data follows that Si-AC in this sme
range are expected to undergo rapid structurah
change because of the large surface/volumesatom
ratio. Nonetheless, major changes occur inghef gfi)
metric structures of Si-AC as a function of Sizebelow
50 atoms. Such changes are mirroredfin/the*photo-
electron spectra measured for Si,AC“anfons con-
taining 3...12 atoms [8, 12]. Stguctural differences
of Si-AC (similar size rangeY fof _positively charged
AC have also been inferred frermatobility and chemi-
cal reactivity data [10]¢THus, the electronic spectra
of neutral Si-AC largef tha® Sijs do not any show
evidence for anystrisctusal changes. This leads us
to conclude that @lMefMthese small silicon clusters
share one or morés¢common structural entities. One
possibility i§%that small Si-AC shares a common
bonding network, which persists and extends as the
cluster@}s in size.

absorption spectrum of crystalline silicon
in common with the silicon cluster spectra.
¢ absorption features at energies above 3 eV

minate both Si-AC and ¢-Si spectra. The 800 K

lk spectrum, which is red shifted by the thermal
expansion of the lattice, more closely corresponds
to cluster spectrum. Nonetheless, a number of dis-
crepancies between the bulk and cluster spectrum
should still be explained. For instance, the cluster
spectrum has six peaks between 3,0 and 5,6 eV

whereas the bulk spectrum contains only three fea-
tures. Furthermore, a comparison with 800 K bulk
spectrum neglects effects of lattice contraction and
quantum confinement which are known for Si-NS
and these characteristics do not change as a func-
tion of AC size range.

Given that Si-AC containing only few tens of
atoms are too small to have either band structures
or bulk excitations, the similarity of their optical
signature to crystalline silicon is unexpected. More-
over, these spectra are far more similar to spectrum
of the most stable crystalline form of Si than to the
spectra of other Si forms.

Furthermore, optical spectra of small InP-AC [10]
exhibit like absorption’s analogous to a-InP [#3]
Other forms of more compact Si such as the"g-tin
and primitive hexagonal metallic phases, }14] arealso
candidates for comparison in hght of thgm’ehcal
calculations, which predict high co-oxi num-
bers in small Si-AC. But none of these structures
have optical properties, whiclhare as closely relat-
ed to Si-AC spectra as ¢-Siy And 8i-AC spectra can-
not be easily compared to Si surface spectra [10].

Besides, it is reasonable t6 be concentrate on
models for experimentally‘observed sizes of excep-
tional stability (sgscdled *«magic numbers» (MN)
[15]). MN is obsépved and reflects differences in
Si-AC [6, 7,9, W]

MJ*MN can be understood basing
on structfigeS\predicted theoretically and observed
experimentally.*Si-AC of somewhat larger size (for
example, 10 <7< 100) shows the dramatic changes
intheir ¢hemical reactivity, depending on the num-
wber’of\atoms in the cluster.

v \Using thermodynamic force field the equilibrium
structures of Si-AC (n =11...25) were calculated in
[12]. The interesting outcomes about structure of
these clusters were obtained. Since Si-AC contain-
ing 7 atoms (and n=13 or n=19) clusters has
pentagonal pattern (or icosahedral plus associated
face capping). These results are fully consistent with
MN found in the reaction rates for addition of first
C2H4 molecules to Si; clusters.

These experimental and theoretical data showing
the spectral regularity of Si-AC challenge all known
theoretical models, which used for the construction
of space structures in the size range 10 < n < 100.
This leads to the intriguing conclusion that silicon
clusters containing tens of atoms are derived from
a common structural entity. We do not know the
nature of this entity but its spectral similarities to
the bulk crystalline spectrum provide the proving
ground for further theoretical investigation. How-
ever, this is not optimal practical procedure for clus-
ter with larger sizes: for a system with many de-
grees of freedom, the problem of identifying the
lowest-energy configuration becomes computation-
ally difficult and depends on the sizes of clusters.
Si-AC with size range 10 <n < 100 requires to
search the possible new calculation schemes. In
addition to this, in order to elucidate the properties
of their AC, the development of different specific
models has the great importance.
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These facts became the motivation of our com-

‘puter researches. To attack this problem we inves-

tigated electronic and geometry structures of Si-AC
theoretically using parameterised densrty-functlon-
al theory (DFT).

PDFT simulation method

To study the dynamics of the clusters we offer
the approximate calculation scheme. This is the
density-functional theory (DFT) in the realisation
of Kohn and Sham (KS) [16}], using few empirical
parameters [17]. This method, which named para-
meterised DFT — PDFT, is based on Hartree — Fock
scheme plus a proper treatment of electron cor-
relation. The use of only a few parameters mini-
mises the effort for the determination of the pa-
rameters, it yields the close relation to full ab ini-
tio DFT schemes (for example, GAMESS [16]).
This is guarantee of the good «transferability» of
the parameters, going from one system to ano-
ther. On the other hand, the use of some appro-
ximations in connection with few empirical para-
meters makes the scheme computation extremely
fast. PDFT allows also the study of dynamical pro-
cesses through the coupling with molecular dyna-
mics (MD) [19, 20].

The method is based on an LCAO ansatz for the
KS wave functions: |

Ip(?) = Zcu;u(? . iéj)’
- [
here ¢, — atomic orbital, which we shall
basic wave functlons (BWF) in the f

= N,ri=lg=Y,,

where N, is constant a, is Slater’s
defined on algonthm [L1]; ¥

nic functions, n* is effective
LCAO ansatz leads to th ar problem. The
matrix elements of Ha H and the over-

lap matrix elements defmed as
é\ 2 S e
In the of h

od PDFT, Hamrltoman of the

ameter whlch
ical harmo-
number. The

syste

. H T +Vu(7), (4)

Ve;f(F) 15 ef-
KS potential. It is approximated as a simple

eT is operator of kinetic energy,

@perposmon for potentials of neutral atoms VP

V() = Zvo(ft ),

where r;=[fF — R| Such approx1matlon for potential
is consrstent with the following approximations in
the matrix elements of Hamrltoman

(8)

Hﬁ{gzrlrw, +Vilg,), kve B ©
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Thus, only two-centre terms in Hamiltonian mat-
rix are considered, but all two-centre terms H,,, S
are calculated exactly.

The approximations formulated above lead to the
same structure of the secular equations as in (non-
orthogonal) tight-binding (TB) [19] or Iterative Ex-
tended Huckel (IEHT) [11] schemes, but it has the

v

“important advantage that all matrix elements are

calculated, and non of them is handled as an empi-
rical parameter. P. Blaudeck and co-workers [l

shows that the quality of results, especially con g
ing binding energies, can be improved

by using basis functions and potentials fror@
«compressed atoms» rather than fro

This «compression» is achieved by
tion of an artificial additional repul8i
the form (r/ry)* in atomic calcul
ginally developed such poten
LCAO-LDA [18] band s e’calculations. The
main effect of this term is a\damping of long-range
part of basis functigns. Practically, it optimises
the basis functigns cofigefhing the approximations,
mamly neglectingythey3-centre terms.

* The total & [p(7)]' may be written in a form
usmg KS @lueg &) mriit

S)@: o g[S AB3rVgp — SdarVextp] o S

(7

in roduc
tential of
s. Eschrig ori-
ptimisation of

—2{&rVp+E,

The external potential V., is electron nucleus po-
tential, E,. is exchange-correlation energy, V.. is
corresponding potential, and E, stands for nuclear
repulsion energy.

The representation of the density and the poten-
tial as superposition of atomic-like contributions,

i.e:p= Zpl, P ZV allows to write the total

energy in the followmg form

Elp(F)] = 28 ——ZZSd"‘er,

ZZS d*r Z’p’ il ZZS a0, +
Ezzgds}%,

Ry is inter nuclear distance: R, = |R R 1:iZ; is
charge which has j-atom, p; is electromc densrty,
localised on j-atom, ¢, is one-electron energy.

For large inter nuclear distances, the electron-
nucleus energy compensates strongly the nuclear
repulsion energy, and two-centre terms with poten-

tial vanish also: Sd erj = (), j =7, due to the scree-
ning of the potential. Assummg additionally that

Sd3rV,wp, =0 and wrltlng the total energy E[p(7)]

of single atom in the corresponding form as (8), one
can evaluate the binding energy approximately by

8)
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KS eigenvalues &; and KS energies €, of atomic
orbital n;:

eg=E—3E ~Ye -3¢,
j i

I on
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The binding energy calculated in this way and the
binding energy from full SCF-LDA calculation, using
algorithm GAMESS [16] (AE = gz — ESAMESS) for
Si-AC are in good agreement, as it was illustrated
in [17]. The differences between these energies in-
crease with decreasing internuclear distance (r).
However, this increase is rather smooth and the dif-
ference has practically vanishes already at about 3/,
times the equilibrium distance (7).

With PDFT approximations the forces on atoms
(F,) can be calculated easily using the LCAO co-
efficients (C,,) and the derivatives of Hamiltonian
and overlap matrices (0H,,/dx;, 3S,,/0x;), respec-
tively:

Fm i izzciuclv
PO

Having the forces, MD simulations may be per-
formed easily (see e. g. [19]). In order to obtain
relaxed atomic geometries for the models described
below, we have performed extensive energy-minimi-
zation calculations. The PDFT Si-AC database inclu-
des total energies of clusters, energy fragmentation,
overlap integral matrix, charge on the atoms etc.

We have tested a new PDFT approach to the total
energy of complicated atomic geometry, which have
included the electron-electron interaction in self-
consistent manner.

e oH,, +E oS,
0x; X

27

+Zé§f— (10)
o

Results of the Si-NS simulation \

We start with bulk-like Si-AC size of 4 atoms
examine the cluster-size dependence of elecfron
states for Si up to 60 atoms. AC-size depegder
calculated energy levels, local densiﬁ )
and charge distributions are exagzﬁﬁ J£ Si -AC,
it is found that 10-atom clustes, which had three
possible space configuratior [7{.8] Was good enough
AC-core to identify and to study 6ptical spectra [10].
To study regularity oftbef viour of big AC (among
of them the AC with /= I8...41) it is very impor-
tant to define properties.of Si-AC with 10 atoms. The
PDFT method (withydifferent basis sets: STO — 3G,
HF/3 —21G) was.utilised for the analysis of geo-
metry and tronic structures of Si-AC with range
size 1 @

Al
\/

surface elementary Si-AC models are
d. The PDFT method is applied to iso-
, 6- and 7- atomic rings reconstructed as a

1at
%ent of Si(111) 2x1 surfaces of materials cry-
s tallisi

in

allising in the diamond structure. In fig. 1 the

ample of simulation of 5-atomic silicon ring is
reduced. We researched possibility of derivation for
planar Si-cyclic 5-AC structure. The energy tran-
sition is present in fig. 1. The displacement of the
1,4, 5-th atoms is equal AR, = 0,11 A; for 2-nd and
3-rd atoms — AR,;=0,18 A. Let’s note that as sur-

face Si-atom is moved inward, the hybridisation of
local orbital on surface atom is changed to keep

E, eV

N

_~
Fig. 1. The illustration of possible space @gientation of
5-membered cyclic Si-AC and transition eq E (a),

and direction of the displacement of Si-atefmior
of planar (b) ) §
N

btaining

: N
them orthogonal. Therefote, we forced the study for
dehybridization of Si-atomig, sp®-orbitals from the
equivalent form in tertng of the relative position of
Si-atoms. The detail af“@?%hm to carry out the esti-
mations of hybridi;ﬁﬁn degree is described in [11].
Clearly, this is cansistent with the intuitive consid-
eration that upQn refaxation (to the planar position)
danglingforhi yecomes more p,-like and back-
bonds¢becomemore s-like tending toward the trig-
onal sp? form. Dangling-orbitals on raised atoms
b&comés-like, while those on lowered atoms become
Jmoreplike. The calculated lengths of Si-Si bonds

) and angles between chemical bonds (a, B, v)
ffor the most probable space configurations are writ-

en in table 1.

Table 1

Bond lengths ry; (in A) and bond angles a, B, y

(in deg) for 5-membered Si-AC with different

symmetry (C,, C,, D;,). Basis set is STO—3G
i (or HF/3—21G)

S )
Si-AC T 2 a B Y
1. 1.3.42.9234 110,0° 103,5° 103,6”
Cs | 37504 2271 1. (110,29 ] (103.3°) [ (103.69)
514 2269
11312234 108,5° 108,1° 101,0°
C, 1242271 | (109,0°) | (108,0°) | (101,0°)
5141 2269
I3 3. 2,215 108,0° 108,0° 108,0°
D5, 1351|2215 108,0° 108,0° 108,0°
5142215

The ideal, relaxed, and reconstructed cyclic
i-atomic (i=5, 6, 7) Si-clusters bound between
itself are dealt with too. The minimum-energy sur-
face geometry’s resulting in the framework of
n-bonded chain model have been compared with
atomic positions extracted from other calculations
[5, 6] and especially from experimental data [4].
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Altogether the theoretical Si-AC structure seems
to be somewhat less strained than the experimen-
tal ones. The bond lengths obtained from total ener-
gy minimisation vary in the interval 2,34...2,215 A
The bond angle variation around the ideal tetrahe-
dron value of 109,5" increases. These values indi-
cate a slightly higher strain in the same sequence.

The m-bonded chain structure with 7- and 5-ato-
mic Si-clusters includes two critical bond angles.
They are remarkably smaller than the ideal tetra-
hedron bond angle of 109,5° due to adaptation of
7-atomic ring and the 5-atomic ring. From che-
mical point of view, such bond angles < 90° can-
not occur since the underlying structures are not
stable. ;

The calculated geometry of clusters is in good
agreement with results from corresponding DFT ab
initio calculations, provided using GAMESS algo-
rithm [17]. The nearest neighbour distances in Si
lattice are obtained correctly [9]. Energetic positions
and equilibrium distances of high-pressure modi-
fications of silicon are described rather well [12].

In the next step, Si-NS was constructed. For
inter Si-polyhedral clusters (Si-PC) interaction the
pairwise additive approximation (PAA) [5, 15] was
used. The calculation analyses of Si-PC, which has
spherical symmetry, were performed. Formally, the
total energy of an ensemble of N Si-AC can be writ-
ten as:

=)
N N =
ESOVIE G0 G il oRelinall o igon J 42,2134; 2,301 0,088 = [ 11,6 =

i<j i<j<k

N
gt Z Eijkz(’}j’fzmrzt»’}k’rjtv”tk,ﬂijkz) (1)
i<j<k<l!
where the first term is the sum of all two- pair,

E;) interactions (each as function o separation
r; and relative orientation Q; of th all»). The
three-body term E,, provides the @i nce between
the actual energy for a trio of a given orien-
tation and the sum of the thfe r potential terms;
similarly, E;;, is the corrgsporiding correction to give
the correct energy*f artet of «ball»; and so
on. For the syste x onsist of Si-PC, the pair-
wise additive approximation by only using the first
term in this ion was used. NS consists of
Si-PC wi hx erage diameter d (as shown in
fig. 2). ice of potential (E;, E,;) in stick and
ball mo ay be recommend [21].

e conclusion we will report the results of
% lculations for nanometers particles of sili-

e geometrical characteristics of Sig, having
metry /,, are listed in table 2. «Si-ball» is con-

Qtructed from twelve 5-atomic Si-rings (5-Si-AC) and

twenty 6-Si-AC. Using PDFT we have estimated
diameter (d) such Si-PC.

Let’s note that in table 2 Si-Si inter atomic dis-
tances in 6- and 5-AC rings are reduced. These dis-
tances are designated as 7y and 7y, respectively.
The calculated bond lengths and diameter of Si-AC
are given together with the errors in table 2. These
data are in quite good agreement with the other
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surface PAA
structure O

Polyhedral d MD &
Si-AC "é }j‘— FLQ
Mlgﬂzs

Fig. 2. Atomic cluster as a
structur

\-

anodimensional

Table 2

Geometry¢chara l%stics of I, — Sig Si-AC

P A ;@' o Methodsaertld Dasis
& 12,3+
%18 @5 0,037 | 104 | MIEHT—a[l1]

,1524+10,085+] 11,4+
+0,04 { 0,01 | =04

STO—3G PDFT

+0,04 | 0,04 | =001 | =0,4

HF/3—21G PDFT

Sideways

0 --Eangle bétween D;,

ES-membiered AC
7* ‘ :

Fig. 3. Cluster surface «bloc',ks», which coﬁsist 5-Si atoms
(@), and one of polyhedral Si-AC which consist 5-mem-.

bered rings ()
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results (see ref. [5—7]). Si-Si bond length was ge-
nerally overestimated by about 2%, and diameter
of Si-PC was calculated in the range of the errors
3,5%.

We have analysed others polyhedral AC of sili-
con too. Among them are follows: 1) Sigy(Ds,) —
—AE=0,0868 eV; 2) Siz(C,,) —AE =0,252eV;
3) Siyy(D3) — AE =0,404 eV. Here AE denotes the
difference between total energy of PC Sig, and Si,
(Sigg, Siy,). 60-atomic Si-structure has appeared more
stable than 50, 30, 24 Si-AC. The given fact testi-
fies that the probability of synthesis for such stable
structures as AC 7, — Sig is extremely high.

Therefore, polyhedral silicon structures took part
in creation of Si-NS and was identified experimen-
tally [2, 3]. The fig. 3 is demonstrated the space orien-
tation of Si-AC, created Si-PC structure. Let’s note,
that the angle (6) between cluster fragments (in giv-
en case Si-5-AC) depends on the type of atoms, which
passivate the dangling bonds of silicon atoms. This
problem demands the separate reviewing.

Summary

We have tested the modified DFT scheme to the
total energy of complicated atomic geometry, which
included some useful simplicity. Due to the neglect
of all three-centre integrals and the use of short-
range repulsive interaction potential in energy cal-
culations, the method is computationally extremely
fast. It gives reliable results for geometry’s, bind-
ing energies and vibration frequencies for different
AC. The method is applied to building of Si-PC from,
the Si-surface «blocks» reconstructed as planar. The
bond lengths and angles are obtained with an errer
less than 5%. o

Three important reconstruction steps haye/Been
considered: 1) isolated Si-cyclic AC (with §-, 6<and
7-atoms), 2) Si-PC which consists fromsSi-Cyclic AC,
and 3) the cluster model of Si-NS. We'§6ufid reason-
able agreement of the different stfifetures for i-fold
Si-AC rings per surface elemefitaty cell. However,
there are also characteristic diSerépancies with re-
spect to the order of maghitude for several effects
and quantities: bucklingsamiplitude and bond length
in the chain, relaxation @ the first and the second
atomic layer, bgnds W%E But these problems will
be argued in th‘e},fo?" wing publications.

PDFT scheme may be viewed as «hybrid» be-
tween purelab initio method — based on DFT — and
the usg”of putely empirical potentials. It has the
advan ver the latter in overcoming the «trans-
@r » problem, and it requires much less com-
jonal effort than full ab initio methods. And
in comparison to traditional TB schemes [20],
hich are computationally as fast as our method,
e transferability is much better, since only very
few parameters are used and their determination is
straightforward.
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WITH SEMICONDUCTORS OR METALS

TWO MODELS OF QUANTUM BRIDGES CONNECTED ' Q(b

fragments of electrical circuits, pulled adsorbed molecules, atomic or molecular chains

- connecting electrodes are proposed. Discrete chain model of molecular bridge between
metalli¢ electrodes considers quantum jumps between atoms containing the chain.
The potential approach is represented by three-dimensional Kronig—Penney mod
The conductivity theory is developed in supposition that the main contributior
electron transfer belongs to non-equilibrium affinity populated states of the'
Current—voltage and thermodynamical characteristics are calculated for di
Explanations for experimentally obtained step-like dependencies in /—V teris-
tics and its asymmetry are made. Charging effect and Coulomb blockade
discussed. It is shown the essential role of transitions between%rgnt bridge’s
charge states. .

Two models descfibing tfansport and absorption -processes that occur in nanoscale Q&

v Introductlon ; e - tion may b rolled by resonant external elec-
2 .tromagnet Id switching the molecule into long
Semlconductor wires, pulled linear molecules lived trl® te. The current pulse arising is caused
point contact atomic chains connected with prepared
metal or semiconductor surface are examples of o
quantum fragments embedded into electric circuit Q
[1—8]. These elements may play a role of main func-
tional unites of the circuit sufficiently determi
its properties. The subject of our investigation i
most important property of such «bottle ne i
fragments that electronic structure depe @ ngly
on small number of captured electrons S
ly quantum bridges are systems with alternating

particles number determined by i n with con- .
tacting reservoir. In recent pa e conducti-

vity of adsorbed bistertiotl@n_ ecule junction 1 b
(fig. 1) fabricated by suspe micro-bridges tech-

ically controlled break
mentally. The results ob-  Fig. 2. A dipole molecule as emf source in an electric

nique combined with
method was studied e @ i

tained have show al interesting features in- circuit:

cluding stepwis ence of current-voltage char-  a — complete electric circuit with inverse asymmetric molecule

acteristics etlmes its asymmetry relatlvely as voltage source activated by light. AP is dipole momentum
difference in ground and excited states. Zigzag show light caus-

the ’S ig \ d VOltage % ‘ ing dipole changing; b — a model of hydrocarbon linear mole-
cule. W is transfer amplitude between carbon atoms, V is the
/ same inside the elementary cell, Q is the same for end cells

/7 3 c\:\ by the difference of dipole moments in ground and

~ C/ % c /C\ /C\ C/ N a g excited states. The stabilization of excited state may
\\ // \\ // ; be implemented by means of voltage bias between
ends of the molecule (fig. 1). Transition process in

/ \ / \ excited state modifies affinity spectrum of molecule

o o tims ikl IS 1 that in turn influences on the electron transport

Fig. 1. Bistertiophene molecule as a quantum fragment through the molecular brldge
of electrlc circuit investigated experimentally in [3] Our results show that'the voltage applied mod-
ifies significantly the electronic structure of all kinds

An example of pure quantum curcuit is repre- of bridges and leads to nonequilibrium redistribu-
sented in fig. 2, a. A polar molecule embedded into tion of states population. The theory developed here
the closed chain can play the role of short pulse for contact and transport phenomena in quantum
voltage source. Quantum voltage source polariza- bridges is based on the conception of mesoscopic

18 * (© V. N. Evteev, M. V. Moiseenko, E. V. Zhuravel,
E. Ya. Glushko, 2001



system’s charge states. Two approaches are dis-
cussed in the work for pulled quantum bridges:
‘potential model and discrete chain model (DCM).
Potential model proposed describes semiconductor
quantum wire connecting semiconductor or metal
electrodes shown in fig. 3. The model is based on

Fig. 3. Semiconductor quantum wire:

a, ¢ — electrodes, b — quantum wire, elementary cells are shown
by lines

exactly solved problem for terminated Kronig—
Penney crystal.

The DCM approach describing molecular or ato-
mic bridges starts from initial (atomic) generalized
affinity energy E, for external reservoir electron,
chain geometry and intersite transfer matrix ele-
ments V, (fig. 4). Index i represents the number of
electrons left the chain, E, is exited states band

s e ,0
ééi; v
==
==,
:,_//%
:%%/
M(l) M(O) M-l) KM%: N
RIAY)

Fig. 4. A scheme offq tdm bridge charge states:
{ ' g

M® marks quantur;x(l?r' : ,gﬁ-gé state with i electrons left
the bridge, /, corresponds to,ionization energy of respective state

X )
center for one-fold ionized molecule. Quantum bridge
capturing o1/19sing electrons in absorbing process
or due 6 appifed voltage changes weakly its charge
states ’69‘ 8]. General picture of charge state
tgangsitions for ionized quantum bridge contacting
{Unetal surface is represented in the fig. 3, where
Y 18 electrode chemical potential, /; is the first joni-
tion potential, /; is affinity energy.

* ¥ Pulled linear molecular chains adsorbed on pre-
pared metal or semiconductor surface may be very
interesting due to its physical properties and pos-
sible applications. Extremely large effective surface
of these objects (fig. 5) in case its density is suffi-
ciently high makes them attractive as adsorbing

:elements for gaséoué sensors. We have proposed in
[6, 7] to use the forest of molecular chains directed

Dielectric substrate

Metal | .
§

Fig. 5. The forest of linear molecules adsorbed_oneon”

ducting surface:

Molecular chain forest on substrate. Dark ‘
absorbed gas molecule. %\

by external electric field for adserbing, storage and
testing small concentratfon of gas molecules in
surrounding medium. Adsorbed fong molecular con-
structions are most compact and small contenders
for conducting elementstef’quantum circuits, STM
tips and neutral ks. Meanwhile many pro-
perties of 1D systéms absorbed in electric field on
a semicond g?{'br dielectric surface demand fur-
ther theoretic ifvestigations: the conductivity prob-
lem at low frequencies, chain-surface local states and
states-arising due to the capture of air molecules

_by the chain, electron energy spectrum in external
%i€ld, mobility of electrons, affinity spectrum, chain

‘fopology, interaction with vibrational modes etc.

/ In the paper we propose theoretical considera-

tion for some of these problems. Our DCM analysis
is based on the electron Hamiltonian for a chain with
N-sites. The conductivity of quantum bridges is in-
vestigated theoretically using the obtained exact
solutions for electron states of a linear chain in
steady state electric field. It is taken into account
quantum interaction between electronic subsystem
and either metallic or semiconductor electrodes play-
ing the role of electrons reservoirs. The supposition
about main contribution of affinity states into the
conductivity of point contacts both semiconductor
wires and molecular or atomic junctions lies in the
ground of the theory proposed. Transfer matrix me-
thod was used out the framework of approximation
of translation invariance and periodic boundary con-
ditions. In nearest-neighbour approximation for chain
atoms interaction and hopping probability, the cur-
rent-voltage characteristics are calculated at different
temperatures and electronic structures of the chain.
The Coulomb blockade effect is taken into account
phenomenologically in a self-consisted procedure.
It is represented the explanation of current-voltage
asymmetry observed experimentally in [3]. It is
shown the leading role of field modification of affi-
nity spectrum for conductivity of molecular bridges.
Irreversible states population and current Coulomb
charging is calculated.
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I1. Adsorbed linear molecule in electric field

We will describe the problem of field influence
using secondary quantization Hamiltonian for trap-
ped electron in N-periodic linear chain (fig. 2, )

H, =28k,~ai§akf+k2 Vim 03 Qs (1)
k, j Al
&, = &+ eekd + eed,, (2)

where k numbers elementary cells, d marks distance
between atoms along the chain, j numbers atoms
in the elementary cell, €, determine initial atomic
affinity levels, the hermitian matrix V}? describes
interatomic electron transfer, d, is length of absorb-
tion bonds on the left-hand side of linear molecule,
e represents applied electric field.

The matrix of Hamiltonian (1) will be wrote in
nearest neighbour approximation for an adsorbed
molecular chain like polyacetylene R-(CH),-R. In the
model under consideration the transfer between ele-
mentary cells is possible through carbon atoms only;
the amplitude of the process equals W, hopping amp-
litudes.inside elementary cells equal to V (Q is its
value for end atoms). Considering U =&(Nd —d +d,)
as the whole voltage between chain ends we can
obtain the energy dispersion equation

N-1 : a
aw A (Fr)=0d=( %) @

containing transfer matrix product instead of traqsf@i
matrix power. Here m“’if

Bo=(eo— E+eckd+eed)x ([ Y
X(e; — E + eekd + eed)) — V2 1‘1 S
Vi=—h=W- (e~ E + eekd +yd,);
Vi=gy—E+4+U— eedmﬁf </
X((g8o—E+ U —eed,)(g, — E 44, %88d,) — 2Q?,
N=—W- (5~ E _ged,)?, (4)

'% and the procedure
tion (3) is transformed to
in absence of external field

el(v s 217)0\0!/11 —VoY12) —
3T %é :,.&yu)(koyzx — VoYss) = 0, ()
where f, agﬁ@;-: —f, are eigenvalues of matrix F in
the power of-¢xponent
€ A’}P‘&L

Using canonical transforsfiaf
described in [5] the equa
convenient view obt

@ﬁ g9, F=1Ln l:[A,z,

p "‘; i At ln Al — A In s Lo go M

%A o A — Ak M _AF K

; ZAk“exP Z M At —sinag ||+ (6)
g PUMSAT T TN

% < 1/2
Here }‘f v By + (ME + 4A, - v)

are eigenvalues of
transfer matrix taking part in the product. The con-
dition pZ 4 4A, - v, =0 determines imagine bounda-
ry between extended band states and that localised
due to the influence of extended field. As an another

20

matter for the states localization may serve struc-
ture defects including both ends of the chain. The
calculations show that with growth of electric field
¢ the extended states energy range is narrowed in
directions from band edges to the middle. At the
same time the band width increases to the value of
applied voltage U. The last extended states trans-
form to localized ones when U exceeds starting band
width. The distribution of electron density ampli-
tudes along the chain is given by eigenvectors of
the problem solved above. The model under consis
deration (DCM) allows to obtain analytical exprés-
sions for eigenvectors determined by coeffici ki
of the canonical transformation Q

at = 3.Cy(s)af, @, = 2%;?&»?‘
k, j L QY6 |

The summation is performedyon ‘chain cells £ and
on atoms j inside the elementary~¢ell. Index s =1,
2, ... N numbers in the work that electron affinity
states. One can obtain the ceefficients C,; analyti-

cally using the welhknowm Kramer’s rule and re-
vealing determinants cotré€sponded to each variable.

sk’(-
Co =ty QN Ceal), Ca=C, T (7)
). Ni-t+1 5 0.
] v 4
’k—l‘ﬂi(‘é«"“k;“'ifef‘" (VY22 — Ay )M otn, — Voba) —
(8)

N\ i":‘Ne_f“a("rynz — Ay 1) (AoY2r — VoYaz))-

The determinants of k-order ©, are determined by
the left upper edge of Hamiltonian dynamic matrix
described in (1). Numerical calculations for electron
density |C,(s, i)|? both with the account of field
dependence in transfer matrix elements V and with-
out that influence was performed in [5]. With growth
of applied voltage the standing probability waves
Cy(s, i) become less symmetric (or asymmetric)
respectively to the center of linear molecule. At the
same time, the interatomic barriers begin to de-
crease at sufficiently great fields (=~ 10° V/m) that
leads to repairing of the symmetry in electron den-
sity distribution.

1. Electronic specific heat of adsorbed
molecules

The contribution of affinity electrons captured by
free molecule into the specific heat C,; is determined
by expression

Caff i T_2Z(Es S El)2n5(1 Ew ns)’ (9)

E,—E, !
where n, = ( exp (_T_ +1) , E; — the lowest

level that plays the role of system chemical potential.

The temperature dependence of C,; calculated
by (9) in absence of electric field for long 20-atomic
chain is represented in fig. 6, curve /. Energy para-
meters of chain were taken gy=—4,3 eV, V=0,02
eV. In case of adsorbed molecule its specific heat

{
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C,; depends on affinity band position relatively
to surface chemical potential. We suppose here

FE R i

vin 0,5 1,0 1,5 2,0 2,5 -3,0

6
*w_‘.s I 3 x50
Bl
o 1
S gl
5
Q ol 3

1

0 0,02 0,04 0,06 0,08 0,1
T, eV

Fig. 6. Specific heat temperature dependence of linear
chain:

1,2 show specific heat for free molecule and for adsorbed mo-
lecule, respectively (lower axe); 3 (upper axe) is calculated C,4
for molecular bridge under current

that the latter coincides with band center x,=¢,.
In case all levels lying below Y, the states are
filling completely by left reservoir electrons. The
curve 2 in fig. 6 shows C,; temperature dependence
for molecules adsorbed in external electric field
U=0,5 V/molecule on gold surface x,. =—4,3 eV
calculated by (6) at E, =x,. We do not take into
account Coulomb blockade effect in specific heat
calculations.

It should be noted that external (negative) el
tric field is significant stabilizing factor, which
lows linear molecule to contact with adsorbing sur-

£

face by left or right end only. Field absen y
cause the capture of molecule by surf to
attracting image forces with the following, recon-
struction of molecule. Negative ele field inter-
acting with dipole momentum ari&in chain due
to its charging pulls molecule al y to the sur-
face (fig. 5). Opposite field of1, on the contra-
ry, overturns the molec adsorbing surface.
- Change of electric fi influence strongly on
molect i ion that is on the effec-
I forest.
e observed the same chain

electric field
escribe contact and transport phenomena in
ductor quantum wires we used exactly solv-
ronig—Penney model with open bounda-

ons. The proposed potential model describ-
ntum bridge with sizes 20x20x 100 elemen-

tary cells is based on exact solution for terminated
1D Kronig—Penney crystal with &-functional bar-
riers (Dirac’comb potential) obtained in [14] without
using of translation invariant approximation. One-
dimensional model crystal contains N wells of width
a, deep U, and opaque coefficient Q. As a result of
superposition of the same potential in three dimen-
sions it is obtained a separable 3D potential shown
in fig. 7. The summation of superposing combs cre-
ates suitable system of 3D wells and barriers inside

s
A,
%

\

Fig. 7. Potential modeNOf @ quantum wire connecting
¢ contacts: i
The range / is additienal potential at parallelepiped tops, range
2 is additiona ial at ribs, intrinsic range 3 is semicon-
ductor wirl range 4 represents metallic electrodes

lume but there arises simultaneously a

AU(x, y, 2) additional to crystal one. In

ifferent ranges AU(x, y, 2) takes values U,, 2U,

combinations of U, and alternating barriers Q

ig. 7). The Hamiltonian of the problem may be
represented as

]:‘Z= Hﬁ(x7 yv Z)A_Aq(x’ ysAz)a
HO(xv yv ,2)=H0x+H0y+H0za (10)

where H, is separable part of entire Hamiltonian. The
main idea of the method proposed is based on the fact
that corrections to zero-order results are small be-
cause of wave function’s tails in additional ranges of
AU(x, y, 2) are asymptotically small for band states
and to some extent for deep local states. Zero wave
function is represented in a view of product

Wo(x, y, 2) = W (2) Wy, (1) or(2),

where Wy, (x), W, (y), W,,(2) are 1D solutions ob-
tained exactly in [14]. Non-additive addition leads
to asymptotically small corrections for band states.
We have studied GaAs and AlGaAs quantum bridges
between metallic electrodes using active computer
designer of hierarchical structures (ACDHS) which
allows to built and to calculate different potential
well systems, both periodical and hierarchical.
Electric field modifies states of semiconductor
quantum bridge similar to molecular chains consi-
dered above. Let we consider GaAs quantum bridge
of length 199,15 A connecting metallic electrodes
in steady state electric field with intensity . Kro-
nig—Penney crystal parameters in case of GaAs
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satisiying to its affinity energy are Uy=1,2278 eV,
Q,=-0,215, a=>5,69 A. Taking into account GaAs
band gap value E, = 1,52 eV we will consider volt-
age bias small enough to avoid interband transfers
eeL < E,, where L is crystal length. Calculations
by means of ACDHC give band structure, band
position and distribution of electron density in dif-
ferent exited states. Fig. 8, a shows system geo-
metry and relative positions of energy bands in semi-
conductor wire and in metal. Fig. 8, b and ¢ represent
electron density distribution near band bottom and

ooy,

Fig. 8. Quantum wire in electric field:

a — chain of 35 GaAs potential wells at applied voltage §U =0,
152 eV, x is chemical potential of electrodes, a=5,69 A, Q,
=—2,1337, Uy=1,2278 eV, dotted line marks the level of vacu
um; b, ¢ — electron wave functions of the lower and the upper
exited states s =23, s =35 respectively ,\,ﬂ'\

top, respectlvely The f1e1d applied manifests® Wélf
in states ‘modification leading to electrofl démsity
drive away from left-hand or right-hand more&

V. Conductivity of quantum phﬁ@s

Theoretical analysis of brldg‘@ é‘d’nductmty is
based mainly on two approaghes) Landauer wave
model[10, 11]interprets mblecular junction as scat-
tering center reflecting™8lectronic waves moving
from cathode. Electrfm&lwm is proportional either
to transmission ceéffictent of electronic wave near

Fermi energy of electrode or to some integral of
transmlssmn' a_gp‘roper energy range [3, 9]. Cal-
culationg qi &af conductance in wave model give

more inténsiye current in comparison with expe-
rimental data [3, 10, 11]. As it was shown in [5]
thig efect is the consequence of both neglecting
by spectrum field modification and by important
ﬁé]géof molecular affinity charge states. Kinetic (se-
quential) conductivity model [3, 12, 13] operates by
phenomenological transfer rate describing threefold
tunneling processes of electron’s jumps between a
cathode and a couple of molecular states. Though
calculations of conductance in kinetic model for gold-
bistertiothene-gold contact [3] gave good agreement
with the experiment as to values order and reflected
main features of current voltage dependencies, we
supposed that theoretical grounds of the model left
much to be desired due to the independent physical
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meaning of threefold processes. Let us observed
below the conductivity of molecular bridge in DCM.
The relation bridge electron subsystem with the elec-
trodes manifests itself in nonzero possible amplitude
of electron transfer onto the molecule. Respective
addition to the Hamiltonian

ad—Gz (aifayo+ afhay) + G, - (atay o+ ajoa) (11)

contains jump amplitudes G,, between metallic
shores and end atoms of the chain. Indexes /, r cor-
respond to left and right shores, respectively. In case
of an adsorbed molecule (11) contains only one t&f‘l
The model presented determines electroni Stiuc-
ture of metallic electrodes by density of t\ 8s

8(e.) = 55 (2m)2effy
' )
where H is effective volume, of \the electrode con-
tactmg the molecule, m is electron effective mass,
&1 =Epy— X+ E;+J,, expr‘esses the state ener-
gy E,;, measured from the heginning of electrode s
Fermi-stage with decount'ef the bias value U, ,, E;,
marks right og left ‘lﬁgx‘fm energy. Both chemical
potential , , andenergy E,; 5 are measured in respect
to vacuum leyele¢onsidered to be zero (fig. 4). Due
to field widgning of discrete energy band, the affi-
nity le\ml&g,ass sequentially the active ranges near
Fermi_Susfaces of both shores. Each pass corres-
ponds\td'sharp current increase in /—V dependence.
Therevis a current dependence on density of states
both left-hand and right-hand electrodes. This effect
is significant one in case of semiconductor shores.
Intrinsic phonons (or vibrons) influence weakly on
the electron transfer and non-equilibrium states
population putting in molecule with current [5]. The
shores play the role of infinite thermodynamically
balanced reservoirs of electrons. Equilibrium popu-
lations of baths’ electronic states are described by
Fermi distribution. In model under consideration,
injected electron occupies either one of affinity states
E,; or one of vibrational sublevels. The possible rate
of the process can be expressed in second order of
perturbation theory using the well known Fermi
golden rule. We suppose that weak absorption con-
tact plays the role of small parameter. We will ob-
serve phononless contribution into the conducti-
vity. Then one can obtain from the coinciding for
left end and right end electronic currents through
bridge’s sj-state, the entire current / through the
junction

(12)

b 1:13 26 sir IG'.sir 8iEy = Xi + Ep +U)) x
s

X gr(E:j =Xk El’r +Ur) X

Y , (13)
B o alE, - m+En+Uo+iG, [ g(Ey—x +En+U)’

where the summation is performed over all affinity
states. The dimensional part of entire current

G B BN 1 |, ysie,

o (14)
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where G is amplitude of shore-bridge transfer, plays
the role of current unity. Numerical value /;, in.
case when all energies in (13) are measured in eV
and effective volume H taken in A3 is equal to
10,41 - HG* mkA. The expression obtained takes into
account both the difference between materials of
left and right electrodes and possible asymmetry
of voltage connection in the circuit relatively to
vacuum level. In symmetric case

Ur=—‘UI = U/2,

then in case of similar metallic electrodes the cur-
rent-voltage characteristics is symmetric one rela-
tively to applied voltage. In case the left electrode
is earth, then one should take in (13) U,=0 and
U,= U. Therefore, the /—V dependence has lost its
symmetry relatively the sign of applied voltage. In
experimental work [3] the examples both symmet-
ric and asymmetric /—V characteristics of quantum
junctions were presented. Our calculations show
that current value vs voltage depends sufficiently
on distribution of electron densities near ends of the
chain |C,(1,0)|? and |C,(N, 0)|? in the standing
wave as well as from the difference in metallic shores
populations on the absolute energy level E . The
influence of square root energy dependence of state
densities g, and g, manifests itself not so strongly.
An essential fact for understanding the phenome-
non of current going through mesoscopic linear
system is that characteristic temperatures being of
order T~ 0,02...0,03 eV are as a rule much less than
the distances between levels of bridge affinity band.
Therefore with growth of applied voltage U the affi-
nity levels one by one pass through the range ne
Fermi surfaces Ep, and Er where the transfer
come very effective. The entry of each new level into

the active range accompanies by sharply i s-
ing of current. The energy pauses betw s
cause plateau /—V dependence. The g—

Q?ar beha-

viour. Below we will analyze the re of electron
transfer through molecular}@co necting me-
tal electrodes taking, for ex a simple chain
and without taking into a Coulomb blockade
effect. The contact itions may be such that
external electric fiel igibly small at compa-
ratively large v is the case when pulled
molecule conn e tips of fine electrodes and
the drop of voltagé=occurs in vicinity of molecular
ends. Exte@ectrical field doesn’t influences the
molecu ity states. The solid line in fig. 9

ated /—V characteristics for a chain
ur starting affinity states at E,=—4,0 eV,
eV, Uy=0,5 eV, T=0,01 eV in case of gold
trodes. Dotted line shows the charging effect.

entire charge trapped by chain h;:

o
ﬁne can see the characteristic tendency of fraction

d semi-integer charging the molecule under volt-
age as the matter of thermodynamically non-equi-
librium states population. The almost exactly semi-
integer chain’s charge arises at sufficiently low tem-
peratures T << V, if energy range (¥, X+ U) contains
an odd number of affinity states [5]. States laying

used fi
P;
% & =841 +@ —2V, e
0

above the range are unoccupied ones, n,= 0, down
states are filled completely, n, = 1. Immediate states
marked in case of symmetric contacts molecule-elec-

0,100
0,075
0,050
0,025

Ey=—4,0¢eV, V4=0,2 eV, Uy=0,08 eV. Solid |
current-voltage dependence without chargi
electronic band at T= 116 K; dotted line sho

trodes have populations n, ~ lxl\gadditional cir-
cumstance important for i-infeger charging ef-
fect is approximate eqt@li& &lectrodes’ density
of states g,~ g, (12) spfall bias U under conside-
ration.

Many body ¢ r of the problem may be
taken into acc enomenologically in a self-
consistin$ procedure including general spectrum

shift due X ing and band widening. We have
gro state energy g; in M9-state.

(15)

ulomb barrier potentials ji are determined in
inimization procedure for many electron system
of the proper state M®. Starting from intial charge
state M® we have for the bridge’s many-body energy
terms

X\ =8, -2V, =E, Xo=2(g—2V,),
X =3(e, —2V_), X o=4(e,—2V,,), (16)

where E, is absolute valence band top position of
neutral molecule. From (16) and using (15) we
obtain ionization potentials of the chain under con-
sideration

]i=Xi—Xi—-l'

Calculations performed in DCM framework show
good agreement with experimental data for ioniza-
tion potentials of carbon nanosystems and molecular
wires /—V characteristics.

V1. Conclusion

Quantum bridges under the current are paramet-
ric many-body systems having steady state non-
equilibrium distribution. The number of electrons
captured by molecule’s affinity states from outside
is controlled by external conditions that determine
molecule charge’s state described by own electron-
ic structure. Discrete chain model considered as well
as Kronig—Penney model belongs to the number

23



of simplest ones. Nevertheless, it allows to take into
account in united formalism the main features of
current carrying through the mesoscopic junctions.
Cathode electrons at first occupy system eigenstates
and then they transit to anode. The model suppos-
es existing an initial affinity level in each potential
well. Due to the finite barriers width, a band of states
in the system of potential wells arises there. Band
structure and its situation relatively to shores chemi-
cal potentials determines the current character in
framework of given molecular charge’s state. The
following charging creates Coulomb barrier modi-
fying the affinity spectrum. Electron spectrum of
neutral molecule M® begins to participate in con-
ductivity in case of a single-ionized molecule. These
states are filled partially by an electron transited
from electrode. With growth of applied voltage, to-
tal population may exceed unity. In the case it is
switched on the next affinity spectrum M' and so
on. In present work Coulomb charging was taken
into account phenomenologically. A more correct
approach demands the resolution of quantum many-
body problem for discrete chain with alternative
number of particles depending on voltage applied.
Both models are able to describe low-tempera-
ture electron transfer in metallic point contacts. The
structures were investigated experimentally in [1, 15]
for monoatomic wires between Au, Pt, Al, Nb, Pb,
Ku Na electrodes. The transfer mechanism through
affinity for such systems states leads also to stepwise
conductance with both positive and negative step
slopes. Our models give the other alternative to ex-
plain the vanishing of conductivity at sufficiently long
distances between electrode’s tips. The matte
be laying in electronic structure transformation lifting
due to Coulomb blockade effect the bottom of con-
ductivity band upper than Fermi level. @
Quantum fragments of electric cigcuitiplay im-
portant role in single electron trangi and ratch-

A
_\ g.\\Q
6\
>

ets [16]. Though the linear models considered can’t
be directly applied to such systems, one should mark
the general equivalence between bridges and quan-
tum dots possessing discrete spectrum and contact-
ing with several electrodes.
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INFLUENCE OF PHOTOEXCITATION ON THE PARAMETERS
OF SURFACE POTENTIAL BARRIER

In this work the effect of photoexcitation on the parameters of surface potential
barrier is investigated. We have examined in detail the phenomenon, which is deter-
mined by trapping of nonequilibrium carriers into the deep levels. It is shown how the
parameters of surface barrier are governed by visible excitation. The described effect
together with the usage of an asymmetric heterojunction permits the fabrication of

an image sensor of a quite new type.

1. Introduction

The development of innovations in the operat-
ing physical principles, design and technology of
electronic devices based on non-crystalline materi-
als to be a significant part of investigations com-
pleting the traditional work with monocrystalline
ideal semiconductors. The main strategy of semi-
conductor electronics is to design and fabricate
devices made from pure and perfect materials. Such
an approach gives rise to the appearance of various
arrangement that are successfully used in common.
One of the most impressive results is an optical
image sensor based on the CCD imaging chip. Ori-
entation toward the most perfect crystals does no
allow all the requirements of modern technique
be satisfied. Very often either a device with a lagg
working surface or a large array of devices is needed:
For such a purpose polycrystalline or a ous
materials, fabricated by different tech , are
employed. As a rule, devices based mate-
rials do not have the same physi inciple of
operation as the crystalline ones.&i‘nstance, elec-
tron tubes with a variety of iconductor layers
of high luminescence and thode character-
istics are used to devel area image sensors
for X-ray applicatios.Qi eourse, it is impossible to
create a polycr st @ D image sensor with a
similar large urface, although no limita-
tions, relative matrix array size, exist for the

operation %ﬁip of a CCD.

2. ry

ntact between two semiconducting materi-

e or both of which are thin-film semiconduc-

s is one of the interesting structures of non-crys-
talline electronics. We have investigated in detail
CdS—Cu,S heterojunction. In particular, this heter-
ojunction was employed as the basis for a thin-film
solar cell, but as is evident from our investigation
such a device has wider applications that follow di-
rectly from disorder effects of such a structure. Fig. 1
show an energy-band diagram of the CdS—Cu,S

© V. Borshchak, N. Zatovskaya, M. Kutalova,
V. Smyntyna, 2001

ontact be-
e mismatch

heterojunction. This heterojunctio
tween two semiconductors with a lat
of about 4%. This mismatch \ .
leads to a strong disorder

the regular lattice structuk
in the regions near % hv 3
terface. This distineti g . NSV S
ture is that the % ion, hv

where the sp rgeis  Cu,S
localized, p s a mate-
rial with -range disor-

der, and consequently with
density N(E) of the  Fig. 1. Band diagram of
gap states. Sucha CdS—Cu,S heterojunc-
roperty is absolutely dis- tion:

ct from the properties of
ideal GaAs—AlGaAs struc-
tures and has a strong effect
on the photoelectrical cha-
racteristics of the hetero-
junction.

During exposure of the
sample to light quanta of
sufficient energy, non-equilibrium minority carriers
are captured by the localized states in CdS. We can
see that even low-level excitation (for which the den-
sity of non-equilibrium carriers An is much smaller
then that of equilibrium carriers n,) changes the
parameters of the heterojunction drastically [1].

Let us consider the spec1a1 dlstrlbutlon of the
trapped holes as

1 — transition of electrons,
excited with Av' photons in
Cu,S, across the junction
plane; 2 — surface recom-
bination. Dashed line re-
present the band profiles
under CdS band-gap illu-
mination hv

Ap() = Apgertt¥), (1)

where Ap, is concentration of non-equilibrium holes,
captured by the local centres within the quasineutral
region of CdS, and W and @, are CdS barrier width
and height, respectively. Then the space-charge dis-
tribution function p(x) is

p(x) = e[Nd + Apoe%(l "‘;")], Gl o

where N, represents ionized donor concentration
in CdS.
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From the analytic solution of Poisson’s equation
for such a dependence, it can be shown that for
x < W, i. e. near the interface

o) = AN A, BT -, @)

where A is some constant dependent on the density
of uncompensated donors in n-type material and
values Ap, and §= ¢,/kT as parameters.

The main result here is that even a low illumi-
nation level changes the electron energy spatial
distribution from a parabolic to an exponential one,
thus increasing the electric field near the interface.
Fig. 2 illustrates the computational dependencies
of the potential variation ¢(x) near heterojunction
interface under various irradiation conditions.

i @eV, ¢k
10 g
08 B Ny=10%cmS
; AP, cm™3
0,6 .‘-‘ ey 1—0 ;
26101
04 L M2, 3 —3-101
L gl 4—1-107
02F %,
‘3’4 ‘:3 0 ? SrAr ]
2,5 20 40 60 80 100 x, %

Fig. 2. Spatial distribution of the potential variati
¢(x) in space charge region of heterojunction, calculate
for different densities of trapped photogenerated h
The arrows indicate barrier widths, corresp

curves /—4
‘ It éhOuld be mentioned that non-equilibtium state
of the heterojuction possesses a | time stability
[1]. When excitation is turned emission of

. minority-carrier trap ng

+ thei‘h*‘xal escap

&

non-equilibrium holes from-r f space-charge
layer begins. The rate of ﬁmlssion process is
governed by the type of ing centers. When
nters!dominates, the

process is'determined by
ability y, of the centers

. E‘)
\y, one kT 4)
where P, is density of hole states in valence band
Of C is trap depth and v, is thermal velocity

e non-equilibrium holes in the space-charge

time* constant

¥gd
X

Qer are captured by the recombination centers,

e time constant for heterojunction transient from
the excited to the equilibrium state will be defined
by electron-hole recombination velocity S;. The oc-
currence of potential barrier in cadmium sulfide
leads to spatial separation of electrons and holes,
generated in CdS under illumination of heterojunc-
tion.' During illumination the photoexcited holes
moves toward the interface, where they are promptly

trapped by deep levels, whereas electrons are swept
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out of barrier region into CdS bulk. So the situa-
tion is closed to that of the phenomenon of «stored
photoconductivity». In order to re-establish the equi-
librium, the photoexcited carriers have to go over
potential recombination barrier which height is ¢,.
In this case, life time of photoexcited holes with
recombination centers becomes extremely large and
is given by
Do
T, = T0et7,

(5)

where 1) =
v

n¥n

bination centers in bulk of CdS.

It must be emph351zed that trapped \'%Lll-
librium charge is stable not only ovm but
possesses a spatial stability, also, clear this
point we mast remember that lifeti free non-

equilibrium holes T, is abou rom Einstein
relation
(6)

k ;- e
notmg that hole md :N CdS is of 1 ¢cm?/V-s,
3r1 length for holes L,

T,)1/2=0,05 um.

(7)

Therefo holes are being captured by local
centers i -charge region within a distance less
then from the place they were generated.

s e mentioned earlier, thermal emission

traps is weak and followed by immediate re-
pping. .
When: heterolunctlon is nonuniformly illuminat-
d, an-inhomogeneous distribution of space-charge
is established over working surface of heterojunction.
This space-charge distribution is essentially given
by local illumination of surface areas.

Our interest to space-charge distribution p(x)
and potential distribution ¢(x) arises because of
charge collection efficiency from p-type material (in
our case Cu,S) related to the dependencies

R do(r)
B o e dx x =0
€%, do(x) ; ®)
pLund e 2. Wl 4 + Sf
exd dw’ gl

Here /. is short-circuit photocurrent in heterojunc-
tion, the /2 is current in the absence of interface
recombination losses, S; is surface recombination
velocity.

The electrons, photoexcited in Cu,S, can either
recombine with interface states or be separated
from holes under the action of barrier field, loca-
lized in CdS. The relationship between interface re-
combination velocity S; and electron drift velocity
B d?;(:) for the noticed processes determi-
nes the magmtude of current /,, and real cell effi-
ciency. The variation in the spatial dependence ¢(x)
with CdS band gap illumination strongly influen-
ces the drift velocity of electrons in barrier region,
consequently increasing charge collection efficiency.

Yy =

1 -, is lifetime of holes with re@%

o
X




Here, one must bear in mind that we are dealing
with collection efficiency of non- equilibrium elec-
trons, excited in p-type semiconductor Cu,S’and
moving across the junction plane. Thus, as is evi-
dent from eq. (8), the current generated in p-type
material is dependent on illumination conditions in
type material.

This means that photocurrent produced by exci-
tation of heterojunction simultaneously with two
light beams, one of which is from IR range and
absorbs in Cu,S, and the other from the visible range

“and absorbs in CdS, does not equal to the sum of
photocurrents resulting from the illumination of he-
terojunction with each of the beams separately. The
above-mentioned effects is of great importance for
us. We have called this phenomenon the non-additive
formation of current effect, i. e., the NAFC effect.

For solar cells based on CdS—Cu,S, the NAFC
effect has the negative character, so it was of no inte-
rest to researchers. Our investigations, however, re-
veal that the effect, which is a problem for a solar cell,

" may be turned to advantage and successfully used

for manufacturing an innovative image sensor [2—5].

3. Experimental results

Let us examine the experimental data that allow
the proposed model to be confirmed. The most di-
rect way to determine the characteristics of space-
charge layer of the heterojunction is to measure the
corresponding changes in junction capacitance C,
as a function of various factors. Junction capacitance
as a function of the exciting light wavelength is illu-
strated in fig. 3. As is evident from curve / in fi
if heterojunction base layer (CdS) of thickness 10

C, nF
20

10
0

500 700 900 A nm
Fig. 3. Spect dependencxes of the barrier capacitance '

ilm CdS—Cu,S heterojunction:
@ n from the side 10 pm thick CdS layer; 2 — illumi-
ation from the side 0,2 pm thick Cu,S layer

1blrected toward the illumination, the well-known
hotoresponse for Cu-doped CdS, resulting from
impurity carrier generation, in our case also peaks
at about 600 nm. In this case intrinsic light does
not reach the interface yet. From curve 2 in fig. 3,
corresponding to the illumination of heterojunction
from the side of 0,2 pum thick Cu,S layer, intrinsic-
carrier-generation peak at 500 nm can be seen as

1,0 —=

08}

SE—C ,rel. units

C13eV

0,6 -
0,4

02}

- 600 1400 M\ nm

Fig. 4. Photocapacitance quenching spectrum:

Cyis ]unctlon capaatance resulting from illumination of h
) Junctlon with A=1560 nm

I ey A-cm?

15 C, nF

Fig. 5. Shor:

ey

t dependence upon junction capaci-
CdS—Cu,S heterophotocell

800

A, nm

Fig. 6. Increase of photosensitivity in CdS—Cu,S heterojunc-
tion during low-level additional excitation with A=>520 nm

Curve / is without additional excitation. Illumination level of
additional excitation increases with the curve number

1, nA

Lux

10

10!

102
107! 1 10

100

t, min

Fig. 7. Increase of sensor photocurrent with time during
the adsorption of photons (1,9 eV) for various levels of
illumination at 300 K
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the region of impurity carrier generation, which
peaks at 600 nm.

The positions of spectrum peaks on photocapa-
citance quenching curve (fig. 4) allow the energy
positions of local centres, mainly occupied by non-
equilibrium holes, to be estimated from CdS valence
band edge.

Of interest, also, is the short-circuit curve as a
function of junction capacitance for CdS—Cu,S
heterojunction. While recording this curve Cu,S
layer was illuminated by 900 nm IR light of con-
stant intensity, whereas an additional 520 nm light
provides an increase of barrier capacitance. Here the
photocurrent obtained in the presence if exciting
light only with A = 520 nm was subtracted from the
measured current value. The saturation of current,
predicted by eq. (9), can be distinctly seen from
curve in fig. 5. The NAFC effect is also illustrated

- by short-circuit current spectra plotted in fig. 6.

As seen from fig. 6, the photoresponse an 900 nm
is enhanced by two orders of magnitude as a result
of additional low-level illumination with A =520 nm.

Taking into account the above-discussed stability
of non-equilibrium holes in barrier region, a large
density of holes can be accumulated here under low-
level intensity. Of course, such a procedure needs

a lot of time. Note that photosensitivity of CdS—
Cu,S heterojunction resembles that of a photoemul-
sion where a latent image is being formed. As shown
in fig. 7 for CdS—Cu,S heterojunction, photore-
sponse at A=900 nm is modulated by short-wave-
length illumination. Thus, we can state that the
results obtained satisfy well the above-discussed
model of non-ideal heterojunction.
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CdHgTe GROWN BY LPE FOR PHOTORECEIVERS

In this work the principles and the means to manage of properties CdHgTe — photo-
receivers were investigated: influence of irradiation and thermal effect on conductivity,
mobility of charge carriers and photosensitivity. Also were investigated chemical and
phase structure of crystals CdHgTe subjected to heat treatment, the analysis in the

nature of structure imperfection by RCA methods.

1. Introduction

The purpose of this work is to research the possi-
bilities to manage properties of IR-semiconducting
materials, and also to study on this basis the ways
to increase reliability of existing receivers on CMT.
In the real operating conditions, this material can
be subjected to various kind of effects: temperature,
radiation etc. The reliability of a material depends
on stability of physical properties at different levels
of these effects. Therefore, in this work the attempt
to install regularities of influence for electronic and
neutron exposure, and also temperature on electri-
cal conductivity and mobility of charge carriers is
undertaken. Besides, to clear up the nature of in-

stability connected to physical-chemical properties

CMT with the help of local RCA were investigategd.

2. Technique of researches

N
The fast electrons were selected to redlizepra-
diation processing. Energy of fast eleetfons*was
3,5 MeV. The following dozes were uge@;f*ﬁ“, 101,
10'6, 10'” and 5- 10'” cm~2. During an eXposure tem-
perature of the sample did not exeeed 40...50° C.
The annealing of CMT samples ffradiated by elec-
trons was carried out by an isothermal method under
temperatures 50 and 4002 C:\Tle time of annealing
was changed from 20 #o60yminutes. At given tem-
peratures of annealing, the steam elasticity of mer-
cury above teghary, eompound CMT is increased
insignificantly [3}, itis possible to neglect the modi-
fication of gemponents ratio in samples owing to
evaporation 81 nercury. Therefore during annealing
the s “Were in glassboxes with a cover and
th was not -added.
rameters describing physical properties of
&dﬂ’on CMT, specific electrical conductivity (o) and
I constant (R,) are used in this work. Both mag-
itudes were measured in galvanic-magnetic resear-
ches by standard technique [4] with application of di-
rect current and constant magnetic field. The mag-
‘nitude of current through samples was 2...5 mA,
magnitude of magnetic induction — 0,2T.
RCA research was conducted using single crys-
tal samples of two types: flat, obtained by cutting,

© V. A. Zavadsky, V. A. Mokritsky, 2001
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polishing and natural exemplars, witR’%r‘éhsﬁ’ersal
sizes 0,3...0,4 mm. To facilitate théfanalysis in pic-
tures of X-ray scattering near to reflexes of CMT
monocrystal except X-rays pietures of fixed samples
also for oscillating samples w&‘qlo‘btained too.

b N >

> h S
3. Results of reseéqf:gpes

The electronic efpdstire of CMT crystals allows
to conduct direct€diuddification in performances of
a material. Weélaresifivestigated the dependence of
modificatioriin electrical conductivity of samples o
and Holl mebility in n — Cd,,Hg,sTe on tempera-
ture, dpze of electronic exposure and annealing.

#3u] Anfluence of temperature and annealing on
Bhysical properties in crystals CMT. 1t is established

"i_n"'outcome of measurements that an electronic
gexposure 10'4...10' ¢m—2 and consequent low tempe-

rature annealing do not influence on course of depen-
dences o(T), R,(T) and u(T), but change numeri-
cal significance of these parameters. The study of
influence of low temperature isothermal (50, 100° C)
annealing on electrophysical parameters of CMT has
shown, that the essential modifications of parame-
ters happened during the first 40 minutes of anneal-
ing already at the temperature of 50° C. The magnifi-
cation in duration of annealing up to 60 min changes
parameters a little. At the same time the electrical
conductivity measured in the interval of tempera-

Table 1

Influence of annealing under 50° C on
electrophysical parameters ternary junction CMT,
measured at the temperature of liquid nitrogen

Treatment R, 1073, g, Ryo,

of Samples m? C! Om='m~! | m?V-ls™!
El"-Dcf)’Z ‘2“1%’,‘69:’;130" 34,1 156,1 5,4
o s 150,8 5,1
Annesting SO°C, 1 300, | 2230 | 67
i < el gy P 191,1 6,1
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tures 100...250 K, decreases, and in the interval of
temperatures 80...100 K — is increased. Holl mobi-
lity changed similarly, at the temperature of liquid
nitrogen it reached the values being essentially larg-
er, than it was before annealing (see tab. 1).

3.2. Influence of an exposure by fast electrons.
Exposure dependence of electrical conductivity o(F;)
has an ambiguous character. Its main tendency is
the decrease of o in a range from 10" up to 10%
cm? at the temperature of from 140 up to 250 K.

Curves o(F) for 70...100 K in a range of signifi-
cances of a doze of an exposure (10%...10'7) ¢m2 are
of special interest: the temperature dependence o(7T)
for F > 10'5 cm~2 changes the character. At the tem-
perature lower than 140 K crystals irradiated with
dozes of electrons more 10% ¢cm=2, reduce thenr elec-

-troconductivity.

The dependence p(F) has brightly expressed ma-
ximum and minimum for F = 10" c¢m~2. For the high-
er temperature, the influence of exposure here is
less noticeable: It is necessary to note, that the doze
10" ¢m2 is a threshold for modification of charac-
ter both for dependence o(F), and p(F).

3.3. Results of RCA. The method of local RCA
has allowed to determine chemical structure in spe-
Table 2

Distribution of cadmlum mercury and Te along
a sample of monocrystal Cd—Hg—Te (%, at.

Ele- "+ Coordinate meagement point, mm

ment 51102 [ 03 | 04 | 05 6 | 07

Cd [11,21]10,99(10,95[11,09(11,04 I&M,SG
Hg |38,17 38,03/37,93137,76 38,4 ,51137,59
Te |50,61(50,98(51,12(51,15|5 ,32151,05
x |0,221]0,216]0,214 0,216 810,218 0,223

ize of a probe was
is"was carried out in

cific points of crystal. T
(1..2)-10* cm. Thga

\
‘o@\

OQ’

points located on one direct line, on a distance
0,1 crn from each other.

Exactitude in realisation of the analysis is
+0,02%. The results are represented in table 2.

Conclusions

The research ‘of crystals Cd—Hg—Te has
shown, that they are inhomogeneouus in chemical
and phase structure are inhomogeneous; the avai
ability of the following" 1mperfect10ns is mheren%
their structure:

— small crystal inclusions of hardly e
phase; ,
~ — areas of the plate-like form with,st re be-
ing distinct from CMT.
The review of the obtained t heteroge-

neity of crystals Cd—Hg— er with data on
instability and degradation ysical properties
shows, that the processes of origin in structure
heterogeneity and de'ﬁéeaf properties flow past

ature intervals. It allows

in identical or clos

to assume, that nam l%he instability of rigid solu-
tion predetermirtes instability of properties in sem-
iconducting 14l Cd—Hg—Te.

There e reach of stability in physical pro-
pertiesgoCrystals Cd—Hg—Te should be based
on @y and homogeneity it of a crystalline
st s

Also the possibilities of obtaining CMT crys-
als with desired propertles are discussing in this
port
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. LUMINESCENCE OF Ca,Ga,Ge,0,, SINGLE CRYSTALS
~ AND THIN FILMS DOPED WITN Tb* AND Eu* IONS

| . The results of optical spectroscopy of the impurity Tb* and Eu®* ions in trigonal
i { Ca;Ga,Ge,0,, single crystals and thin films are presented. It is shown that Tb% and
Eu® ions occupy Ca? sites in the Ca;Ga,Ge,0,, crystal structure according to hetero-

valent isomorphism Ca* + Ge*t — Ga¥* + Tb* (Eu®") under simultaneous Ga®" and Ge*t

' redistribution over octahedral and 3f-tetrahedral crystallographic positions. The influ-

ence of structural disordering caused by randomly occupied cation positions on spectro-
scopic characteristics of impurity ions is discussed.

Introduction

~ Rare-earth (RE) activated crystals with Ca-gallo-
germanate structure have been intensively studied
because of their application as luminescent and solid
state laser materials [1—3]. The compound with
Ca-gallogermanate structure has four kinds of cati-
on sites. They are the distorted Thomson cubes oc-
cupied by large ions Ca* (3e positions with the
symmetry 2) octahedra (la site with the symmetry
32) and tetrahedra of two types: the first ones are
placed at 2d positions with the symmetry 3 and the
others are 3f sites with the symmetry 2. The X-ray
data analysis [1] and spectral characteristics [1—3
of Ca;Ga,Ge,0,, crystals show that the crystal
long to disordered materials. The disorder is du

a statistical occupation of la and 3f positions by
Ga* and Ge*t ions. This paper reports th@eri-
mental studies of spectral luminescence properties
of Tb* and Eu?* ions in Ca;Ga,Ge, e crys-
tals and the corresponding thin fil and Eu®
ions are used as a structural m&ro e to study
the nearest surroundings of n

Experiment Q\

Ca,Ga,Ge,O,,* 2;Ga,Ge, Oy, : Eu single
crystals were o by Czochralski method using
-a high-freque Q duction heater platinum cru-
‘cible. The_thin s were deposited onto melted
quartz s es using the RF ion-plasma sputte-
ring. tallization Ca;Ga,Ge,O,, films were
a air or vacuum at the temperatures up
°C. The oxides of Ga,0;, GeO,, Eu,0;, Tb,O;
nd calcium carbonate CaCOyj, all of special purity
1ality, were used as initial components to synthe-
size the raw material. The doping concentrations in
"the melt were 0,1—5% Tb (Eu). The optical absorp-
~ tion spectra were measured by «Specord M40» spec-
- trophotometer. The luminescence spectra were in-
vestigated using MDR-4 and MDR-23 diffraction
monochromator and were corrected for the response
of spectrometer-detector system. Photoluminescence

' © A. Nosenko, R. Leshchuk, 2001

luminescence (CL) was investigated using elec-
tron excitation in the rgy range from 3,5 to
10 keV. .\\ i

The trans region of pure Ca;Ga,Ge,O,,
crystalsp@rom_~ 0,250 to 6 p, that allows us
to investi e electron transitions of RE impurity
MhenVinterpreting the radiative transitions,
e used theoretical calculation results for
levels of free Tbh* and Eu3* ions and for
me ions in complex oxide compounds crys-

s [4, 5] Fig. | and fig. 2 show absorption, PL
and excitation spectra of Ca;Ga,Ge,O,,:Tb and

(PL) was excited by 150 Wﬁtn latnp. Cathodo-

Results

3
2z S
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3} i
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g 2
=4 2
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—
250 350 - 450 550 650

Wavelength, nm

Fig. 1. Optical absorption (7), PL (2, 3) and excitation
(4) spectra of CayGa,Ge,0,4:Eu single crystals at 300 K
‘ (1,2, 3) and 80 K (4)

CazGa,Ge,O,, : Eu single crystals. The absorption
spectrum consists of narrow lines of f—f transi-
tions in Th* and Eu®* ions and strong absorption
bands near UV region. In Ca;Ga,Ge,O,,: Eu crys-
tals the broad absorption band is due to broad
charge-transfer band 0>~—Eu?®" overlapped with in-
tense absorption of fundamental absorption edge.
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In contrast to Eu** ions, small energy difference
between the levels of the ground (4/%) and the ex-

3
2| - 1 — &1
;‘—':; 3
. 5
5 :
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2
e
300 400 500 600

Wavelength, nm

Fig. 2. Optical absorption (7), PL (3, 4) and excitation
(2) spectra of Ca;Ga,Ge,Oy, : Tb single crystals at 300 K
(1, 3) and 80K (2, 4)

cited (4/75d) configurations are inherent for Tbh%
ions. That is why the broad absorption bands in
near UV-region may be referred to the transitions
from ground state "F; of 4/ configuration in Th®
ions to levels of the lowest excited 4/75d configu-
ration. The excitation spectrum of Eu3* and Th®
luminescence correlates well with absorption spec-

fer band 0>~—Eu®" (4/—5d transitions in Tb3* io
and narrow lines of f/—f transitions in Eu3* (Tb

crystals are observed in the region bet

710 nm and mainly due to the transition ° ol

in Eu®. The most intense lines correspond o elec-
d%

: L
trum. This spectrum consists of broad charge-trans- § \ _MNNL

trodipole transition °D,—F,. The a of emis-
sion from higher D, levels can o efficient
multiphonon relaxation or qu g via cross re-

laxation. The luminescenc Ga,Ge,0,, : Th*
crystals is due to 5D; — 7%nsitions in Tb% ions
(350...480 nm regiopl@s +— 'F, ones (480...
650 nm region). The scence intensity of acti-
vator ions increasés temperature decreasing,

e (Wi nd the shape of lines remain

deposited Ca;Ga,Ge,O,,: Eu and
40,4 : Tb* films are amorphous and do not
minescence. In the course of high-tempera-
treatment (T > 800 °C), these films undergo
ystallization resulting in emission which appears
under cathode excitation and is caused by transi-
tions in Tb* and Eu®t ions. Ca,Ga,Ge,O,, films have
no luminescence under photoexcitation. CL spectra
for compounds under study are presented in fig. 3
and fig. 4. CL spectra of Eu®t ions in thin films
of Ca;Ga,Ge,O,,: Eu correlate well with the PL
spectra characteristic of the single crystals. How-
ever, Ca,Ga,Ge,0,, : Th? thin film emission in short-
wavelength range (°D; — F; transitions) is of low
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intensity, in contrast to that of single crystals. An
efficient nonradiative energy transfer from °D, to D,

MN %o‘bfb
A

350 450 v 650
Wavelength,

Eu¥% ions in Ca;Ga,Ge,O,, thin
air. ,-and vacuum (2) at 300 K

Intensity, a. u.

Fig. 3. CL spectra of
films after annealin

1 1 i 1

350 450 550
Wavelength, nm

650

Fig. 4. CL spectra of Tb* ions in Ca;Ga,Ge,Oy, single
crystals (/), thin films (2) and mixture (3) at 300K

levels through matrix defect levels most probably
takes place in the Ca;Ga,Ge,O, films. The highest
intensity is characteristic for °D, — ’F; lines both
in single crystals and films of Ca;Ga,Ge,0,, : Tb%*.
It is known that number, the relative intensities
and the splittings of lines associated with b
of Eu* and °D,—’F; of Tb* transitions give the
valuable information about site symmetry and num-
ber of Eu* and Tb?* sites, respectively. The comp-
lete degeneration lifting and relative low ratio be-
tween line intensities of magnetic dipole transition
°D,—F, and electric dipole transition *D,—’F, in
Eu?t ions (°D,—’F, and 5D,—F; transitions in Th3
ions) indicate low symmetry sites with any inver-
sion center. In view of crystal structure, it is expec-




ted that Eu3* and Tb* activator ions are incorpo-
rated into host lattice replacing Ca?* jons at the site
of symmetry 2 in Thomson cube according to the
heterovalent isomorphism (Ca* + Ge* — Ca®t +
+ Tb* (Eu?*)) under simultaneous Ca% and Ge*
redistribution over la and 3f crystallographic po-
sitions. Such isomorphism also agrees well with
the data on effective ionic radii of Ca?*, Eu® and
Tb3* ions.

A specific feature of luminescence spectra of
Ca,;Ga,Ge,0O,, : Tb3* and Ca;Ga,Ge,O,, : Eu®* com-
pounds, in contrast to luminescence spectra of Tb3+
and Eu* jons in other matrices, consists in weak
structurization of bands corresponding to individual
intermultiplet radiative transitions in the activator
ions. That fact is easy to explain in terms of activa-
tor quasi-center model proposed in [6] and turns out
to be valid in studies of absorption and luminescence
spectra of Nd*, Sm*, Ce®** ions in the Ca;Ga,Ge,O,,
single crystals [1—3]. The presence of mixed catio-
nic positions la and 3f, where Ca* ions and Ge*+
ions are statistically distributed, is crystallochemi-
cal feature of structure of compounds studied. While
stoichoimetry and periodicity of crystal is main-
tained, the local environment varies throughout
the structure. Optically active impurity ions experi-
ence different crystal fields as a result of this local
variation. A statistical disordering of the cation sub-
lattice results in a disordering of the crystal micro-
structure, causing, in its turn, some fluctuation of
the crystal field acting on Tb* (Eu®t) ions. Unlike
simple multicenter type crystals where cleary re-
solved lines in emission spectra correspond to each
center, there is no such resolution in disorder
Ca;Ga,Ge,O,, crystal structure. Thus the lumine

cence spectrum of Tb* and Eu3* ions are c%rac-

terized by broadened lines which are th

positions of radiative transitions in acti en-
tres of different structure having c elated
characteristics of Stark energy lev itting. The

number of lines for all f—f transifions in activator
ions does not exceed the theo | value derived
for monoclinic field, thus \ the formation

&°
<

in Ca,Ga,Ge,0,, of quasicentres of the same type
caused by Th* (Eu?t) ions.

Distinctions in CL spectra of Ca,Ga,Ge,O,, : Tb3+
films and single crystals can be explained by dif-
ferent conditions of their preparation. Single crys-
talline Ca;Ga,Ge,O,, samples can be obtained
only at elevated oxygen pressure, the main growth
defects therein are germanium vacancies. When
Ca;Ga,Ge,0,, films are deposited using RF ion-
plasma sputtering under reduced pressure, oxygen
vacancies may arise along with those of cation sub-
lattice as well as the complexes formed due to in-
teraction of those defects with each other and wit
activator ions.

For the mixture and Ca,Ga,Ge,O,, films c@
lized in vacuum, a broad band is observed the

maximum at 400 nm. Taking into accou ion
vacancies are activated in Ca;Ga,G pounds
during the reduction annealing, the band is

related to defects occurring i&nion sublattice.

.
\ X
8
The activator io wu” and Tb3* in the
Ca;Ga,Ge,0, struc%rm the only type of acti-

vator quasicentr@s nature is associated with
disordering in ublattice of the matrix.

*
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SEMICONDUCTOR AND LIQUID CRYSTALLINE SENSORS

IN THE PROBLEM OF ARTIFICIAL INTELLECT

The interrelation between the peculiarities of artificial intellect model system compo-
nents’ structural self-organization and the possibilities of adaptive dialog human—com-
puter provision is studied. The fractal structure and self-organization of biologically
ordered matter are considered to be the basis of signal scaling processes that occur i
liquid erystalline—semiconductor contact sensors. It was shown that liquid cryst

&
Qs“\

structure is the most proper for replication of fractal structure details bein
present at the surface of semiconductor wafer and their transfer into bulk o
crystal itself. The results obtained by the authors allow to predict the possibilit:
biomagnetic field registration by means of thin layer fractal structure%jntemal _
multiplication of the signal under registration.

1. Organism and Living Cell

- The organisms of the higher animals, including
human being, are constructed of cells. The cellular
associates [1] form various tissues: muscular, con-
necting, nervous, etc.

R

N\

& system to the certain state
goals or results.

ol» concerning the living organ-
and includes the process.of organ-

ism is ve
ismed ent, maintenance of the grown organ-
ism i -working conditions and repair of some

other which lea
achieving the
The ter

The morphologic structures, being formed in rn out elements.
organism from various types of tissue are called th The most complicated control processes are re-
organs. Groups of organs, which act in a coor lized in the central nervous system and in the
ted manner and are connected anatomically, sychic sphere of human individual.
. In the complex biological systems the control

the systems of organism, such as nervous o
The human organism as the whole could'be cha-

racterized [2] as the scaling structure with many le-
vels and having fractal properties. On @.see the
presence of self-similarity on the pit% aspirat-
ing, vascular or nervous systems n organism.
The fractal type of structure makes it real
the functioning of all menti systems in'such a
way that that common,o @ has 1mprinted fractal
features as well [3].
Biophysics [
organic molecu
clude mainly p

\the spec1f1c detailes of
vior and properties. They in-
aminoacids, sugars and lipids.
These typ ecules are predominantly meso-
morphic a uld self-organize demonstrating li-

quid crystalline features [5, 6].
AI% processes in human organism are be-
i y coordinated and are subordinate to the
ain goal of the nature — conservation and contin-
@ ion of the life. General phenomena appropriate
o the control processes occurring at all levels of

living systems’ organization have also the hierarchi-
cal character [7] and are studied by bio-cybernetics.

2. Control in Organism. Direct and Reverse
Connections

The general sense of control includes [8] such
influence of some elements of the system on the

34

process has the specialized part including:

. — receptors (sensors) which reflect the state of
the system (human being + computer), as we pro-
pose, and the incoming information at the level
needed for the realization of the following stages of
the control process;

— solving: part- (natural mtellect of the human
being under investigation + artificial intellect of the
computer provided by specialized dialogue software),
which is also the part of our original proposal and
which could evaluate and/or establish the appro-
priate level of information exchange;

— effectors (executive elements), realized in our
case by means of the specialized software, which
generates the control signals and influence directly
on the balance of intellectual dialogue.

The operational part of the system information
exchange is shown in fig. 1.

The control is based on the exchange of infor-
mation signals within the components of the sys-
tem. Each chain of the system elements which serves
for signals exchange could be treated as the informa-
tion channel. These channels create direct and re-
verse connections.

The type of connections is determined according
to the general direction input-output. The direct con-
nection is been realized when the signals are trans-
ferred from the input to output end of the system.

© P. O. Fedchuk, . O. Chemyr, O. P. Fedchuk,
A
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The sciences dealing with the processes in living
organisms (biochemistry, biophysics and biocyber-
netics) traditionally present control mechanisms as

- State Prescription Z

g
!

Receptor _‘__;"lcjczr‘l’?ézl — =1  Effector [—
| Continuos State Z | Object

Under Control

Fig. 1. Scheme of feedback in living organism during
- perception process

the reverse corinection circuits which include the
object -of the control. '

The main scope of exploration of control pro-
cesses in-biological systems becomes the inter-
change of the control functions between the various
levels of nervous system.

The embedded mechanisms of the organism’s
reaction on the external effects, including problems
concerning the intellect’s testing and leading to the
cardio-vascular system functioning, diffusion velocity
correction, metabolic autoregulation, etc. could be
measured by the sensorial system and be treated
as the objective parameters of the human highest
nervous activity.

" The control process could be presented by
following steps [1]:

— reception of the information concernin
problem due to be solved through certain j
of the control center (human brain or

— probing of the possible approac
lem solution using the existing so

experience in the field for hum
computer); - *
— choosing of the m ropriate kind of

(personal
data base for

solution;
— realization of olution chosen.
‘We propose 10" steps’ 2, 3 and 4 realiza-

tion velocity ible quantitative parameters
of the intellect vel of information processing.
#aThere Wou t that almost the same process-

es take pl the human brain while solving any
kind @ ctual problem.
Qnterfaces of Human Organism.
daptation

Besides, it is well known [9] that the sensing
organs of the human organism produces electrical
pulses that are; according to Maxwell laws of elec-
tromagnetism [10] are always surrounded by elec-
tromagnetici waves [11] detectable by the various
types of sensors. At this stage, physiological mecha-
nisms of in-coming information in a quite evident

manner compress the information. Then the infor-
mation is being processed at the different levels of
nervous system.

The general picture of the world or the problem
due to is solved separated and transferred through
various nervous fibers gradually being restored to
the initial state — the objective image of the problem.

The highest control levels could be represented
by the enormous system of information storage,
where all the data about the environment (possibly,
also intellectual), the current state of the human
organism, its needs, etc. The stored information may

advanced level of the processing system shou
treated as the problem image generation at the
ner display of human organism.

One of the problems to be solved
the balanced information exchangesi
human-computer is the adaptation

level of physiological approach%adap ation means

be of the highest generalized type as well. The m052¢

all types of organism’s parameétersechanges which
could be reliably attributed to Jrtcoming informa-
tion deviation.

could be treated in the

.

The adaptation pr
framework of comp%-n model with the sources
and the sinks of ® ce and energy as the stage
of relaxation t ew state of balance [12].

The chaw@tic feature of adaptation process

is the ten% (for the duration of the relaxation
period) change of the metabolic rate.
active control mechanisms are the first,
act, and, as the result, the transport process
dirécted to balance achievement between in-com-
‘and out-coming flows of substance and energy.
The time constant of relaxation process induced
by the proposed problem solving seems to be the
additional parameter of intellectual level evaluation.
The theory of stress induced intellectual reaction
of human [13] could be applied to the discussion
conducted hereby as well. The situation of intellec-
tual status of human organism under stress resemb-
les the accelerated testing problem in engineering.
The periodical application and removal of the
stress could be used in training process of indivi-
duals who are going to operate complicated mecha-
nisms under emergent conditions.

W,

4. Psychophysics Problems
of the Artificial Intellect

Psychophysics opens the operational field for
application and probing of various models of artifi-
cial intellect [14]. Multiple functions of human re-
ceptors are not described at the appropriate mathe-
matical level now to say nothing of the fact that the
senses of human organism are not the intellect itself
but only the part of organism’s interface.

The mathematical theory of human sensing is

urgently needed at the stage of human-computer

dialogue’s optimization. The elaboration of sensor
processes’ theory could create a serious foundation
of identification theory which, in turn, is the follow-
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ing more advanced level of information processing
by means of human or artificial intellect.

According to the existing level of artificial intel-
lect understanding [15], the theory of intellect is the
scientific discipline which is going to elaborate the
mathematical description of human intellect with
the scope of its realization using the means of com-
puter science. One can state that such a determina-
tion seriously borders the field of exploration of the
theory of intellect by the contemporary level of com-
puter science. The determined, discrete and finite
processes are the only processes that could be in-
cluded into the «magic» circle of intellect theory.

In general we can add that the theory of intel-
lect could be determined as the branch of science
which studies both human and artificial intellects
with the scope of elaboration of specific mathemat-
ical approach to the functions of intellect which will
make it possible to realize it at the existing level of
microprocessor technique development and to make
the computer «clever» enough to be able to feel the
level of corresponding participant of the dialogue
human-computer.

5. The Factors Limiting Modeling
of Human Intellect

The character of intellectual activity depends
greatly on the conditions in which individual lives
and those, in turn, are determined by eventual co-
incidence of circumstances. The state of organism
is also quite eventual.

At last, the intellectual performance as the mh‘@#

is the process that occurrs by chance. The LHoug@tsﬁ
that are the combination of temporarily cd@,;relai;ﬁd
signals emerge spontaneously.

We will try to demonstrate that all them*;e.ntnoned
probabilistic details of thinking progess'dé not con-
tradict the deterministic systemﬂfghﬂman intellect.
Let us assume that human mj.e[kctkcould be repre-
sented by determined, discfete and finite system.
Then one can easily see Qﬁaﬁmthe -principal possibi-
lity of intellect’s descriptionby means of algebra of
finite predicates, & N\, %

It follows thaf«théymost common material sys-
tem that couldealize the formules of finite predi-
cates algebra.isithe finite automate. This imagina-
tive deviceiwhich clould be modelled by means of
the certain afid, possibly, very complicated digital
compfiteh, In such a way it could be demonstrated
thatithesassumption about determinative, discrete
andifiite nature of human intellect is quite equiv-
alent to the thesis of principal possibility of artifi-
¢fal representation of the intellect using informa-
tion processing technique.

Thus the eventuality of the outer space issues
signifies only that the signals arrive at the input of
the computer that realizes the human intellect’s
functions quite by chance.

The contradiction between the eventual signals’
supply and deterministic way of their processing is
overcome in such a way.
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The fact that the chance plays significant role in
the creative process (the highest level of intellec-
tual activity) demonstrates that human while sol-
ving problem uses not only the information that is
provided by the intellect in computer-like way but
also the information coming from the outer space
through the interfaces. The spontaneous character
of the ideas’ creation could be explained on the basis
of human intellect’s determinative character.

A lot of thinking processes are proceeded at the

subconscious level. The lack of the conscious cor,)-

trol is treated as the result of «free personal will
action.

As we see, that the modelling of certain“individ-
ual intellect does not require the refuse,of determi-
native character of the intellect. _

The probabilistic methods cofild Still’be applied
when we face the case of appsoximate description
of intellectual activity of individual

But, when we transfer ourselves to the situation
of intellects’ interaction as inethe case of our inte-
rest the deterministi®approach becomes really un-
sufficient. Particularly,%it is impossible to consider
the information €xehange process between the in-
dividuals. S

Seems v€ry realistic to assume that the uniqui-
ty of indigidfial' intellect is caused by the determi-
nistic @hatacter of the interconnections between
its comperents. The difference between individual
intellects exhibits through the probabilistic connec-
tions between them.

#Let us discuss the significance of contmmty fac-
tor in human intellectual activity. It is stated fre-
quently that continuous processes form the main
part of the activity of intellect. This thesis is based
on the concept of continuity of physical and chemi-
cal processes that occur in human organism, nervous
system and brain itself.

. It should be noted that this continuity is only
imagination because the processes at atomic and
molecular levels are of quantum nature. This fact
allows us to assume that the intellect could be de-
scribed mathematically as discretely acting device.
It was proved by means of a lot of psychological tests
[16] that the appropriate choice of temporal or space
quantification step could lead to the image of con-
tinuous object creation. The size of this step could
serve as well as the quantitative measure of the
intellect’s interface. The effect of cinema is the best
prove of this statement.

The factor of infinity also needs to be tested for
the coincidence with the possibility of discrete rep-
resentation of intellectual processes. Human intel-
lect does not operate with infinite objects but only
with special symbols, formulas, sentences and texts.
The outstanding mathematician David Gilbert has
said [17] that the intellectual activity could be named
the «game with symbols». Moreover, this game is
conducted according to the certain rules, which
present the technique of human thinking. These
rules organize the closed system, which could be
determined. Gilbert theory’s of proof main idea is a

:




protocol of rules of putting down, comparing and
evaluation of the statements.

Another proof of the possibility of infinity of in-
tellect could be provided by algorithmic type of its
activity. The theory of intellect faces the problem
of solvability through real ability of human intellect
and an artificial one as well.

Finally, we can state that the formal description
of intellectual processes could be proceeded using
the apparatus of discrete mathematics.

6. Biomagnetism. Fields of Direct
and Pulse Currents in Human Organism

Magnetic fields induced by electrical currents
flowing inside the organism during its vital activi-
ties are called biomagnetic ones [18]. Biocurrents
emerge as the result of cell electrical activity inclu-
ding muscles and nervous. The electrically active
parts of cells are cell membrane.

The processes occurring at membrane interfaces
are connected in a bilaterally determined (functional)
way with biomagnetic signals.

Thus, knowledge of biomagnetic fields provides
the knowledge of state and intensity of the corre-
sponding physiological processes.

The cell membrane has the thickness of about
five nanometers and is composed mainly of lipids,
which are mesogenic (liquid crystalline) substan-
ces [19].

Nernst difference of potentials AE,,, emerges
when the concentration of ions Cyand C, at both
sides of half-transparent membrane and could be.

represented by: [ (
_ Rl G 5
AE . = ; In C i (?j

AT B o

Taking into account that in the stable state so-
dium and potassium currents equalize/Gne another,
one can obtain: £ &J

]K —gx(V Efe‘)a - (2)
= gl Vm ‘MEQB ) (3)

and
(4)

The potentlai smﬁmould take place when ionic
concentration ofouter-cell liquid changes. Such is,
for examplegthe reaction of glial cell of human brain
on local change of sodium concentration in inter-
cellulagls: due to neuron activity. It is a slow
progess, faking up to minutes.

faster temporal changes of potential with
&constant up to milliseconds are caused by
branes penetrateability change.

It should be mentioned specially that the pre-
sence of transmembranic potential and even its pulse
or gradual change are not accompanied by currents
in intercellular space. Electrical currents that flow
through the membrane charging and discharging it
could be registered only using the electrode placed
directly inside the cell.

As the result of transmembranic currents ad-
dition, the macroscopic (volume) currents could
emerge that flow in intercellular space. This could
occur only when membrane surface is charged non-
homogeneously. Such a currents could be detected
through extracellular type of registration. Such a
monitoring is the scope of the present work and main
attention will be paid to this case. Specific macro-
sopic signals in the cases of correlated membrane
polarization non-homogeneity.

The significant difference in the properties of
extracellular currents in comparison to intracellu-
lar ones is that the first type of currents being de®
tected at macroscopic distances from the cell soure¢
exhibit the integral activity of cell groups or that%ef
the organ as a whole.

The effect of these currents could M&nﬁ‘trate
itself in two different ways (fig. 2)@&w

The first is the result of the faé%,,i‘hat all the
organism’s tissues are conductors and the poten-
tial differences in the range™..4000 mV arise
(iig. 2, a). ) G

¢

"\ Boy#0

\ B+0

Fig. 2:

‘a — scheme of inner biomagnetic field structure in conduction
media; b — scheme of penetrating biomagnetic fields distibution

The second one is more close to the scope of the
present paper and is concerned with magnetic fields
that come out of physical borders of living orgamsm
(fig- 2, b).

The distribution and the oscillation of potentlals
and magnetic fields are definitely caused by currents’
distribution and oscillation inside the physical body
of organism.

In the case of the infinite homogeneous medi-
um, one could write the following expressions for
the potential V(r) and magnetic field B(r) caused
by the impressed currents j

Vet iy (¥ "’I a3, (5)

T Ir

B(r) = Ho S VJ (r ) d3 ’ (6)

where 0 signifies conduc‘uvxty of medium.

The real case of human organism could be de-
scribed by the currents distributed in the ranged
space (whole body) divided into the regions with
different conductivities (organs). The ranging bor-
ders of organs with conductivities o, and o, become
in such an approach the sources of secondary im-
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QS%

pressed currents ki which are determmed by poten~
tial V(r) at the borders:

e (00 — o) V(D) s 7

where n is unit normal vector, which has the pro-
perties of delta function while being integrated.
Potentlals and fields could be expressed as'func-
tions of j* and k.
One can see that extractmg the curl and poten-
tial components of j*will lead to the followmg ex-
pressions for V(r) and B(r):

S ___1_ v J (r) 3 ! > V k (l') 3¢’
V(_r) T dno Y -:rl &r 41:0S Ir= air, (8)
B(r) = Z-lp(r) ddr + Mo SV k! (l')ds o (9)

It is clear enough that potentlal V(r) and fields
B(r) carry quite different information about the
structure of impressed currents’ sources that causes
their generation. Potentials V(r) describe the poten-
tial part of current connected with membrane surface
charging and fields B(r) — about its curl part con-
nected with correlated inner currents distribution.

We would like to emphasize that electric poten-
tials and magnetic fields that are being caused by
the same source (membrane cell currents) may have
similar spatial distributions and temporal depen-
dencies in some cases and significantly different i
others, what in turn is determined by the inn
construction of organism’s current sources. -

ted with the division problem of all the i
currents to initial and secondary ones. Ho
the same time he states that the mod
provided by means the assumption o
geneity.

The complicated character
and (9) do not allow to u

could be

é homo-
quations (8)

clearly the dif-

ference in information tyi&wded by the signals

of electrical and magne ture

The magnetic si gistered in certain point
of space by o and the electrical signal
(potential dlff ¥ ould be measured by pair of

electrodesyor

Thus that magnetic sensor reacts to the
strong en (correlated) currents that flow in the
regiomof activity. At the same time, the distribution

rface currents influence significantly the
ion of electrical potentials.

e measurement of electrical and magnetic po-
ntials has a complimentary character. The deter-
mination of potentials and fields using the known
sources distribution is so called direct problem that
could be solved precisely and definitely [21, 22].

However, much more significant and useful will
be the resolution of the reverse problem — determi-
nation of sources’ distribution and structure using
experimentally registered potentials and magnetic
fields. It was shown [23] that this problem has no de-
finite solution. This signifies that electro- and magne-

of
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‘to-graphic even registered simultaneously don’t com-

prise the full data set needed for the precise deter-
minatiofi of current sources inside living organism.

This difficulty could be dealed with using the
assumption of the special model for sources’ distri-
bution. One of the assumption of the kind is the
heart’s electrlcal vector thch is determined as: @

p= SJ (r )dr, (10) Q?
ﬁk

(1)

This vector could be determined using the
measured potentials.
The heart’s magnetic vector is introduc

analogously:
Seitie m=%§;fﬁ>’<’. i) ‘: ’

7
|

The restoration of magn electrical vec-
tors of any organ of human o sm is not a pre-
cise solution of the reverse problem.

-However, the value of'the‘registered signals and
the dynamics of the1 volutxon could support 51gn1f1-
cantly in dlagnOS monitoring of organ’s acti-

vity. In many ca ey will assist also to make eva-
luation of the organism’s activity efficiency.

7.®>magnetism ‘and New Directions
o, : ; .
an Brain Exploration
There are many problems before the science that
engaged in human brain exploration. The essence
sensing, the difference between the understandable
and non-understandable things and ideas, the nature
of memory, function of dreams, etc., are the expe-
rimental fundamental problems of intellect theory.

The last two decades are being characterized by
the introduction of the most modern physical me-
thods-and apparata into research laboratories and
neuro-surgical clinics. These are the methods of non-
invasive and non-destructive type.

Up to the most recent times, the most informa-
tive method of non-invasive type was the electro-
encephalographic method that allows to registrate
the electrical signals’ distribution over the head’s
skin [24]. These potentials are only weak reflection
of electrical processes in human brain what is caused
by the human cranium structure. Conductive layered
structure of cranium significantly diminishes the
current densities in comparison with the case of
homogeneous conductive medium. Besides, it mini-
mizes the spatial variations of current densities
(caused by nervous activity) that makes the picture
of signal distribution more monotonous.

It was shown [25] that skin effect does not influ-
ence in any way the precision of reverse problem
solution in biological bodies of real dimensions.

The magnetic field sensors have certain prefe-
rences. They react directly to the currents flowing
in human brain and thus spatial distribution and
temporal dependence of magneto-encephalographic
signals reflect the inner electrical activity of the brain
non-corrugated by cranium influence.




Concentric non-homogeneéties of spinal liquor,
cranium and scalp do not influence in any Wway on
intensity and distribution of magnetic field induced
by brain activity and spread to outer space. i
. Magnetic activity of human brain was registered

‘for the first time by Cohen [26] using regular sole-
‘noids. It was very hard to discriminate the useful
signal covered by overwhelming noise. ’

Significant diminuation of the noise level was
achieved with the use’of superconducting SQUIDS

‘and only after this it become possible to obtain
magneto-encephalograms in real time scale.

‘There is no standard method of taking magneto-
encephalogram up to now. Even the first experi-
ments have shown that-brain induced magnetic fields
have much more fine ‘and thus more informative
structure than electrical potentials do.

The recommended density of magnetic sensors
distribution has the cell dimensions of 10 mm
order [18].

Magneto-encephalography differs principally from
electro-encephalography in that magnetic field sen-
sors do not require tight contact with the head of
the person under test and they-could be removed
during experiment quite freely.

The most reliable information could be registered
only by multi-sensor systems.

8. Sources of Neuro-Magnetic Fields

| The grade of brain bio-currents’ sources and
t corresponding magnetic fields detalization depends
[ on the type of interrelation between neuron for
their structure, interaction with other cells, spa
distribution and' electrical activity could be refl
ted in magneto-encephalogram.
" The in-brain electrical activity has su l@a-
racter that in many cases of interest th@. ing
processes occur in a comparatively s t of the
brain. The key model could be re m
rent dipole serving as the prim
netic field. - .
In reality magnetic fiel

‘pole inside sphere differs@irom that caused by ideal
‘dipole. Precise acc s made in [27] where
authors present H«\ in spherical coordinates:
8ii) aP sinBOsing (12

P )

V1§ &5 0
Sm(P[Y,COSG(COSG—-Z-—G-rY )_

Tt Ys/zz: Axs.mze

\& ,—_7(cose—7)], (13)
p B Pun 2 dagnafint 2 Sipalin @
‘ i 4nr? y3/zsin6(a oo a ) (LD
' The definition of the kind is used:
i 2
; e [1 i 2acrosﬁ +<_¢;z.> : (15)

Other types of brain activity that involve large
areas of nervous tissue could be represented by
system of certain quantity of current dipoles.

There is a lot of experimental evidence [28] indi-
cating that the most intensive source of neuro-mag-
netic signals is the neocortex of human brain.

The pulse exchange on the short in-cortex dis-
tances could not:generate sufficient input to neuro-
magnetic fields because different phases of ner-
vous ‘pulse (spike) will compensate one another
while ‘being averaged over large number of axons

needed for generation of signal that could be reliably Q%

measured.

It is also very unprobable that the relati
low frequency spectrum of magneto-encephal
could be explained based on magnetic field
by propagating spikes.

At least, one-dimensional orderifig.o
partment is also needed for justifica
tive type of dipole action.

9. Evoked Magnegc IN
and Fields Cause Events
The task of neu

could assist in de fe i

of the source
case when t

%,

in com-
coopera-

netlc field mapping that
of position and orientation
laytbe’significantly simplified in the
e calising process under investigation
is rep du or periodic.

To ‘our deepest regret, spontaneous processes

on in-human brain have no high enough
reproducibility.

Th situation is totally changed when bram acti-

has strict cause-consequence relation with the

vent out of human nervous system. Such type of

magnetic fields are called evoked or event related
fields.

This type of investigation is much more comp-
licated because the intensity of the signals is 5...
10 times lower than that of spontaneous brain
activity.

Phenomena connected with evoked magnetic
fields have demonstrated to be very well explained
using the model of current dipole.

When the pulse from outer receptor (human
interface) comes the cooperating groups of neurons
situated in, various brain compartments begin to
generate electrical and magnetic signals. Usually
some neuron stations are being activated which
generate both spikes and gradually changing sig-
nals. Signal, which is registered by outer sensors,
has the form of decaying wave with superimposed
maximums and minimums.

Authors [29] have registered very high degree
of signal source localization in brain cortex. The hard
fixation of magnetic gradiometer was proposed and
special experimental room with no non-homogene-
ous fields was required as well.

Localized current dipoles were determined quite
reliably in the experiments with eye, ear and other
stimulated part of human organism’s reception
system.
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10. Liquid Crystals as the Active Media
of Weak Magnetic Field Sensors
with Inner Amplification of Signal

The state of substance which is, for some com-
pounds, intermediate between hard crystal aniso-
tropic state and isotropic liquid state is called liquid
crystalline (LC) phase or mesophase [30]. The main
cause of such strange behavior of LC phase lies in
special form of its molecules. In many cases, the
molecules of LC are elongated in one preferential
direction.

There are two large groups of LC compounds
differing by the method of mesophase creating:

— thermotropic;

— lyotropic.

The first type of LC could be transferred into
mesophase using heating. The phase transition of
the first type (with hidden transition heat and step-
like change of molecular density) usually accompa-
ny such transformation and each specific LC com-
pound has its own temperature range of mesophase
existence. This type of LC is represented generally
by artificial organic substances.

Second type of LC organizes mesophase at the
certain dilution level when the specific ratio between
the concentrations of solvent and solute substance.
This kind of LC is represented by organic substanc-
es of biological nature.

We have shown previously [19, 31—34] that a
lot of liquid components of human organism exhib-
it LC properties, including blood plasma, lipid sys;
tem, spinal liquor, tear liquid, bile, urine, etg. N¢

It is quite clear that the difference betw€en two
types of mesophase forming lies only in theymethod
of intermolecular distance variation. e

The dominant orientation of LC fnelecules is
described by vector-director. N\

107 /23, Hz

10° 108

Fig. 3. Dispersion spectrum of real part of complex
dielectric permeability:

1—27°C;2—32°C; 3 — 52°C (d = 30 mm)

Degree of orientation homogeneity is presented
by order parameter which value lie in the range from
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zero to one beginning from isotropic liquid to ani-
sotropic crystal. = iht

We have discovered experimentally for the first
time[35] the effect of dielectric response of nematic
LC stimulated by order parameter’s fluctuations. It
was known before [36] that planarly oriented nematic
LC demonstrates dielectric spectrum of relaxation -
type and its exploration does not allow to anything
more but director fluctuations.

The inclined director orientation gives more de-
gree of freedom and that why we have explored tie
dielectric spectra of the model nematic MBBA with
the initial inclined at 45° director orientation, Gon-
cerning the bordering surfaces. N Y

In fig. 3, one can see the frequency«epentence
of the real part of complex dielectrjc“permeability
measured in thin layer of MBBA'at, vdrious temper-
atures. It is obvious from thegigute ‘that the specif-
ic resonance response of nematic EC occurs only in
mesophase existing temperature’region.

The components of thé\gesenance dielectric spec-
tra could be represented by'the following formulas:

: 1— (0/w,)?

£/ 0NN (m/mo)§; 7 or)ﬂ(w/mo)z b )
A O\ I(w/w,) i

&:gfff%) = (“@ayy+ ey 1D

whei"@h@%ng parameter I'=2y/w, is connected
With reSonance frequency of damped oscillator. The
~dielectric responses at the points of resonance are
about million times higher than in the case of regu-
lar relaxation response.

The frequencies registered in our experiment
were at least three orders greater that the known
relaxators’ frequencies which are caused by direc-
tor fluctuations. Therefore, the most probable me-
chanism of resonance spectra arisal could be longi-
tudinal and biaxial fluctuations of order parameter
which demonstrate critical behavior near transition
isotropic liquid-liquid crystal. In such a way, we have
demonstrated the possibility of resonance response
of LC thin layer placed between electrodes.

Another our experiment [37] demonstrates 1/f
noise induced ferro-electric type phase transition in
the vicinity of zero frequencies. The dielectric per-
meability of nematic LC increases at least by five
orders of magnitude in comparison to the value
measured at higher frequencies (fig. 4).

Two mentioned mechanisms are connected most
probably with the effect of domino which demon-
strates common motion of oriented molecular clus-
ters in LC layer. According to the well-known fluc-
tuation theory of phase transitions [38], the proba-
bility of phase transition is increased incredibly when
orientation nucleus is formed at some point situated

~at domain wall [39].

The combination of all these requirements could
be realized in layered system conductor (semicon-
ductor) — liquid crystal. Before making any con-
clusions, we propose to describe the surface of per-
fect crystal material available now — silicon wafer.




We have shown experimentally [40] using the
lifetime scanning laser microscopy technique that
surface under investigation could be described in
terms of fractal physics. '

1044 €, arb. uzzits
ol
10° - TN
.~‘
102 5 Dn : o°
10' i eyt : 1
o & ao. 2
o o\\N‘ ‘ s 3
\
\ AR RS 4
\ NN
10 i 1 1 \; \\ }‘ hY y S
1078 1072 10! 1 10  @&/2n, Hz

Fig. 4. Frequency dependence of dielectric constant of
nematic liquid crystal Z1iK-440 for a layer 30/mi thick
in lie following fields: ‘
1—3,3-10° V/m; 2 — 6,5-10° V/m; 8 — 1,3-10° V/m; 4 —
2,6-105V/m

In progress, this approach [41] has demonstra-
ted to be also useful to minimize the time of silicon
substrate inspection. Silicon surface point defects,
being self-organized in surface fractal cluster, could
serve successfully as the nuclei of the new orienta
tion type for LC layer put in tight contact wit

We have demonstrated [42] that LC layer be

in contact with plane conducting substrat der-
go orientational self-organization due to t Ss
of thermoionic emission from substrate nflu-
ences the charge distribution near t@x ace and
changes the system’s free ener

O

Taking into account a@\ented above, we could
make the following ions:

. The bio-magr @lds could be used success-
fully as the m ative external part of human
brain activity with information exchange in
dialogue W artificial intellect vs. natural (hu-

Conclusions

man) inte

2.% ssible to identify position of current
di heir systems acting in strong correlation

me use of biomagnetic fields investigation.
%& Existing methods of weak biomagnetic fields

registration including superconducting SQUIDS
ould be hardly applied in the case of multi-sensor
system, which is needed for real investigation of
human intellect.

4. The effect of resonance dielectric response of
nematic LC stimulated by order parameter fluctua-
tions could be used as the basis of new supersensi-
tive electromagnetic fractal field sensor.

5. 1/f noise stimulated self-organization of LC
thin layer in the vicinity of zero frequencies could
be used as well for experimental investigation of
biomagnetic field peculiarities caused by intellectual
activity of human brain.

6. Application of LC thin layer over the surface
of silicon wafer produces a fractal magnetic field
sensor (FMFS) comparable as to its sensitivity to
SQUID.

7. Additional effect of FMFS is that it could be
realized using well developed planar technology and
fiber-optical sensor techniques.
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THE PECULARlTlES OF THE FIRST-PRINCIPAL
PSEUDOPOTENTIAL IN METALS

The comparison for the first-principal calculations of lithium, calcium and alumi-
num full energy with similar calculations in which Fourier model pseudopotential com-
ponents Fourier of ¢ =2 screening is considered to be a fitting, was carried out.

A full energy of joint formalism of the functional

electronic density theory and conserving norm pseu-
dopotential is presented as [1]. All the markings have
the same sense as in [1].

E= %;55 —Ey+E.+E,+az (1)
- The pseudopotential parameters are taken from [2].
~ To calculate of the amounts in formula (1) in high-

symmetrlcal points of Brillouin zone, a secular equa-
thl’l is solved [3]:

52— pb|c, <@+

+XWk+5kE-2)C ;@)=0, (2
g

wave functions along flat waves.

change-correlating potential adjustments i gi-
:__ven work is made according to the form he
integration on the first Brillouin placed
by the summation on two points of —Cohen

[5] or on one point of Balderesky [6].
- The equilibrium atomic volumes» and full ener-

gies were found from the\state trystal equation
under p=0 and T=0:*

20, o

e results of the first-principal

calculations defined more exactly by means

of fitting a esult of which the contribution of

type 5/ [1] is added to the full energy (which is
urther by letters ff).

table 1 the first-principal calculations results

-lithium under the decomposition of pseudowave

where C, ;(g) are factors in decomposit‘ién of pseudOl equilibrium atomic volume and full energy in

W B)7) = 2C, ;@) -1k +E>.,

3)
where n — zone number, £ — wave ve %e
first Brillouin zone. In Fourier poten

W(k+§, k+8)= Waﬂs( &+g)+
+Wu(g—-g)

enters alongside with dels of Hartiev and

exchange-correlatlo urier mode] of pseudo-

potential Bache nn—Schluter which is
presented as [ \

(e W(core)(r) + A Wls (5)

nd AW, — Gauss type functions.

ype of selfcoordinated-itteration pro-

seudopotential linear screened local part
y used as

where W,
On th

ro-%2. o
where £(g) — dielectric permeability function in
Lindhart form.

And further the selfcoordinated calculations are
made, on each step of which the crystalline poten-
~ tial is built with the account of received sharing
~ electronic density. Unlike [1] the account of ex-

| © V. A. Drozdov, V. V. Pozhivatenko, M. A. Drozdov,
A. V. Totskaya, 2001

nctions (3) on 43 and 55 inverse lattice vectors
were given (the summation in Brillouin zone was
hold at one point of Balderesky).

Table 1

Comparative calculations of equilibrium atomic volu-

mes and full energy in VCC-lithium at decomposition

of pseudowave functions on 43 and 55 inverse lattice
lattice vectors

(volumes in (a. u.)?, energy — in Ry, uf — using a fitting)

Calcula-| g, Qineor — Loxper B Etneor = Eexper
tions . B
43 v 145,58 0,014 —0,49399 0,046
43 v uf | 143,54 —_ —0,50655 0,021
55 v 148,94 0,038 —0,49384 0,046
55 v uf| 143,56 - —0,50191 0,030

The values of percentage errors for full energies
are slightly distinguished that allows greatly to de-
crease matrixes order of secular equation under the
calculation of lithium energy features and equiva-
lent elements.

The similar calculations made for ECC-structures
Ca and Al are present in table 2. The abbreviation
point-C and point-B refer to the calculations on two
points of Chadi—Cohen and on one point of Balde-

43



resky, accordingly. In the first-principal calculations
the points of Chadi—Cohen the best consent in va-
lues of full energy with the experiment is receved.

Table 2

The equilibrium atomic volumes and full energies for
Ca and Al

(volumes — in (a. u.)%, energy — in Ry, errors — in %)

about to the percentage error in 2—3% for volumes
however significant error appears in the full energy

Table 3

The equilibrium atomic volumes and full energies for
Ca and Al at the account of screening components of
pseudopotential 1 =2

(volumes in (a. 4.)%, energy — in Ry, errors —in %)

Ele- Calcu-

Ele- Calcu-

ment | lation g, | Err00 Equn Error ment | lation Quneor | Error Equn
Ca | Point C. | 290,75 1,4 | —1,486041 | 1,8 Ca | Point C. | 300,04 1,8 | —1,480097 4
Point B. | 29243 | 0,9 | —1,534009 | 5,1 Point B. | 291,50 1,1 | —1,53394
Al | Point C. | 121,51 9,2 | —4,164484 | 0,1 AT Point C 7 FLT37 P15 47 4P|
Point B. | 122,08 | 9,7 |—4,123838| 0,9 Point B. | 119,22 7,1 | —4,2 *

Both methods bring about the greater deflection of
equilibrium atomic volumes from experimental one
for Al

For the account of nonlocal screening it’s neces-
sary to shield the nonlocal part of potential. Because
of great complexity of this procedure it is easier
to consider this screening to be a fitting procedure.

The results of table 3 are received in the assup-
tion of screening Fourier model of Bachelet—
Hamann—Schluter pseudopotential by means of
dielectric Lindhart function e(gq)

<k+G- 1AW, E>. (8)

Hence, the results for lithium are worsenned, for
calcium — practically are not changed, for alumi®
num — the consents of equilibrium atomic volu

with experimental ones become better wi or-
senning in the consents of full energi e
experiment. For ECC-nickel the calcula ring

to 8% while
the account of
tential with 1= 2.

calculation which decreases
transfering from linear sc i
screening nonlocal part of t
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DIELECTRIC PROPERTIES OF Zn0O—Ag,0 GAS SENSITIVE

CERAMICS

The dielectric properties of ZnO—Ag,0 gas sensitive ceramics were investigated.
Obtained results are explained within the framework of models of polycrystalline inhomo-
geneous structures with intergranular potential barriers.

Introduction

ZnO and SnO, based ceramics have gas seniti-
vity to an adsorption of spirits vapor, in particular

N

sion area. Taking into account the a %bove
polarization mechanism from temperat place-
ment of the frequency (f) at temper. hange (T)

ethanole [ —6]. The detail research of conductivity g
processes in such materials is one of the important ~ 800 -
problems [1, 7, 8].
In the present paper we report the results of 700}
dielectric properties and conductivity investigations e
of ZnO based ceramics doped by silver.
500 |
Experimental results and discussion o
The gas sensitive ceramics was made by mixing
of ZnO and Ag,0 powders, pressing (at 10 atm) and 3
sintering at 1173 K during 1 hour in an air. For elec-
trical measurements, disk samples were used. The
electrodes were produced by burning of silver pas
The curent-voltage characteristics measuremer@o i
the frequency dependence of relative dielectric pe
meability and dielectric losses factor (in fr cy "
band of 50 kHz — 10 MHz), their relatio - gglle®
perature and other factors were carri sing :
the standard industrial devices. 24+ 4
The curent-voltage characteristje§ ofZA0—Ag,0 29l J
ceramics were linear. The temperatute dependence . 2
of electrical conductivity of s was described 2,0
by standard exponential @n and was similarto | ¢|
characteristics for polgfcrystalline ZnO. The specific i
conductivity of ¢ room temperature is L6
Oy~2-108 (Q- )™ ctivation energy (Wp) of ;41|
conductivity we @ 0,92 eV. ‘ . ‘ : . :
The frequenc" dependences of dielectric perme- 1»24’5 5.0 i 6,0 6.5 7.0 7.5
Igf, Hz

ability (&) factor of dielectric losses (£”)of re-
searched,cerdmiics are shown in fig. 1. It can be seen

that th ersion of dielectric permeability is ob-
se dio frequency range. The increase of tem-
results in displacement of dispersion to
frequencies and maximum of dielectric loss-

actor clearly appears at temperature of 360 K.

The dielectric permeability of investigated ceram-

ics is high and it has a polycrystalline structure,
 therefore, it can be assumed, that the migrational
polarization on boundaries of ZnO crystallites is
responsible for the observable dielectric dispersion.

: The activation energy (W,) of polarization process
was estimated from temperature position of disper-

© A. Yu. Lyashkov, A. S. Tonkoshkur, V. O. Makarov, 2001

Fig. 1. The freguency of the dielectric permeability and
dielectric loss factor at various temperatures:

1 —292K;2—315K; 3— 345K; 4 — 359 K

the specific electrical conductivity of ZnO crystalites
(0,) was estimated using ratio 6,(T,)/0(T,) = }./fs
where indexes «1» and «0» corresponded to different
values of temperature. The absolute value of 6, was
estimated from a £"(f) spectrum using the known
bicomponent dielectric Wagner model [9]:

e
o, =2n-f. ¢, g + dl‘*‘_P;(es + &)

’
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where [, — frequency of dielectric losses factor
maximum, &, — electrical constant; e, — dielectric

permeability of semiconducting crystallite; g, — di-
electric permeability of intergranular dielectric; p, —

volumetric part of semiconducting phase in inhomo-
geneous system.

The value of g, ~ 3107 (Q: m)~' was obtained
at the 300 K for investigated ceramics. The tempera-
ture dependence of g, is shown in fig. 2 and corre-

0,8 Ig(0/0y)
0,7} iy f
0,6

T

0,5
0,4

0,3

T

0,2
0,1r

1 1 1 1 1 [ i
28 29 30 31 32 33 34 .35
107, K

- %7
Fig. 2. The temperature dependence of ZnO crys{aiite
specific conductivity N

sponds to existing representations about electrical
conductivity of zinc oxide which is semiconduc
of n-type.

: ‘ai e
' Activation energy and conductivity o

crystalite and ZnO—Ag,0 ceWs
T ] zno

crystalite -
Activation energy, eV 2 0,22
Spesific conductivity, (Q-mﬁg, -10% | 2,85-10-°
13

The obtained ac%&xlnergy is to equal 0,22.eV
ol

(table 1) andg€an“ge Gompared with donor centre
ionization ¢ p

yerystalline ZnO [10].: %

'300 K) and specific electrical conductivity o

Conclusions

1. The frequency dependences of complex dielec-
tric permeability have dispersion in the range of radio
frequencies, which can be explained by migrational
polarization observed in inhomogeneous systems.
The structure of investigated ceramics consist of
high conducting and semiconducting ZnO crystalite
divided by low conducting intergranular phase.

2. The temperature dependence for d. c. specifi

conductivity of the ceramics (~2- 10-° (Q-m)s
(~3-10- (Q-m)~! at 300 K) have the ac |

energy of 0,92 and 0,22 eV, accordin% elec-
trical properties of investigated cerami¢s®may be
explained within the framework o els of poly-
crystalline inhomogeneous str with inter-

granular.potential barriers.
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ELECTRICAL PROPERTIES OF TIN DIOXIDE BASED CERAMICS

IN HUMID AIR ATMOSPHERE

Humidity sensitive electrical properties of tin dioxide based ceramics in a system
Sn0,—Zn0—Ge,0; are observed. Strong dependence of d.c. and a.c. conductivity and
capacitance on relative humidity as well as non-Ohmic conduction observed even at
high relative humidity and observed anomaly of temperature dependence of conductivity

)

testify that studied ceramics is grain boundary controlled material. Humidity sensitivity @
of electrical properties is due to the change of grain boundary key potential barriers
heights. The correlation between humidity sensitivity of eIectrlc parameters and hig

developed surface of ceramics is found.

~ Introduction

Many oxide materials exhibit fairly strong depen-
dence of electrical properties on temperature, elec-
tric field, heat treatment and environmental atmo-
sphere [1—4]. Therefore these materials are suitable
for the fabrication of different sensors. Creation of
new sensors and improvement of their electrical pa-
rameters requires to search new composition and
clearing up the mechanisms of charge carriers trans-
port. Tin dioxide based ceramics in a system SnO,—

it can be grain boundary controlled materials. T

*

thick. Scanning electron miegoscopy was performed
with JEOL-840A. '

For electrical mea

_ ents two grinded flat
sides of a sample w troded with In, Ag or Cu
thermally evapor: acuum or by using In—Ga
eutectics. Elec roperties of ceramic were in-
sensible t6 of electrodes. An air atmosphere
with relativ idity w in the range 10—97% was
obtained in the close chamber above the surface of

saturatéd water solution of proper salts as described
[3]. D.c. and a. c. electrical measurements

digital automatic LRC-meter. Temperature de-

ZnO—Bi,0; [3] shows non-Ohmic conduction a e carried out with standard digital voltmeters

enhancement of non-Ohmic behaviour of this cera
mics is due mainly to the Bi,O; addition whi
responsible for the formation of a thin grai
ary phase. The elimination of Bi,O; fro
position of ceramics may cause the
non-Ohmic properties but on the
improve the sensitivity of ele

environmental atmosphere‘[&

ing of
1t could
ropertles to
as found that

a system.SnO,—
y the change of re-

electrical conduction of cer:
ZnO0—GeO, may be c

lative air humidity. It sting to study the elec-
trical properties i erial because electrically
active grain bm@ may be responsible for such
behaviour as well: purpose of this paper is study

electrical erties and structure of tin dioxide
based c in the system SnO,—Zn0O—GeO,
which @ humidity sensitive conduction.
erimental details

Starting oxides were weighted and mixed in dis-
led water for 1 hour. After drying of obtained
mixture at temperature 400 K disks were pressed
under pressure of about 100 MPa. Then pressed
discs were sintered in air at maximum temperature
T, in the range 1470—1570 K during 1 hour with
heatmg and cooling rate of about 400 K/hour. Sin-
tered samples were 10 mm in diameter and 1 mm

© A. B. Glot, R. Bulpett, A. M. Nadzhafzade,
L. A. Skuratovsky, 2001

endence of conductance in Ohmic region of volt-
age was obtained in air and in low vacuum ~ 1 Pa
at heating and cooling rate about 2—4 K/min in a
range 295—400 K. Change of relative humidity may
lead to the alteration of surface region properties of
a sample mainly.

Experimental results and discussion

For oxide semiconductors the exponential in-
crease of conductance s under absolute tempera-

Ey
ture T in the form o= o,e #7 (here o, and E, —

constants, # — Boltzmann constant) is expected.
However an anomalous temperature dependence of
conductance for the studied tin dioxide based cera-
mics in the air was found (fig. 1, curve 7). The con-
ductance decreases if temperature increases above
room temperature. Then conductance goes other
minimum at temperature which is below 373 K. Fur-
ther rise of temperature leads to increase of con-
ductance. At cooling o decreases and then increas-
es showing a weak minimum (fig. 1, curve 2).

An anomalous decrease of conductance on tem-
perature for semiconductor ceramics with negatlve
1 dR
rar <0
could be explained by a desorption of water mole-

temperature coefficient of resistance y =

47

A
%“\
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cules from the surface. It should be pointed out that

the anomalous o(T) dependence near room temper-

ature takes place even at cooling (fig. 1, curve 2).
The reason for that is the adsorption of water mo-
lecules penetrated into a great number of pores.

6, Ohm™
1,0'10_4 [\ \
2
1,0-107°
3
1
1,0.107° L
1,0.107° : . -
2,4 2,8 32  1000/T, K

Fig. 1. Temperature dependence of d. c. conductance of

ceramics in a system SnO,—ZnO—GeO, (T, = 1470 K)

in the air (/, 2) and in the vacuum (3, 4) at heating (1, 3)
and cooling (2, 4)

For the proof of the role of desorption-adsorption
of water molecules, temperature dependence of con-

this case the absence of water vapour may exclude
the observation of an anomalous o(T) dependenge.
This suggestion is confirmed by the experimen
vacuum (curves J and 4 at fig. 7).

ductance was obtained in a low vacuum as well. In I c

potential barriers [3, 5]. However humidity influ-
enced surface contribution is rather linear. There-
fore voltage-current characteristics of different sam-
ples may have different nonlinearity. It is observed
that voltage-current characteristic of the sample with
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Fig. 2. Voltage-current clta acteristics of SnO,—Zn0O—
GeO, based cesamics Without optimum additives (7, 2)

and with optim 3, 4) and with non-optimum additives
(5, 6) in theqaipgith relative humidity 10 (1, 3, 5) and
92% (2, 4, 6)

optim Qentration of additives is non-linear not
| ow (curve 3 at fig. 2) but at high humidity
at fig. 2) and sample was sensitive to high
humidity.
The rise of relative humidity causes the shift of
adsorption-desorption balance to the adsorption.
Then additional adsorbed water molecules H,O may

After heating of sample up to about and be dissociated at adsorption centres at the surface

cooling, some irreversible conductanceé,jnerease
takes place, so o(T) curve goes higher at cooling
(fig. 1, curves 7 and 2). It may be e desorp-
tion of oxygen. It is known th en plays an

important role in the formati rain boundary
sed ceramics [3].

potential barriers in tin diogi
At room temperature in &um some desorption
of oxygen, not onlyewa @ 10lecules, can take place
and it explains wh emperature conductance
in vacuum befor g (curve 3 at fig. 1) is not
much lower, nductance in air (curve / at
fig. 1). The'h of a sample in vacuum up to the
same témperature leads to higher irreversible in-
crease .‘%. ductance (fig. 1, curves 3 and 4) than
heating in air because in vacuum more intensive
de n of oxygen takes place.
observed temperature dependence of con-
ance in air atmosphere (fig. 1) shows that tin

Olioxide based ceramics can be used as humidity sen-

sor material. Therefore let us consider electrical pro-
perties of SnO,-ceramics in air with fixed humidity.

D. c. voltage-current characteristics for ceramic
samples of different composition at low and high
relative air humidity are shown at fig. 2. Electrical
conductance of certain sample in humid air has bulk
and surface contributions. Conduction of oxide ce-
ramics in the bulk is non-Ohmic and is related to
electron transport controlled by grain boundary
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for proton H* and hydroxyl ion OH-. Proton H+ as
more mobile can migrate and reach certain grain
boundary. The localization of H* ion near grain
boundary may cause the decrease of absolute value
of negative grain boundary localised charge. This
process promotes the reduction of potential barriers
heights and leads to increase of conductance. Non-
d(Inf)
d(InU)
lower grain boundary potential barriers decreases
according to fig. 2.

The decrease of grain boundary potential barri-
ers heights at higher relative humidities causes the
increase of a. c. electrical conductance G and capaci-
tance C of ceramic sample as well (fig. 3). The rela-
tive change of a. c. conductance on humidity is more
strong than the relative change of capacitance as
shown at fig. 3. So, the conductance G of individual
barrier roughly may be presented as:

for ceramics with

linearity coefficient B =

« P
G=G()e kT’ (l)

where @, — potential barrier height. Capacitance C
of individual barrier may be described by the expres-

sion: s N \/2
C= s(i.m) , 2
, B (2)
where S — cross-section area of grain boundary,




- (1470 K) is less sintered and SnO, gram@

g — electron charge, € — relative dielectric permitti-
vity, &, — electric constant, N, — donor concentra-
tion in grain. At @, > kT as could be seen from ex-
1,0-10' -
1,0-10°

10-10° F

1,0-10"

1,0 |-

1,0-107" : s - :
0 20 40 60 80 ©%

Flg 3. Humidity dependence of relative a. c. conductance

(@)/G(10%) (1, 2) and relative capacitance C(w)/C(10%)

(3 4) of SnO,—Zn0O—GeO, based ceramics sintered at
temperature T,=1570 K (/, 3) and 1470 K (2, 4)

pressions (1) and (2) a. c. conductance G has more
strong dependence on @, than capacitance C in
accordance with fig. 3.

Fig. 3 shows that electrical parameters of tin
dioxide ceramics sintered at temperature T, = 1470 K

- are more humidity sensitive than electrical parame-

ters of ceramics sintered at temperature T, = 1570
To find the reason for that phenomenon the sca

ning electron microscopy was used. Comparii“@j

the secondary electron images of fracture
shows that ceramics obtained at lower ter%.

ightly

smaller. Therefore, the probability o & olecules

\
@@\

penetration into ceramic sample is higher. Thus,
electrical conductance and capacitance of ceramics

become higher in accordance to fig. 3.

Conclusion

D.c. and a. c. electrical conductance and capa-
citance of tin dioxide based ceramics in a system
SnO,—Zn0—GeO, sintered at 1470—1570 K are
strongly dependent on relative humidity of the air.
The observation of non-Ohmic conduction even at
high relative humidity shows that studied ceramics

pendence of electrical properties is due to the cha
of grain boundary potential barriers height
served anomalous temperature dependenc
ductance is due to the influence of de
sorption processes in humid air. Th
tion-desorption processes is indirectly
the found correlation betweenhumidity ‘sensitivity
of electrical parameters and h& developed sur-
face of ceramics. j

is grain boundary controlled material. Humidit\yw

*
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PHOTODETECTORS ‘WITH FREQUENCY OUTPUT
ON THE BASIS OF UNIJUNCTION
AND FIELD-EFFECT PHOTOTRANSISTORS

The construction of photodetector representing the pulsing oscillator designed which
frequency depends on quantity of light stream, as the sensing device of generator —

the silicon chip — consisting of unijunction and field-effect phototransistors is us

. The sensor with frequency output represents the
generator of variable voltage, which frequency is the
function of measured action (temperature, pressure,
light etc.). The signal from-such detector may im-
mediately be handled by computer and also by any
chip-pulse counting device. Such sensors on the

‘basis of unijunction and field-effect phototransistors

are discussed in this paper.

The unijunction transistor (UJT) consists of semi-
conductor rod with two ohmic base contacts (B,
B,) on testing faces and emitter p—n-junction (e)

racteristics falls into S-type, that allows to create
the generator by prim
hook up of capacity,to in
put circuit (e—2B

between them (fig. 1). Its input current-voltage cha- !

opposite to the emitter V,
after ins @e power
supply, E. “Bhe emitter
the condenser is fast

° QSC arged through the
\ ottom of basis. Then the
Tl B IR A process is iterated. The
g 1 trae i% 3 oscillations of voltage on

04 emitter have a saw tooth

view, ar@ amplitude is equal to the difference
betwee @ witch on voltage and residual voltage

at cusrent-voltage characteristics:

(1

2

The current pulses on the resistance of basis R, is
possible to use as output signal also.

The UJT can work as the photodetector at irra-
diating basis. The irradiation increases the concen-
tration of charge carriers in basis, that gives the
decrease V, and T, so also the growth of oscillation
frequency f=1/T with increase of light stream F.

E -V,
T = ReCln—E_-—V::.
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However, the essential defigi such photode-
tector is nonlinear depende F), that follows
from [2]. The photo-FET which is included into the
scheme as the two-po'l‘e\le»gate makes with tran-
sistor source) inst*f resistor R, to derive linear
relation f(F) is efferedte use by us [2]. At such insert

FET works as ent generator, that is charging
1&

current for t enser /, and does not depend on
voltage, t@ plifies the formula (2) to a view [3]

" T =2V, =V, G

h charging current develops of FET-photocur-
ent and photocurrent of UJT emitter p—n-junction.
hey are linearly depend on F, that gives the lineari-
ty of dependence f(F).

Both of these transistors may be manufactured
in one chip of semiconductor as microcircuit. The
example of such structure is shown by fig. 2. In the
initial base n-semiconductor, there are two nt-fields
being base contacts UJT (B,, B,), and between them
the p-region of the emitter is
firmware, on which surface
the n-channel of MOS-type
FET places. One extremity of
the channel (drain) is con-
nected through the basis to
contact B,, and the second
(source) — with the emitter.
The dielectric on channel
surface is deposited. Behind
it semitransparent layer of
metal being gate of the FET
and jointed with source is
superimposed. The light
stream falls on FET channel
(through transparent metal
and dielectric) and on the upper part of the basis
UJT. Experimental samples of chips with FET and
UJT, manufactured on the basis of epitaxial n-sili-
con by planar diffusion technology, have shown, that
their photosensitivity is higher by not less than order
of magnitude than responsibility of the separate UJT.

The further magnification of photosensitivity can
be received by usage in microcircuit of the FET with

Fig.2. UJT and FET
as a chip

© L M. Vikulin, L. F. Vikulina, Sh. D. Kurmashev, 2001



longitudinal p—n—...—p—n-structure as a gate
(fig. 3). There is photo-voltage V under irradiation

B
N H
el PRE st s n At ST

7 [p Tl TolsTx

|
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nt n nt

Fig. 3. Microcircuit of the FET with longitudiunal pn—°

...—p—n-structure as a gate

of such structure in each of the p—n-junctions. How-

ever, in the series located p—n-junctions V. have

opposite sings and cancel each other. If to make all
even p—n-junctions by opaque metal film, only V,
will stay on odd p—n-junctions, which in a current
circuit developed each other. Therefore, potential of
the last area for a drain is equal V, = £V;, where
k — the quantity of odd p—n-junctions. This sum-
mary photo-voltage is drived a current through FET
channel as well as usual voltage on a gate. In this
case FET channel works in a mode of the charge
carriers enhancement. If, on the contrary, to bring
up all the odd p-n-junctions (and even to unlock),
the channel will operate in a mode of a depletion.
Experimental samples of the MOS-photo-transistors
on the basis of silicon epitaxial films covered with
silicon dioxide, on which the polycrystalline silicon
film of a gate representing six-layer longitudinal
p—n—...—p—n-structure was superimposed have
shown a photosensitivity being by tens-hundreds fold

greater, than responsibility of usual FET with se p
transparent metal gate. Accordingly, using such 4

in photosensing chip (fig. 2) in during long time i

responsibility is incremented also. The frequency
output of photodetector allows considerably to simp-
lify its jointing with computer and to make micro-

, .miniaturisation of the construction for the measuring

device. So, for example, the scheme of the measurer

“for illumination intensity is implemented as follows.
During one measurement the generator UJT feeds

one current pulse by duration £,=0,1 s. Circuit el-
ements of relaxation oscillator are selected so that

in absence of light in time ¢, UJT generated 100
;ﬁmpulses The frequency of the generator grows at

irradiating. The responsibility of photodetector can
be installed so, that magnification of illuminatio
intensity at 1 unity there will corresponds to gr
of frequency 1 Hz. Then 200 impulses correspo
‘100 units, to 300 impulses — 200 unit . The
impulses from generator move on p S@'l’[ingr
devices, including digital indicatorsgwh e value
of illumination intensity is highligh e scheme
together with the power supply is agglomerated in
a housing by the size about ustal pen with a photo-
detector on the face.
Photosensitive chip (U
pulse counting devic
ogy silicon micros

one chip.
Referen $
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CORRELATION BETWEEN POLARIZATION
AND SPACE CHARGE PHENOMENA IN CORONA POLED
FERROELECTRIC POLYMERS

Polarization and space charge phenomena in ferroelectric polymers are interrelated
due to existence of the depolarizing field. This field must be compensated anyhow in
order to obtain stable residual polarization. It is shown that in corona poled PVDF tl@

compensation is performed by injected and deeply trapped charges. Experimen

dence for the charge trapping has been obtained from the dynamics of apparen

ductivity during poling. Irreversible decrease in the conductivity has bee

during the buildup of ferroelectric polarization independently on poling conditions.

propriate calculations have shown that compensating charges are tr%d not at the
a

boundaries of crystallites, as usually believed, but in transition zones separatingpolarized

- \*

parts of the volume from non-polarized ones.

1. Introduction

Polyvinylidene fluoride (PVDF) and some of its
copolymers belong to the class of ferroelectric poly-
mers, due to possession of spontaneous switchable
polarization in one of the crystalline polymorphs
called the B phase [1]. It has been proved expesi-
mentally that the piezoelectric and pyroelectri
efficients in PVDF were proportional to then
tude of the remanent polarization [2]. At
time, there is strong evidence that the injecte
charge also affects the specific properties of the
ferroelectric polymers [3—5]. The r e space
charge has been discussed for the enty years
or so, but no agreement has ched on this
point so far. Some researche ieve that presence
of space charge in ferroeletttic polymers is impor-
tant, but others think t influence can be ne-
glected [6]. It is im X any cases that polari-
zation and spage do not depend on each
other. Howev | be shown below, correlation
between thét be certainly considered.

Itis switching of polarization in ferro-
electrics ompanied by appearance of the de-

pola@ ield that attempts to restore the origi-
|

nal ic state with zero average polarization. If
is not neutralized (or compensated) any-
{ the residual polarization is low and unstable.

Q)mpensation of the depolarizing field in conven-

ional ferroelectrics is usually done either by charg-

es adsorbed on the surfaces, or through a short-
circuiting of samples between electrodes. In case
of the ferroelectric polymers, phenomenon is more
complicated, because crystallites are dispersed in
disordered amorphous phase. It is not known so far
where the compensating charge resides [7—8] and
how the charge trapping can be recognized and
identified experimentally.
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It has bee@nd earlier that the poled PVDF
ive

was less c@ than the unpoled one [9]. Mea-
sureme e spatial distribution of polarization
has hat the injection of charges took place
nd arges disturbed the uniformity of polari-
ation [3, 5, 7]. We proposed a model for the build-
of polarization in PVDF and other ferroelectric
lymers assuming that trapped charges and polari-
zation formed the self-consistent well-balanced sys-
tem [4, 10—12]. In this work we provide new ex-
perimental data on trapping of compensating charg-
es in corona poled PVDF films. It is shown by appro-
priate calculations that the trapped charges reside
at the boundaries of the macroscopic polarized zones.

2. Experimental

The study was performed on 25 pum-thick uniaxi-
ally stretched PVDF films containing amorphous and
crystalline phases in almost equal proportion. The
crystallites consisted of a ferroelectric b phase (56%)
and non-polar a phase (44%). Samples were electro-
ded from one side by evaporation of aluminum and
placed in corona triode the non-metallized surface
exposed to corona ions. A pointed tungsten elec-
trode kept at constant potential of —20 £V initiated
the corona discharge. The grid was made vibrating
in order to measure effective surface (electret) po-
tential by Kelvin’s method directly during the poling
and immediately after it was completed [4].

Three different kinds of poling conditions were
applied. In the first series of experiments, the quasi-
stationary I—V characteristics have been obtained
at room temperature by increasing negative d. c.
voltage at the control grid in steps of 100 V from
0,6 £V to 3 kV and recording the poling current.
The samples were kept at each voltage for 15 min
before application of the next voltage step. The ex-

© S. N. Fedosov, A. E. Sergeeva, V. L. Soloshenko,
P. Pissis, 2001




periment was repeated again with already poled
samples.

In the second series, the constant current of
80 pA/m? was applied periodically for 5 min at room
temperature followed by intervals of the same du-
ration when the poling was discontinued [13]. The
grid was kept at constant potential of —3 £V while
the voltage at the corona electrode was controlled
automatically by a feedback circuit, so that a comp-
lete poling was performed in 11 charging-discharg-
ing cycles. The buildup and the decay of the elec-
tret potential were recorded during the correspon-
ding fractions of each cycle.

" In the third series of experiments, temperature
increased linearly from 20 °C to 100 °C at the rate
of 3 K/min, while the grid voltage, and consequently
the electret potential, was kept constant. Samples
were cooled to room temperature under the applied
field and the experiment was repeated again under
the same conditions. In presentation of experimen-
tal results we use a concept of the apparent con-
ductivity g defining it as

g=1,/VA,

where / is measured current, V is applied voltage,
o is thickness of the sample, A is surface area.

3. Results and discussion

There are three elements at [—V characteristics
corresponded to three stages of initial poling (fig. 1).

0,7 T T T T T
0,6 -
£ o5t Initi i
Q ) nitial poling
504 >
§ 0,3
S 02f
(R *
0,0 i L 1 — 1 L
0504 i 110 <§i\ 205 1s 25 3D
. - tage, kV
~ Fig. 1. Depend \e apparent conductivity on ap-
plied voltage. Th riment has been repeated on the
- poled sa s after completion of the initial poling
At fir urrent grows faster than the applied

Vo il the apparent conductivity reaches its
’ m at poling field of 55 MV/m, being very
%&' o coercive field for PVDF [14]. At the second
sfage, the conductivity drops abruptly to the mini-
um at field of 110 MV/m, followed by slight in-
“crease at the higher voltages. Repeated measure-
‘ments on the same sample show that low values of
m . .
apparent conductivity are retained in the poled samp-
' les, indicating that the changes occurred during the
poling are irreversible. The field at the second stage
“was higher than the coercive value; therefore the

main part of the ferroelectric polarization has been
formed at this stage. Since the decrease of conduc-
tivity and the buildup of polarization are observed
in the same range of the poling field, it is very pro-
bable that these two phenomena are interrelated.

Poling conditions have been changed in the se-
cond series of experiments, so that the constant
current was applied periodically. It is seen in fig. 2
that the electret potential decays almost to zero in
300 s with the time constant of about 200 s after

T T

log (V/V,)

0 100 o 00 300

Qne, s

Fig. 2. Decay of the @otential at intervals between

periodic applicatio onstant poling current. Numbers

of the applied peli ycles are indicated beside each
'S curve

completion of the first cycle of poling. This value of
ti stant corresponds to Maxwell’s relaxation
time fo’PVDF at room temperature [15]. The elect-
t potential becomes more stable with increasing
ber of the poling cycles. For example, the re-
axation time of 1300 s was observed after applica-
tion of 11 poling cycles showing that the apparent
conductivity was decreased during the poling in
6,5 times. : !

At the third series, we observed anomalous be-
havior of the poling current during the linear in-
crease of temperature at constant applied voltage.
as one can see in fig. 3, the apparent conductivity

3 T T T T T

Q=08eV

In[g(pS/m))

o
T

|
s
T

2,9 3,0 3,1 32 33
1000/T, K

Fig. 3. Dynamics of the apparent conductivity during the

initial thermally stimulated poling (solid symbols) and dur-

ing repeated experiments on the poled samples (hollow

symbols). Poling voltage and activation energy are also
shown '
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‘became lower or remained constant durmg the po-

ling depending on the value of apphe& voltage, but
the activation energy of the apparent conductivity
did not change, being about 0,8 eV in unpoled and

" poled samples; as it followed from the slope of graphs

in fig. 3. It is assumed here that temperature de-

- pendence of conductmty obeys the Arremus law

(1)

where @ is activation energy, & is Boltzmann’s con-
stant, T is absolute temperature, e is elementary

g =enn exp [— '

charge, p is mobility of charge carriers. It seems

that coefficient n, becomes smaller during poling, as
if free charge carriers are deeply trapped somewhere.
- Although poling conditions were different in three
series of the experiments, the obtained results had
two common features. First, the apparent conducti-
vity decreased abruptly when the ferroelectric polari-
zation started to grow. Second, the decrease in
conductivity was irreversible independently on the
poling conditions.
It is known that the total poling current i(¢) has
three components, namely, the capacitive, the po-

larization and the conductive ones accordmg to the

following equatlon | S
2

where i(t) is-current density, €, is permittivity of
vacuum, € is dielectric constant, E is field, P is fergo-
electric polarization. The capacitive component r
presented by the first term at the right side ofe
can be neglected, because we applied cons i

at the first and the third series of experime whi

the voltage (electret potential) change: very slowly
i

it) = soe( )+ + gE,

in the second series. It is not possibfesto, calculate
precisely the contribution of the p on compo-
nent to the total current, but thi
by comparing the integral ojt urrent with the
highest theoretically obtahﬂvalue of the residual

culations show that the
ak during the thermally

while the hi ssible magnitude of polariza-

tion in PYD, y 65 mC/m? [1, 2]. Therefore,
the pol component amounts about 25% of
the total nt. Similar results were obtained from

tion of absorption currents (not shown here)
e first series of experiments showing that

It is obvious that the apparent conductivity g
depends on density of free carriers which, in its turn,
is composed of intrinsic carriers n, and injected ones
n;. Considering one kind of mobile carriers, we can
wnte

)

While 7, depends mostly on temperature n; is
effected by poling conditions. It seems that charges
in our experiments were injected in the bulk dur-

g = ep(no+my).
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-J1] is the spontaneous polarrzatx

ing the first stage of poling and then trapped when
ferroelectric polarization started to grow. We have
shown recently that favorable conditions for trap-
ping of charge carriers exist at the boundaries of
polarized crystallites [8, 12]. Let us calculate what
would be the density of compensating charges, if
they were trapped at the boundaries crystallites.
Assuming that PVDF has a brick-like structure [16],
shown schematically in fig. 4, we get

o= 22, » (Q{‘OQ

where a=7,5 nm and b=3,5 nm are the ¢
length and width of crystallite [16], V= 14
m? is volume occupied by one crysta@ ether
with amorphous phase attached to itRy=0,14 C/m?
i @kallites. Cal-
culations give the followin ritt==2 % 0%
cm73, 'while the real density charge carriers
available for trapping is only 7. = 10'2...10'* cm3, if
typical for PVDF valueNl)e apparent conductivity

(10-10...10—12 S/m) ility of charge carriers

(2 x 108 cm?/ Vis) are fisidered. The difference in
value of n, &Vso huge that even a massive
injection of c%s ill not provide sufficient num-
ber of car r trapping at the boundaries of all
i erefore, compensating charges are
there, although energetic conditions are
or this. How then the depolarizing field is

ompensated? To answer the question, one should
nsider Poisson’s equation

e.e(32) = () + 52, ®)

where p(x) is volume density of space charge, x is
coordinate in thickness direction. When poling is
completed and the sample is short-circuited, the field
everywhere in the bulk becomes zero due to redis-
tribution of mobile charges. The characteristic time
for this process is of the order of Maxwell’s relaxa-
tion time. Then one gets from eq. (5) at E=0

P == ®)

indicating that charges can reside in transition zones
where polarization is non-uniform and dP/dx + 0.
Thus, conditions for charge trapping are favorable
not only at the boundaries of crystallites, but also
in macroscopic transition zones separating polarized
part of the volume from non-polarized ones, as it is
shown schematically in fig. 5.

" Trapping of charges in transition zones is very
important, because these charges indeed compen-
sate the depolarizing field in the crystallites. To prove
this, we consider the definite case, for example, the
uniform distribution of polarization in the bulk with
narrow transition zones near surfaces [5], as it is
shown in fig. 4. At equilibrium conditions the density
o, of real charge at the surfaces is equal to the den-

sity of the polarization charge o, and to the magni-
tude of the average polarization P’ i.e.0,=0,=P’
In its turn, P’ =x P,, where x, is the crystafhmty




Let us find the field applied to a dipole inside a crys-
tallite positioned, for example, at the point A. If the

Ll L) T T T T T

P(x)

P(x), p(x)

Dept'h (x)

Fig. 4. A typical distribution of polarization and space

charge in the thickness direction, according to Poisson’s

equation. Space charge is localized in a transition zone

by which the polarized part of the volume is separated
from the non-polarized one

one-dimension approximation is valid, the result-
ing field is zero, because the number of positively
charged layers is equal to that of the negatively
charged ones both above this point and below it.
Therefore, the depolarizing field inside the crystal-
lites is completely compensated by field of charges
trapped either at the surface, or in transition zones.
It is easy to show that in both cases the charge
density related to the unit area does not depend on
thickness of the transition zone and equal to the
maximum value of polarization. For example, in
order to compensate the depolarizing field in polar-
ized crystallites, the volume density #, of the trapp

charge should correspond to the following equati

o, =x.P/="en,xg:

Assuming x,=20 pm, x.=0,5, P,=
we get n,=5x 10'6 cm~3 which is lo
density of intrinsic carriers n.. This t s rather
important, because it shows thaﬂ must be
sufficient source of free cha e ing the polmg,
so that they can be trapped smon zones in
order to compensate the zmg field in crys-
tallites. The charges ¢ ither injected, as in case
| of corona poling, or thermally inside the
sample. For ex required charge can be
injected in 15.m e polmg is performed at room
temperature stant current of 160 pA/m2.
b Iis kn%‘hat PVDF poled at elevated tem-
: es"hasshigher value of residual polarization

- atipoled at room temperature. The thermal
aiatin,

the

most probably, not only improves align-

sleetrets, but also provides the high density of free

arge carriers necessary for further compensation
the depolarxzmg field. The electret component of
polarization in PVDF is thermodynamically unsta-
-~ ble and decays with time, negatively effecting sta-
bility of piezoelectric and pyroelectric coefficients.
Elt is clear from fig. 4 that charged layers with den-
ity +0, and —o, remained uncompensated above and

0 dlpoles as in case of conventional polar

below the point B positioned in amorphous phase.
It means that the field created by those layers sup-
ports the electret polarization in amorphous phase.
Moreover, this field tries to separate positive and
negative charges, pressing them to boundaries of
crystallites, but this did not affect the field inside
crystallites that remained zero, as it has been already
shown. Free movement of the separated charges is
somewhat constrained and this can be one of the
reason why the apparent conductivity decreases
during the poling.

4. Conclusion

We have provided some additional experi
evidence on close correlation existing bet
larization and space charge in PVDF an
the depolarizing field was compensated arges
trapped in macroscopic transition z y which
polarized parts of the volume were separated from
non-polarized ones. The compensating charges are
first injected in the bulk of\created internally by a
thermal emission and then trapped when the ferro-

electric polarization is b8ing formed. The clarifica-
tion was necessary, it was still commonly

believed that char re trapped at the bounda-
ries of crystalli @)reover, it is often assumed
that the poli | itself is created by the trapped
charges [g lows from our results, however,
that the charge trapping in PVDF and probably in

oelectric polymers is not the cause, but
‘the result of the polarization buildup.
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PREPARATION OF THE Li Ni, ,0-SOLUTION FOR GAS SENSORS c)Q)

O

discussed. The systems of metals with variable valence have been got on the base of
the given metals acetates and acetates of metal of 1A group are shown.

The properties of metal-oxides, which are used as sensitive elements for gases are &

Now the complex materials of different metal-
oxides are used as the primary sensitive elements
to gases (CO, CH,, C,H,, NO,, NHj;). These materi-
als used more often than pure ones because of their
high sensitive qualities. The most effective materi-
als- are the solid solution of oxides of variable va-
lence metals which have the general formula Me!
Mel O, where Mel — is the first group metal of the
periodic system and the Mel' O — is variable valence
metal. These systems have stable electrophysical
characteristics owing the oxygen balance establish-
ment between volume, surface and gas phase at high
temperatures. At the same time these systems are
very sensitive to adsorption of small gas portions.
This quality is their main trait.

We have got the systems on the base of metals
with variable valence. The systems have be
on the base of given metals acetates and_th
tates of metals of 1A group by decompos
during 5 hours by temperature 6000 °C. S&
got the oxides mixtures with the content of 1A group
metals — 10, 20, 30, 40 and 50 t. These
mixtures were the initial materi e obtained
systems, by the treatment rent tempera-
tures — 700, 800, 900, 10 l@200 S

We determined the er of «holes», corre-
sponding to the quant inclusion metal of 1A
al lattice constant, elec-
s on the conditions to form

500 900 t,'C

Fig. 1. Solid-solution concentration — temperature depen-
dence. The content of 1A group metals:

1—10,2—20,3—30,4—40,5—50%
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solid solution concentration on t ature of its
formation. Fig. 2 shows the d e of «hole»

[Ni®+]10? mol/g

[Li*]

ig. 2. «Hole» concentration — lithium concentration
dependence. The temperature formation:

1 —1700, 2 — 800, 3 — 100, 4 — 1200 °C

concentration on the initial concentration of 1A
group metal (lithium).

The quantitative determination of «holes» by
chemical method in solid solution consists of deter-

~mination of trivalent nickel in the system. When
solid solution Li,Ni,_,O is dissolving in the hydro-
chloric acid owing to oxidizing-reduction process
between trivalent nickel and ion of chlorine, the
uncombined chlorine is educing. The chlorine is de-
termined by the iodometrical method. The quantity
of lithium is increasing when the initial concentra-
tion is increasing.

This formula is right for all temperatures to form
of solid solution. Fig. 2 shows that the curves go
through the maximum (the initial concentration of
lithium — at 30%) and then fall down. We have got
the region where inclusion more lithium even by
the way of another treatment of solid solution was

- impossible. The inclusion of lithium is desirable

because sensor sensitivity depends on the quantity
of «holes» in the system.

We can show the inner group of solid solution
in mobile conduction as:

/' Ni3t =0 . / Nizt =
Li—O* — Ni%* = O| «» |Li—0" — Ni3+ = O| «
O

/ Ni2+ =0
Li—O" — Ni?+ =0,
NPNi2t = N Nizt =

N\ Ni%+ =

© Sh. Kurmashev, A. Sofronkov, A. Gavdzik, S. Gayda, 200!




So, sensor sensitivity is the cause of the mobility.
The possibility of getting the solution by the cheap
well-known methods permits the possibility of gas
primary making with the help of industry. The de-
veloping ideas about «hole complex» allow us to
select sensors without using the method of «tests
and mistakes». The goal of this work is to research
the dependence of system sensitivity Me—MeO
(Me—Li, K, NA, Cs; MeO—NiO) on CO adsorption
from atmosphere, draining air and nitrogen.

The films of Mel Mel' ,O which is on quartz plate
with platinum contacts were used as sensitive sub-
strate. The research of these pellicles shows that
there is no any charges in the process of marking
of solid solutions. The crystals sizes (3...10 um)
are rather the same. We carried our the experi-
ment in gas flow containing CO (2 volume percent,
T =573 K). There is no any sharp increasing of elec-
trical conductivity. This preparation brings to nearly
full reversibility. We researched the kinetic curve
of electrical conductivity Ao/o,= f(¢) and the de-

pending of response upon the structure of solid
solution and temperature of its preparation (fig. 3).

Ao
G | 3
2

i 2
: O

: 4 ¢
0'0 1 1 1 1 Il Il Il

0 1 2 3 0 1
cot 1, min ico &

Fig. 3. Kinetic of electroconductivity. Th
of preparation:

1—700, 2— 800, 3 — 1000, 4

en@ture

The received facts are explaiﬂn terms of «hole

complex». &
.
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LUMINESCENCE OF ZINC SELENIDE SINGLE CRYSTALS

DOPED WITH INDIUM

The spectra of edge and long wavelength photoluminescence for single crystals
ZnSe:In, obtained by free growth procedure are investigated. Spectrum of edge emission
for low doped crystals ([In] = 10" ¢cm~3) is characterised by lines of emission of fr
excitons and donor-acceptor pairs (DAP). At concentrations of indium higher 10"
the emission of excitons, bounded on neutral zinc vacancies, appears. Spec
long wavelength luminescence evidences the presence in the crystals, ch
cies of zinc (Vz,, V7)) included in composition of DAP.

Introduction

The zinc selenide of is a wide energy gap
(E,=2,68 eV) semiconductor of A?B® group. Due to
straight zone structure it has high efficiency of an
emission recombination. Now the production of blue
light-emitting diodes on the basis of single ZnSe
crystals is prospective [1, 2]. However, instability
of the emitting characteristics of such diodes is not
sufficient for their production. In this connecti
the production and investigation of the crystals wif
perfect structure, low dislocation density a
conductivity is the very important prob
last years the technique of free growth

d gned

[3], it consists in growing of crystals of A?2BS group
from a vapour phase in condltlon luded their
contact to growth camera. The o crystals had

the perfect structure and lo 0* cm~?) dislo-
cation density. In subseq @e doping of ZnSe
crystals with indium dur r growth by means
of this technique was [4] The high-conduc-

tivity crystals (o= m‘l -cm~') were obtained
as the result of uent annealing ZnSe:In in

zinc melt [4 g :
In th1 luminescence of ZnSe:In single
crystam d by method of free growth reserved.
EpPOoS
c

The p of such investigations is to clear up

the mechafisms of emitting recombination and na-

t uminescence centres in crystals ZnSe, doped
dium.

Experimental technique

The investigated zinc selenide crystals were ob-
tained by method of free growth in two crystallo-
graphic direction (111) and (100). The growth am-
poule was installed in the furnace with vertical
temperature gradient. The seed, container with ini-
tial (ZnSe) and alloying (In,Se;) materials was
placed in ampoule. Temperature of vapour source
was 1430...1470 K. Temperature difference between
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source and subst ex...’iO K. The total pressure
of gas mixture was to,stationary values in all proces-

ses and ma Yut 100 xPa. More detailed de-
scription f echnique to obtain the crystals
is contaj works [3, 4]. The concentration of
indiu ystals was determined through the

1ssxon analysis and varied from 10 up

?to i

e spectra of photoluminescence were measured
by spectrophotometer ISP-51 within temperature
range 77...400 K. As an excitation source, the he-
lium-cadmium laser LGN-403k, emitting on a wave-
length 441,6 nm, was used. The spectra of long
wavelength luminescence were represented with
allowance for spectral sensitivity of the measuring
equipment.

Edge luminescence ZnSe:In

The investigations of edge luminescence spectra
were carried out at 77 K. In more short-wave (excito-
nic) range of spectrum, two lines of emission on
2,808 and 2,797 eV (fig. 1, a) are detected. These

I, arb. units I, arb. units
i 1,0
0,6
0,6 |-
0,2
0,2
280 282 E, eV 2,65 " 2,70 E, eV
a

Fig. 1. Spectra of exciton (a) and edge luminescence ()

© Yu. F. Vaksman, Yu. A. Nitsuk, Yu. N. Purtov,
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lines are characteristic for low doped crystals
([In]=2-10'6 ¢m~3). In according to [6], these lines
are stipulated by emission transitions of free exci-
tons from states with n=2 and 1, respectively. In
spectrum of excitonic luminescence for highly doped
crystals ([In] > 10'7 ¢m~3) the line of width 1,6 meV
with a maximum on 2,771 eV, stipulated by recom-
bination of bound exciton is detected. In this case
energy of emitted photons is described by the equa-
tion

By w-By o BBy (1)

where E,, — bond energy of free exciton, equal to
16 meV [7], E., — bond energy of localised exciton.
In accordance with [7], relationship between acti-
vation energy of acceptors (donors) and bond energy
of exciton — impurity complex looks like: E, = 10E,;
E,=5E,. The calculation of the equation (1) shows
that radiation on 2,771 eV is stipulated by excitons
localised on acceptors with an activation energy
190...200 meV. Such acceptors in zinc selenide are
the neutral vacancies of zinc V¥, [7].
In all investigated crystals, the emission lines on
2,689, 2,657 and 2,623 eV were observed (fig. 1, b).
- The line with a maximum on 2,689 eV is stipulated
by emission transitions within DAP. Apparently, in
DAP composition the indium donors In}, enter. As
acceptors the ions of uncontrolled impurities of lithi-
um or sodium can be there. The emission lines on
2,657 and 2,623 eV are LO — phonon repetitions of
a line on 2,689 eV.

Features of spectrums
of a long wavelength luminescence

The spectra of long wavelength luminescence r
present broad bands placed in the range 480... m.
In spectrums for luminescence of ZnSe ¥

concentration of indium ([In] =2 - 10'® ere is
a broad band with maximum on 490 r@

2). Itis
1, arb. units
¥ Q\v

1,0+

A, nm

ig. 2. Spectrum of long wavelength luminescence of low
doped crystals ZnSe:In

earher determined [8], that the isolated centres of
*qugen (Os,) stipulate this band of luminescence.
“nergy of thermal activation for luminescence centres

is equal to 0,13 eV. It also is in agreement with data
[8]. In crystals with [In] > 10'7 ¢~ the luminescence
of oxygen was not observed.

Spectrums of iong wavelength luminescence with
moderate concentration of indium ([In] = 10'7 cm—3)
contain two bands with maximums on 560 and
625 nm. Thus, in crystals with [In] = 10'7 cm=3 the

. yellow-green emission predominates. With increase

of indium concentration up to 3- 10'8 cm3 in spect-
rum of luminescence the specific weight of red-
orange luminescence increases.

Spectrum of long wavelength luminescence

intensity of exciting light. The rise of crystal tem-
perature from 77 up to 170 K leads to increase}
G

specific weight of red-orange radiation (fig.é

I, arb. units

ZnSe:In depends on temperature of crystals an;

Lo

06}

02f 7 5 ‘\

ﬂ

measured at:
11— 77,2 —108,3—133,4— 173K

A nm
Q ig. 3. Spectra of long wave length luminescence ZnSe:In,

chacteristic influence of temperature on a spectral
distribution of emission evidences about the mech-
anism of current transfer between luminescence
centres, which is characterlstlc for recombination
luminescence.

With decrease of exciting light intensity from 100
up to 20%, a band with a maximum on 625 nm
becomes dominating in luminescence spectrum.
At the same time the broadening of bands in long
wavelength range is observed, that testifies that
the indicated photoluminescence spectra, is similar
to ZnSe:Al spectrums, described in [9], are not
elementary.

To define the nature and the energy position of
luminescence centre levels, responsible for yellow-
green and red-orange emission, the temperature de-
pendencies of emission intensities were investigated
in the range of 560 and 625 nm. Activation energy
of the temperature decay process was determined
with inclination of linear site of dependence I(T),
figured in coordinates In/ from 1/7. The tempera-
ture luminescence decay in range 560 nm represents
a curve with two linear sites. In the range of low
temperatures, the weak decay of luminescence with
activation energy 0,05 eV was observed. In the range
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from 200 up to 250 K the intensity of green emission
varies insignificantly. Activation energy, determined
in high-temperature range, was 0,11 meV. The tem-
perature dependencies of luminescent emission with
two linear decay sites are explained within the frame-
work of model for emission recombination which is
carried out on donor-acceptor pairs. In this case
energy of emitted quantum is determined by the
equation

2
hv=Eg——Ed—Ea+:—R, )
where E,, E, — activation energy of donor and ac-
ceptor; R — distance between the donor and accep-
tor. In accordance with [10], the green emission of
ZnSe:In is stipulated by neutral associative centres
(VzuIng,)*, the single-shot vacancies of zinc enter
into their content.

The process of temperature decay of red lumi-
nescence is characterised by two activation energies
0,05 and 0,35 eV. The first of them is equal to acti-
vation energy for the hydrogen-like donors, and the
second is equal (see equation (2)) to the difference
(E,— €*/eR). In agreement with [9], the red radia-
tion is stipulated by associative centres (V,Ing, )~
the zinc vacancies in charge state —2 enter into their
composition.

It is necessary to note, that in spectra for lumi-

in zinc melt, the band of red luminescence domi-

nates. It is explained to that energy of substit
single-shot vacancy of a cation by zinc ato

smaller in comparison with the appropri
for two-charge vacancy.

Outputs

nescence of high-conductive ZnSe:In chips, annealed
£\
lue

1. Spectrum of edge lumine
single ZnSe crystals ([In] = m3) are charac-
terised by lines of free exci ssion with n=2,1
(2,808, 2,797 eV) and line, of DAP emission on

of low doped

2,689 eV with its phonon repetitions (2,657 and
2,623 eV). :

2.In low doped ZnSe single crystals
([In]=2-10'® ¢cm~3%) the long wavelength lumines-
cence is observed in the range of 490 nm. This band
of luminescence indicates presence of uncontrolled
impurities of oxygen in crysrals.

3. Spectrum of edge luminescence for of ZnSe

107 ¢cm~2 is characterised by line for emission.
excitons, bounded on neutral zinc vacanci
line of DAP emission on 2,689 eV with its&
repetitions (2,657 and 2,623 eV).

4. Spectrum of long wavelength
ZnSe:In evidences the presence of
ing acceptors Vz,, VZ and dono

5. Annealing of ZnSe:In ¢
decreasing of Zn vacancy e tion, responsible
for long wavelength lumines . This is the reason
for increase of a SPQ conductivity of crystals.

crystals with indium concentration higher tha:g@

escence
contain-

7. in crystals.
zinc leads to

*
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THE EFFECT OF SELF- PURlFlCATlON IN p—CdTe—Gd

CRYSTALS

The doping of CdTe by Gd impurity in the synthesis process was made. The eifect
of matrix purification from shallow acceptors A, is found; it is connected with transi-

tion of A, into electrically nonactive state. The role of Gd impurity to intensify of this

process is discussed. The influence of the long thermal treatment (LTT) on electro- 5
physical properties of p—CdTe—Gd crystals is studied. It is shown, that electrophysical ,
properties of p—CdTe—Gd crystals may be essentially changed by appropriate thermal {8\, "
treatment. The conditions, at which the LTT leads to further material self-purificati

from shallow acceptors A, and compensative donors are determined. The role of

precipitates in these processes is discussed.

The doping of semiconductor crystals, in parti-
cular, A3B5 and A*B® by rare-earth metals is accom-
panied by their purification from non-controlled
impurities (effect of self-purification). In the doping
of CdTe crystals, this effect practically is not studied.
The content of this paper is the result of CdTe-crys-
tals electrophysical investigation; these crystals were
doped by Gd impurity according to Cd—Te—Gd
scheme without the excess of Te. The doping was
made during the synthesis process, for the reason
that at high temperature Gd reacts with the quartz
even if it is protected by pyrolitical graphite layess
The concentration of dopand in the melt (C,) varied
from 3-10'7 to 3-10' cm=3. The doped crystals
grown by Bridgman method, has the n-type of con-
ductivity, if C, < 3- 10" cm~2 and the p-type'of con-
ductivity, if C,>3-10'" cm=3. The crysQ% ot p—
CdTe—Gd will be examined .

The temperature dependences (t %.80...400 K)
of hole concentration (p) and their Hall mobility (u,)
were investigated from the measurement of Hall
coefficient and conductwﬁg"@f‘%e samples with
different reduction axis‘€ootdinate (g) in ingots:

| g=X/L; L — ingot(lefigthy X — the coordinate of
| sample, from the i origin. It is found that in
these samples fhe"wrfype conductivity is controlled
by only one acceptor A, [1]; it’s ionization energy
E,=0,12..,0315 eV. Inspite of this E, depends on g
1f C,=3, mﬁ ¢m=3 and it is constant if C, increases
(see flg V) Let us assume that in the mvestlgated
cry, the modification of A,-acceptors by the rare-
tals Gd impurity takes place, like in CdTe—
%ﬂvstals [2]. Then it follows that, at first, the seg-
regation coefficient (&) of Gd in CdTe < 1, and, at
econdly, the Gd solubility is so small that the pro-
duct K- C, is limited by maximum solubility even if
C,=10'? crm=3. The result of magnetic investigation
points to small content of Gd impurity in the most
part of the crystal (g =0...0,95). The paramagne-
tic component of magnetic susceptibility at 100 K

© E. S. Nikonyuk, V. L. Shlyakhovyi, M. I. Kuchma,
M. O. Kovalets, Y. D. Zakharuk, 2001

doesn’t exceed 0,03 - 10-® ct3/g even in the highest
doped samples; it give$ maximum value ~ 10'® crn=?
N

Ae eV
0,15 °n @ N a o ;
* ©\"® A
- ’// 1—o
’_‘,’ 2 —a
o yb‘”m@-—a— _____ A== 3—ano
ow“ < " p g
N 0 g 0,5 1,0 g

Fig. 1. Axial distribution of A, acceptors ionization energy
7 in p—CdTe—Gd crystals with different C, value:

1—3-10%2—10'%3—3-10"%cm-®

for concentration of Gd impurity. Consequently,
nearly all dopand drives back to the end of ingots
(g >0,95); there, really strong paramagnetism takes
place.

Distribution of A, acceptors concentration as well
as more shallow completely compensated acceptors
A, obtained from analysis of p and mp temperature
dependences, is presented in fig. 2, 3. It is seen, that

[A;]- 10718, cm—3
L 2
2,0
12+
- 3
04 ’ ‘
0 0,5 10 g

Fig. 2. Axial distribution of A, acceptors concentration
in p—CdTe—Gd crystals with different C, value:

1—3-10% 2 —10"%3—3-10¥cm=3
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if g <0,4 content of A, acceptors ([4,]=5...7-10'
cm=3) is similar to the same value in undoped crys-
tals, that was grown from zone purificated initial
components, but at g > 0,4 its increase is anoma-
lously rapid and it shows tendency to saturation at
g > 0,8. The dependence of [4,] on C, at g < 0,4 and
its nonmonotony for g > 0,5 (if the doping with the
different purity is made) indicates that the donor

component of A, complex is conditioned by uncontro- |
led impurities at initial components as well as at Gd.

Let us come to the analysis of [4,] (g) curves
(see fig. 3.). It is seen, that at small g, the consi-

[4,]- 107, cm-2
30t

1,0

0 0,5 1,0 g

Fig. 3. Axial distribution of A, acceptors concentration
in p—CdTe—Gd crystals:
curve 4 — means number for the massif of undoped p—CdTe
crystals :

derable influence ofimpurity on [A] is absent,
at g > 0,4 the «purification» of matrix from A,

place. That «purification» is connected with
introduction of Gd impurity. This effect i @ -
nected directly with the driving back A, umpurity
to the end of ingot, owing to the segregation of
crystallization front, but it is con
sition of A, into electrically innacti
tation or capture by other prec@e
by Te ones [3]. In that case of Gd impurity
consists in intensification ‘of%process, that leads to
the creation of the @ |@ for A; acceptors on a
mass scale of Te-containted precipitates and inclu-
sions. The possipili ch intensification is bound
up with exist the number of chemical com-
binations dTe;), and their eutectics with
Tein C stem. Nonmonotony of [4,] (g) de-
pendenc nnected with the fact, that the total

con@;\tion of A, acceptors increases g (trivial seg-

, particularly,

regatjon), but at the same time concentration of
, that captures these acceptors increases too.
optimum correlation between these concentra-
ons is ensured in the range of minimum value [4,]
(g=0,5...0,7). It is true, that the thermal treatment
(TT) of doped Gd samples may be accompanied by
further purification of material from A,, or its «con-
tamination», depending from TT conditions.

It is known [1], that the result of long thermal
treatment (LTT) for p—CdTe crystals in tempera-
ture range 420...480°C during the tens of hours con-
siderably decreases the concentration of shallow ac-
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ceptors A, i. e. the material self-purification takes
place. Influence of LTT on CdTe—@Gd crystal para-
meters is presented in table.

Table 1
LT{_.condi- Parameters after LTT
C.. ions
o g [4g] x | [A4] x
e t,°C| v h |Eev| o ><12()—15 xlI()-“i
A g 1 L i N O
3-10'8 0,33 | 450 48 |10,114| 84 | 7,3 | 3,6,
3-10'®| 0,47 | 420 | 100 {0,135| 145 | 7,7
3-10'%| 0,47 | 440 72 10,120 11,0 7,3
3-10'8} 0,47 | 480 24 10,040
3-10% 0,68 | 400 | 100 {0,139
3-1018{ 0,68 | 420 90 {0,137
3-10'% 0,68 | 480 24 10,043
1-10%| 0,38 | 400 90 | 0,150
1-10' 0,86 | 400 | 90 |0, 1,6
3.10%| 0,72 | 400 | 120 |0, 1,6
L 4

* 152
The first obviouMQU ion from presented data
is the following® the upper boundary of «self-purifi-
cation» tempe % range is reduced considerably
in comparisi that for undoped crystals. In
particular, t 480°C is accompanied by total
decom n of A, acceptors because of sharp
inere@si A, acceptors concentration; this accep-
tors&I in to control p-conductivity at low tempera-
ures. It is found, that «contamination» of samples

A, acceptors increases with increasing g and Gd

purity concentration in melt. After LTT at 450 °C
sample «contamination» by acceptors A, is less
appreciable, and A, acceptors continue to control
p-conductivity. And so we may affirm that upper
temperature boundary of effective «self-purification»
area for doped Gd samples doesn’t exceed 440 "C.

The lowest value of A, acceptors concentration
was obtained after LTT at 400...420 °C on the samp-
les with minimal content of Gd impurity. It is pos-
sible, that temperature range of effective «self-puri-
fication» is removed a bit lower in the crystals with
larger content of Gd impurity, but it demands longer
duration of LTT.

It is-noted, that «seli-purification» effect at LTT
is always accompanied by increasing of acceptor A4,
ionization energy; with regard to obvious ratio
E,,=E, —a[D*]'3 [1], the latter testifies simulta-
neous «purification» from compensative donors. We
cannot do simple conclusions about «self-purifica-
tion» from A, acceptors, because of relatively small
changes of [A,] at LTT.

Thus, LTT (1= 10% &) of Gd-doped p—CdTe crys-
tals (C,=3-10%..3-10'° ¢m=3) in temperature range
t=330...440 °C is accompanied by material «self-
purification» from shallow acceptors A, and compen-
sative donors. Precipitates which main component
is Te, take the part of gutters for this defects. Tempe-
rature lowering in the area of effective «self-purifi-
cation» is caused by concentration of Gd gutters,
that creates the combination with tellurium. In par-
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ticular, temperature of GdTe, + Te eutectic, that is
equal to 400 °C, hits just in «self-purification» area.
It is known [4] that segregation coefficient of prac-
tically all impurities in CdTe(s)—Te(l) system is less
than one; this fact ensures possibility of impurities’
concentration by liquid phase. This possibility has
practically been realized already in cooling process
for the grown crystal. But in practice cooling velo-
cities, used (50...100 K/), leave the significant part
of impurities in CdTe matrix. Estimation in the radii
of «purificative action» of precipitates was made
from low-angle boundary density, (~10...100 crn—!
in CdTe); with regard to time of LTT (t= 100 &) we
have obtained value ~ 10-° cm?/c for diffusion coef-
ficient of impurities. For many impurities, espe-

cially if they have a rapid component of diffusion
flow (Cu, Li, for example) diffusion coefficients at
t =400...450 °C exceed the estimative value. Hence,
the segregation of matrix from impurities at LTT can
be realized in practice.
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THERMALLY STIMULATED LUMINESCENCE

OF POLYCRYSTALS ZnS

Thermally stimulated luminescence and kinetics of signal attenuation of glow of
zine sulphide polycrystals received by method of high-temperatured synthesis are in-
vestigated. The persistence of is samples in green region of spectrum (A, =520 nm)
with anomalously major duration of glow is revealed. In TSL spectrum a series of strips
are revealed. It is observed, that the spectrum TSL can be surveyed in approach of

repeated capturing absence. The activation energies relevant to chlorine level
calculated. It is shown, that for the indicated features for glow kinetics and

trum the impurity of chlorine is responsible.

Among semiconductors of A2B% group zinc sul-
phide is of special interest. Zinc sulphide is wide
band and direct band compound with width of en-
ergy gap 3,6 eV (when T=77 K) — 3,7 eV (at room
temperature). In energy gap of ZnS, there is a set
of energy levels with various occurrence depths sti-
pulated both by availability of impurities and native
defects. Usually, the undoped crystals of zinc sul-

dure, have conductance of n-type.

One of methods to produce deriving pol
stalline materials distinguished by simple
logy and low energy costs, is seli-spreading “hi
temperature synthesis (SHS) [1]. Wite
is possible to gain both stoichiometric,%and’doped
polycrystals. The investigation of @ra for ther-

phide practically independent on production proce: 100\' %

mally stimulated luminescenc is one of
methods to define the ener ion trapping
levels.

We have investigate(&I ) polycrystals. The
measurements of TS a were carried out as
follows: at the te n re of fluid nitrogen the

ng 20—30 mines by laser

sample was lig 2@
and at the tithe the defined photosum was
stocked Q Photoexcitation was conducted
in the rior padding illumination (in dark-
ness)@ he traps were essentially filled with
electro he light source was switched off. Then
eating of sample was produced with constant
iezgt
S

L curves of ZnS(Cl) polycrystals under three
20 degree/mines, B,= 10
degree/mines, B, =5 degree/mines) were obtained.
The given curves are stipulated by superposition of
two processes: by the kinetics of photoluminescence
signal damping and thermally stimulated lumines-
cence. Judging by the form of curves, it is possible
to tell, that change of intensity and displacement
of glow band maximums depend on the chosen heat
rate in samples. The intensity of luminescence for
ZnS(Cl) polycrystals with heat velocity of 20 degrees
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other velocities ofNheat.
To separat® the kihetics process from that of TSL,
toluminescence kinetics under

per one minute (\de e&/sec) is more, than with
e

we measure

temperat emperature of fluid nitrogen within
1 hour e moment when stimulating light was
locko 1). It was noticed, that the shape of

1%

100

50 {4

0 4 t sec 0 10 t, min

Fig. 1. Kinetics for signal attenuation of ZnS(Cl) photo-
luminescence for various time intervals (a, b):

1 — under ambient temperature; 2 — at the temperature of fluid
nitrogen

curves of a relaxation did not vary during of excita-
tion of sample with various waves lengths.

Under measurement of relaxation curves in the
course of different temperatures (7,=80K,
T,= 173 K and T; =290 K) it was observed, that the
dependence on temperature has not practically come
to light. Therefore, the curves of photoluminescence
signal attenuation were measured only at tempera-
ture T=290 K, but for various time intervals relevant
to duration of measurement of TSL curves with vari-
ous heat rates: ¢, = 15 min for B, = 20 degree/min,
t,= 30 min for B, =10 degree/min and t3 = 60 min
for B, =5 degree/min.

By deduction of curves of photoluminescence
relaxation from the above-stated curves, the TSL

© S. V. Zubritcky, V. I. Beizym, 2001



spectra without contribution imported by kinetics
of photoluminescence signal attenuation have been
obtained. The results for various heat rates are
shown in fig. 2.

100

0 140 240 T,K

Fig. 2. TSL spectrums measured under of various heat
velocities:

1 — 20 degree/min, 2 — 10 degree/min, 3 — 5 degree/min

The received dependencies represent integral
curves composed for a series of partial strips of glow,
stipulated by the contribution of various trap cent-
res. On maximums for sectional individual strips of
glow it is possible to define their quantity and to
calculate the depth of occurrence centres of traps E,.

As the methods to define E, depend on a view of
glow kinetics, it is necessary to determine correctly
the character of glow kinetics. This question was
solved taking into consideration the following cri-
teria: character of symmetry for TSL strips, depe
dence T, for reserved photosum quantity and d
pendence of TSL bandwidth on quantity of the re-
served photosum.

As it is shown in fig. 2, TSL spectra con‘i@
. So

series of glow strips, which overlap one
the guess on linear glow kinetics %cepted,
g

because the spectra broadened to t ow tem-
peratures, and, hence, paramet f glow T, strip
and § did not depend on qua m

To define the quantit pproximate com-
putational methods wefe uSed.

1. The quantity B, was calculated on the basis of
relations, determifii pendence, & or E, of hali-
ear the formula can be ob-

width. When TSk
tained as followed:

2kT?
Et = sm b
At : time, calculation of quantity E, it was
regui o define only two parameters TSL — T,
. For the case of the linear kinetics, the quan-
&Qit E, can be rather simply calculated under the

availability of two radiation spectra measured under
various heat rates of crystalline phosphor. Let tem-
perature position of TSL strip maximum corresponds
to T, under heat rate By and to T, — under B.
Taking into consideration the approaches of linear

kinetics, the temperature standing of maximum is

defined by the formula
w, kT2\"
In(Xe.Zm)
”(Bo E, )y

The relation of quantities 77,/T% allows to deter-

mine quantity E, as follows:
Lo 1 RAPR g Ob
E=k{p—z) mE @) \!

3. On initial stages of thermally stimulated lumi- E

E,
To=2%

O

nescence, when the difference T— T, is such, th
the reserved photosum quantity has not enough titge
to change considerably, the relation ships

types of the kinetics determining TS m,
irrespective by to character of kinetics, a the

following form:
ITy=A. e& .

where A — stationary‘ val\ fiot temperature-
itia

dependent. Hence, at theninitial TSL stages, the de-
pendence /(T), construc In/~ T-! coordinates,
is represented as di line with E,/k declination.
To calculate E, @ rom figure 2, the quantities
T, and & were ured. The values T, are also
shown in &a

Table 1

Temperatures of maximums of TSL strip
engities s for three heat rates and half-width
of apparent glow strips

Bo | Twi, K| 8, K | Ty K| 8, K | Tog, K| 85, K

20 168 1:212. 1 219 94 276 20
10 160 | 260 | 210 52 254 24
5 150 162 190 46 224 31

The average results on E,, particular three appro-
ximate methods are shown in table 2.

The nature of centres,
responsible for traps has
not already been defined.
According to the printed
sources [2] depth for
occurrence of chlorine le-
vels ~0,25 eV, that is well
agreed with energy standing of one sticking levels
the define by us. It is supposed, that the intrinsic
defects of polycrystal and impurity of chlorine (Cl,)
are responsible for the relevant centres.

Table 2

Values E; for each
of glow strips

E'_«z, eV E(3, eV
0,12 0,3

Ey, eV
0,06
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THE OPTIMIZATION METHODS

FOR THE ELECTROOPTIC PARAMETERS OF THE ZnS

TRANSDUCERS

The results of investigations in the influence of additional technological processing
of electrooptical converters on their current—voltage and volt-brightness characteri-
stics are presented in this paper. Is was stated that annealing in He gave the results
close to the data for structures formed electrically.

Introduction

The forming processes in the electrical-to-optic
transducers were investigated. Such transducers’ ba-
sis is the barrier structure of metal-dielectric-semi-
conductor type, produced by means of silicium oxide
thin film deposition on the ZnS film surface. The alu-
minium, deposited in vacuum served as the upper
electrode.

The active layer of the electric-to-optic transdu-
cers is the semiconductor zinc sulphide film, produ-

and pyrolisis of metal-organic compounds (M
method. All the obtained structures required th
ditional treatment — the forming of radiati
meters. The transducers’ parametres be g Stable
only after the preliminary keeping of n er
the electric field action.

The processes of the electric fiel
radiation transformation take plac
sulphide layer. Before silicon o%i position, the
additional technological tr@ s of the layers
were fulfilled: annealing 4 ir, in He vapours
and in vacuum. The a$ in vacuum and in the

open air did not cha parameters of the trans-
ducers produced e forming procedure was
needed as ppevidus

The mo sting behaviour had the struc-

ced by the electro-hydro-dynamic sputtering (EHDS)!

ergy to optic
active zinc

tures optai the ZnS layers, annealed in He
vapou ransducers’ radiative characteristics
compar ith those, where the active layer was

n nealed, makes it possible to conclude about
sibility for the substitution of the electric
ing procedure by the active layer annealing in
pours. Besides that the volt-brightness slope was
noticed for the layers annealed in He which are the
main electroluminescent cells’ parameters.
Among the devices for optical representation of
information, the thin film electrooptical transducers
are widely used. Having enough level of brightness,
low operating voltage, they provide high resolving
power. The active layer of such transducers is ful-
filled using the wide zone A?BS semiconductors, par-
ticularly ZnS doped by Mn [1, 2].
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The advantages of the sources of light:
the low operating voltage enough level of

brightness, high reselving power, the plane type
construction, the i(iexsfbility in choosing dimen-
sions, packaging&iw and the shapes of the illu-
minating si

The goal work: investigation of the addi-
tional te @ical processing influence on the
electrop and luminescent properties of the
electr jeal transducers.
* S layers deposition was fulfilled on the

g% bstrates, coated by the transparent conduc-
tive SnO, layer. Using this production technology,

-“\the two different methods were applied: method of

electrohydrodynamic sputtering (EHDS), which was
previously used for the production of other A%B%
compounds [3], and now applied for the zinc sul-
phide; the modified method of chemical deposition
of the vapour phase of metallorganic compound. The
overheated water vapour was used as a transforming
gas. The thickness of the films obtained for the period
of 60...180 min was 1,5...2 um.

For the improvement of the illuminating cha-
racteristics of layers investigated, the additional
heat treatment was carried out. The types of annea-
ling: in vacuum, in the air, in the atmosphere of
helium.

Experimental results and interpretation

The structures based on the initial layers were
investigated as follows: the volt—current depen-
dence measurements; the volt—brightness depen-
dence measurements.

The structures investigated did not show the
radiation at the initial application of the electric field
in the range of 0...8 V (fig. 1). The luminescent glow
was registered after the samples were treated at the
voltage of 8...10 V for 20 min and only after the
electric current achieved the critical value of 20...
25 pA. Just after the glow was registered the cur-
rent decreased sharply ten times of the order. The

electroluminescent brightness was notably increa- -

sed. The further voltage increase lead to the super-

@© A. P. Chebanenko, V. S. Grinevich,
L. N. Phylevskaya, 2001
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linear U—I dependence and to the électrolumines-
cent brightness growth. :

\1LA
10 t

10°}

105 +

1 1 1 1 o

107! 1 10

Fig. 1. The VC dependence of the samples:
I — initial films; 2 — after the electric treatment

So the conclusion was made that the electric
treatment was necessary for the electroluminescense
appearance.

At the recurrent U—I dependencies measure-
ments (curve 2), the volt—current dependence had
two superlinear sections: in the region of low volta-
ges (U < 10 V), where the current—voltage depen-
dence was described by the law I ~ U'4. The EL glow
appeared at this section when U =8 V. When the
voltage achieves 10 V the mentioned dependence
changes for the sharp current growth.

As the structural analysis showed, the investi-
gated ZnS layers were the closely packed crystal-
lites, the average size of each was 0,1 um. At the
same time, in the separate regions where thre
more crystallites join, one may notice the Ii
crystals presence, the linear dimensions of each
0,01 pm or less. The mentioned regions maﬁom—
nected with the ZnO phase inclusion res-
ence is supported by the X-ray analygi ith the
possible segregation of different i ties. Besides
that they may be little crystallite nS suppressed
at the process of growth Ry Q gger crystallites.

Taking into considerati e’ X-ray analysis re-
sults, the treatment, prgtCe ay be explained as
the following: in t tures initially prepared,
he channels which are

flie allites inclusions, which have
a great amou 6' defects and, hence, are lower
ohmic tha@éma rix film. When some critical heat

power is d within these channels they may
be ir y switched off the current transport
w oltage is increased. When the following
ements were made on the structures the
%ent flows along the chains made of big crystal-
lites of zinc sulphide. As the films thickness was
,5...2 pm, then 15...20 intercrystallite barriers ap-
peared to be switched to the current channel. The
linear section of the /—U dependence in the region
of low voltages may be explained in the frames of
the polycrystalline layer Farenbruch—Bube model
for the event when a great amount of intercrystal-

lite barriers form the current channel [4]. The super-

linear volt—current dependence may be connected

with the space charge limited currents (SCLC) re-
gime for the intercrystallite interlayers, or with the
high electric field tensions in the regions of the
reversed biased barriers of the intercrystallite inter-
layers [5]. The volt—current characteristic of the
structure formed, which had the superlinear charac-
ter as in the region of low voltages and in the re-
gion of higher voltages, may also be explained by
the SCLC regime in the zinc sulphide layer.
Influence of the thermoprocessing on the struc-
tures’ parameters. The annealing of the films in the
open air and in vacuum did not change their vol
current dependencies. The radiation in such s
tures appeared only after they were prelimin
ted in the electric field. It may be suppos
current transport mechanisms did néf.c
said annealing. The structures base
annealed in helium atmosphere ecific char-
acteristics. When the stru% wa$ switched on
i.

reversed polarity at low (U vgltages then U—/
had the linear dependen\e. ~ U (fig. 2). While
.

1 2 . Uiz, e
1A T T \b T
103 | ‘\ 2 1
\%
! 0-5
10! 1 10 u,v

Fig. 2. The VC dependence of the films after annealing
in the atmosphere of He

the voltage increases, the linear dependence changes
for the exponential law 7~ exp (const U'72). This
part of the U—I/ curve is plotted in In/~ U2 coor-
dinates (curve 2). In this figure one may notice two
linear parts with different slope coefficients: from
1VtobVI~exp(2,7U"2), and from 5V to 10 V
I ~ exp (3,8U'2). The rectification of U—I curve at
the reversed voltage polarity in In/—U"? coordi-
nates, witnesses that the current transport mecha-
nism in the structure is the above-barrier Shottky
emission [6]. The part of saturation which is regis-
tered on the /—U dependencies is connected with
the charge polarisation effects.

Comparing /—U dependencies of the initial films
after the processing (fig. 1, curve 2) and of the films
annealed in helium atmosphere (fig. 2) one may
notice the following specific features: the U—/ de-
pendencies for the annealed structures has exponen-
tial law 7~ exp (yU*). Such dependencies are spe-
cific for the Shottky emission through the reverse
biased metal-semiconductor barrier and also for the
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intercrystallite potential barriers. The y coefficient
in the given dependence is defined by the ionised
donors’ density. The electric field processing fol-
lowed by the helium annealing resulted in the in-
crease of the samples’ resistance, Thid differs from
the initial lower ohmic samples (fig. /, curve 7). It
seriously contributes to the current transfer. The
resistance increase of the layers after they were
annealed in helium might be connected with the
ionised donors density change.

The fig. 3 presents the volt-brightness lumines-
cence characteristic of the structures discussed. The

A B, comp. units

10% +

10' +

1 s L

5 10 20

uv

Fig. 3. The volt—brightness dependence of the layers:

the atmosphere of He

was ~10 V. But for the structures based on the an-
nealed in helium films, n was 5,5, i. e. the slope of
the curve, which was one of main electrolumines-
cent cell’s parameters, increased [1].

Conclusion

Thus, after the investigations of /—U and U—B
dependencies of the structures based on ZnS films,
the initial and annealed in different conditions, the
current transport mechanisms are established
the layers measured before and after the pro

ing (or annealing) procedure. The mechani

Farenbruch—Bube and SCLC are realised he
films measured before the electric fiel essing
procedure. The processing and ann &re resul-
ted in the exclusion of the lit llites out of
the current channel and the ¢ lows as the

above-barrier Shottky emissiofi~The Tesults obtained,
allow to conclude about the pessibility to change
the electric field proc€ssing for the annealing in the
He vapours for the Zn lgctrooptical structures.

*
*
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TUNNEL SURFACE RECOMBINATION IN p—n JUNCTIONS

Current—voltage curves were measured on AlGaAs-GaAs laser double heterostruc-
tures at temperatures of 77...300 K. The exponential sections of —V curves corre-
spond to the ideality factor n, <2 at room temperature, which increases with lowering
temperature. The I—V curves of surface recombination current were calculated under
assumptions that: @) majority carriers tunneled to the surface and were captured to
surface states; b) minority carriers were captured by surface states «classically»; c) the
change in quasi Fermi level for minority carriers in surface depletion channel linearly
depended on the surface barrier height. The obtained expression for I—V curves ex-
plains the features of measured current-voltage characteristics of laser heterostructu

1. Introduction The calculations of forwax&rrent component

in a p—n junction, due to surface®recombination,
Surface recombination reduces the performance - &Q
parameters of diode lasers (DL) [1-3], bipolar tran- 107+ hd
sistors [4], photodiodes, solar cells and other devic- \
es on [II—V semiconductors [5—6]. Surface recom- %
bination in a p—n junction results in forward cur- 107} @
rent component [6] -
~ o\@ >
where [, is constant; g is electron charge; V is bias
voltage; k is Boltzmann’s constant; 7T is tempera- A

qV
ture; n; is ideality factor. Under some condxtlg@ 05 o e 20

1071

I(V) = Le*T, (1)
ny~2 [6]. The most important of these conditi Voltage; V.
are the following:
a) surface states form deep levels in energmgap,
which produce depletion channel at surfa
b) density of surface states is large, t
occurs in III—V semiconductors s

Fig. 1. I—V characteristics of laser heterostructure, mea-
sured at various temperatures:
ally 1—293;2—247,3 — 183;4 — 97K

» GaAs,

constant in surface depleti els.
The purpose of this papertis™o investigate the
imentally and theoretically.

Al—GaAs, GaP, GaAsP, InP, In . '
¢) quasi Fermi levels for el nd holes are
Cl

dependence n(7T) ex

8
2. Experim ts
and model tions
The me ements were made on AlGaAs—
GaAs | {z&ble heterostructures (DHS) with
stripe %e ry, described in our previous papers
[7 e temperature of sample was varied in
th e of 77...400 K. Fig. 1 represents the cur-
voltage characteristics of DHS, measured at
rious temperatures. It is seen that /—V curves
plotted in semilogarithmic scale have linear sec-
tions corresponding to expression (1). The ideali-
ty factor was n,=1,75...2,0 (for various samples)
at room temperature and 2,0...4,2 at 80 K. For each

sample the value of nt increased with lowering tem-
perature.

© A. A. Ptashchenko, F. A. Ptashchenko, 2001

were performed under assumptions of [6], but qua-
si Fermi levels F,, F, were taken not constant in
surface depletion channel. Surface recombination in
n region occurs as shown in fig. 2: an electron tun-

Fig. 2. Energy band diagram and electron and hole tran-
sitions in surface depletion channel
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nels to surface (arrow 7) and is then captured to
surface states (arrow 2). Minority carrier (a hole)
moves to surface (arrow 3) and is then «classically»
captured by the surface states (arrow 4). At the
crossing of bulk- and surface depletion regions both
electrons and holes tunnel to surface and are cap-
tured by surface states. In case of tunneling elec-
trons, the electron current density at the edge of
surface depletion channel is determined by [2]

_ep

i = e ™, (2)
where j, is constant; the coefficient n, is deter-
mined by

1
My = ——— 3)
~ 6mW (kT

where m, is «tunnel» effective mass of charge car-
riers; W, is the coefficient in the expression for bar-
rier width in surface depletion channel

V=W (q9)", (4)

where g is height of potential barrier at surface.
For surface recombination in n region, taking x
axis as it is shown in fig. 2, we have
LR
dx - ) ’ (5)
where p, is hole mobility.
The maximum change in F, is at x~0, at
edge of surface depletion channel. Hole
density due to surface recombination can

pressed as
Jo=4pPsSo, (6)
where S, is velocity of surface reco ation. Hole
density at surface can be wrlttqa
)

pbs = pp€ x
where p, is densxty of x=0; qq, is surface
band bending; AF change in F m surface
channel.
The holegden

t point x in surface channel
can be obta @ m

q9(x) — 8F,(x)

p(x)=pe T, (8)

F,(x) is the difference in hole quasi Fermi
etween the bulk and the actual point. Taking

% account egs. (6)—(8), we obtain the equation
f

r increase in quasi Fermi level for holes in sur-

@ face channel
% qlo. — @(x)] — [AF, — 8F,(x)]

P _ 95
dx a u_,,e - (5)
We numerically calculated AF, for n,=1,10""
cm= (m,= 260 cm?/Vs) and n,= 11018 cm-3 (m, =
= 170 cmz/ Vs), as well as AF, in p region for p,=
= 1,107 cm=3 (u,=4800 cm2/Vs) and p,=1,1018
cm=3 (u, = 2800 cm?/Vs), taken S,=4,105cm/s.
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currént SWhere coefficients a and b depend on the sign and
Qex\

The results are shown in fig. 3. It is seen that over
wide range of surface barrier heights, the change

A AF/kT
10
6f \%O
4t ?¢
2 =
0 1
0 25 qo/kT

Fig. 3. The change in qN’trmi level for minority car-
riers in sutface depletion channel:

I — for holes in # region &t n, = 1,10'7 ¢rn=3, 2 — for holes in n
region at n, =1, &‘3; 3 — for electrons in p region at p,=

= 1, 10" em=>, electrons in p region at p,=1,10'® cm=3

in qu i level for minority carriers in surface
er c annel can be approximated as

q(ps __b

a<r (10)

kT
concentration of majority carriers.

3. Current component due
to tunnel surface recombination

Let us consider the surface recombination in
p region of p—n junction and in the adjacent sec-
tion of depletion region, where p, > n,. For elec-
trons, as minority carriers, the rate of «classical»
capture by surface states can be written as

Rsn iy CnPsnsa (1 1)
where P, is density of empty surface states,
‘Cn=0an (12)

where o, is the appropriate cross-section; V, is ther-
mal velocity of electrons. Electron density at sur-
face is defined by
‘ 99, — AF,

ng=nme *H | (13)
where AF, is the change in electronic quasi Fermi
level in surface channel. We assume that relation
(10) between AF, and ¢, holds (with appropriate
coefficients a and b), so

— )39
a )kT (14)‘

= nbe”e

For holes, as ma]orlty carriers, the change in
quasi Fermi level is negligible [6], and their rate



of tunnel capture to surface states can be descri-

bed by
SN
Rsp 33, pprse u,olzT, (15)
where, similarly to eq. (12),
C,=0,V, (16)
N, is density of filled surface states; n,, is given by

eq. (3).
Equating R,, and R,, in steady state we obtain
for surface capture rate of electrons and holes

=[N, per]™ x

s Sarle

Xme i 3 (17)

F,, are bulk values of F, and F,,
m=1+1—-a)n,,. (18)

The expression for surface recombination current
I, can be obtained from

L=qLLR; (19)

where L, is effective surface diffusion length [6]; I,
is the penmeter of p—n junction, under an assump
tion that

where F,, and F,

Fu—Fp=4qV, (20)

where V is bias voltage.
Thus, for surface current component we obtain
eq. (1),

Iy = gL, [(C,N,)" =™ C,Pet]

1/n,

n, is defined from eq. (18).

0

el recom-
—V curves
eterostructures,
. The ideality fac-
ture, estimated for
to the change in the
ns in surface depletion
0), where 0<a<0 25.

4. Conclusions

The obtained expression for surf
bination current explains the feat&

of AlGaAs—GaAs laser dou
measured at various temper
tor of 1,75...2,0 at room
various samples, co
quasi Fermi levelsof\& ‘

channel, giver@

_in the surface depletion channel.

The temperature behavior of the ideality factor n,,
obtained from analysis of measured /—V curves, is
described by eq. (3), where W, =60...220 nm eV,
The temperature dependence of pre-exponential fac-
tor in eq. (1) for the measured /—V curves can be
approximated by

AE
I)(T) ~ (kT)2e 4T, (22)

where AE =0,03...0,07 eV. This value is consistent
with the estimation of coefficient a in eq. (10) for
the change in quasi Fermi level for minority carriers

The results of our measurements on laser het%

structures, giving the ideality factor n, <2 at

~temperature, provide evidence that the e in
quasi Fermi level for minority carri sfirface
“depletion channel can be approximate eq. (10).
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THE MAGNETIC SUSCEPTIBILITY OF Si-Ni ALLOYS
RICH ON SILICON: INFLUENCE OF PHASES DISTRIBUTION
AND THEIR DISPERSITY

The results of the investigation for the influence of the phases distribution and their
dispersity upon the static magnetic susceptibility (MS, ) of Si-Ni alloys rich in silicon
are presented in this paper. The MS measurements of these alloys carried out imme-
diately after their fusion have demonstrated the following: a) for all samples, on th
one hand, MS value was not equal to the sum for MS and their phase component
the law of additivity is violated); ) on the other hand, the non-linearity of M
dence upon magnetic field tension (x(H)) was observed here. We suppose that.t

&

circumstance is connected with the large quantity of structural defects an
one is connected with the presence of electron spins’ magnetic ordering on di
structures. To verify our assumptions we carried out the heat treat

samples in

t of
two regimes: at 400 °C and at 800 °C during 21 days in both cases. ;&iﬂtreatment
of samples at 400 °C led only to increase of diamagnetism, but Mjn uence upon
dis

linearity in x(H) dependencies. Law of additivity satisfactori

X(H) character. The heat treatment of samples at 800 °C led*to earance of non-
cribes magnetic sus-

ceptibility of alloys after the heat treatment at 800 °C.

)

1. Introduction i 00" C (b) and at 800" C (c). As one can see
(fig\l); immediately after fusion, the low-dispersed
The complex investigation of Si-Ni alloys richad
semiconductor component (66,7...95,0 mass Table
OI Sl)t(Stalt‘c suiscep;ll})llllty }(1MS’ )8; f‘:ﬁy' 1 g Phase and magnetic characteristics of investigated
structural analyses) has shown that they€onsist o Ni-Si alloys
two phases: silicon (Si) and nickel disilic @ Sta). : g
Depending on the character of NiSi, fragment dis- Quanti- | Magnitudes of x(5.0) 10%, cm? g
tribution in lattice of alloys, great ber of de- Alloys t‘;:;:z fAﬁFf ROPANE | ot
fects arise, non-grown dislocation nor-accep-  Sample °§i't’,-‘§,‘f' c(?mposi- ui’fo " At At | lated
tor complexes take the consi %place among tion | alloys | 400" C | 800°C| by ()
them [1]. I | SigNigs | NiSi; | —1,6 | —7,1 | 194 | 194
The aim of this paper & ine the influence .67 '33 NiSi,:—
of phase distribution e dispersity in Si-Ni 2 ol [pangl., 40 1 =8a | T4 |0
alloys rich in silico ir magnetic properties. | NiSip+
These alloys ained by fusion of Si-Ni U ISIN| oarsi] O | 98T LIRS
components jf electro-arch furnace on copper bot- 4 |sioNio | NiSie+ | o3| 47| _g9 | —78
tom cooling ter in argon atmosphere. The melt toof¥ho | 4 0,88Si ' : ; ;
was €oQ d\s e furnace. 5 | SiggNis | NiSizt | _og | —68 | —102| —96
The position of alloys, their quantitative 95. . +0,9'451
phase composition, the magnitudes of static mag- 6 Si St [-115]-I15[—115]—115

ne usceptibility in the region of its independ-
c tension of external magnetic field H (i. e.
itudes in field H=5,0 2Oe (x5,0)) of alloys
asured immediately after their fusion and after
heat treatment at 400° C and at 800° C (the dura-
tion of each heat treatment cycle is similar — 21
hours), the magnitudes for magnetic susceptibility
of alloys calculated according to the law of additi-
vity, and also for MS-magnitude of primary silicon,
which was used during the synthesis of the given
alloys, are listed in the table.
Fig. 1 presents the microstructures of poly crys-
talline alloy SigsNij after fusion (a), after heat treat-
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structure is observed, it is inherent for the casting
material. Heat treatment of samples at 400° C (fig. 1,
b) causes the partial amalgamation of the separate
phases, and heat treatment of samples at 800° C
(fig. 1, c) leads to accumulation of NiSi, polycrys-
tals (dark phase) in pure silicon lattice (light phase).
Thus, heat treatment at 800° C leads to the sharp
separation of the different phases (silicon and nickel
disilicide) in Si-Ni polycrystals.

The experimentally obtained x(H) dependencies
of Si-Ni alloys as function of their composition have
some peculiarities, which can be demonstrated as

© V. M. Tsmots, V. S. Shtym, 2001



the example of two extreme alloys: SigNiy; (forms
pure NiSi,-phase) and SigNi; (forms two-phase poly-

16 pm

L‘l;&

Fig. 1. The microstructures of poly crystalline SigsNis
sample after:

a — fusion; b — heat treatment at 400° C; ¢ — heat treatment
at 800° C

crystal which consist of NiSi,-phase and pure si
con). Fig. 2, a, b illustrates x(H) dependencies for
samples of these compositions after their %
(curve /) and after annealing at 400° C 2)
and at 800" C (curve 3). The curves i ed by
fig. 2, a are typical for samples /— @hich the
second annealing (at 800° C) le o the sharp
decrease of diamagnetism and appearance of
considerable paramagnetis s I and 2). The
curves illustrated by fig. typical for samp-
les 4 and 5, for whi cond annealing leads
to the further in diamagnetism. Thus, as
one can see in fi e&er heat treatment at 800° C
SigsNi; alloy rem iamagnetic, but SigNij,; alloy
agmetic. Heat treatment of samples
nly to increase of diamagnetism
les without exception but does not
he character of x(H) dependencies. One
sh te, that heat treatment of Si-Ni samples
leads to the disappearance of non-linearity
H) dependencies (fig. 2, a, b, curves 3).
The equation which describes the dependence for
the specific MS of alloys on the mass part of NiSi,
in it, can be written as follows:

Xe = (1 = N)Xsi + Nxtuisi,» (1)
where N is mass part of NiSi,-phase in each alloy;

Xnisi, and Xs; are the specific MS of NiSi, and Si,
respectively.

x-108 cm®. g™
20 - hobday
15
10 |-
5_ y
el g rodguiohpiioe | {3
e = NTTT
-5t

of N
10l 8\2\

|
ZTE ' 3P
6 b
periN al dependencies x(H) of NiSiy-phase (a)

) and two-phased alloy SigsNis (5) (sample 5):

Fig. 2.
(sample

S values of these samples immediately aiter their fusion;
r heat treatment at 400° C; 3 — after heat treatment
at 800° C

Fig. 3 shows theoretical (calculated by formula
(1)) values for the specific MS of alloys depending

x- 108 cm®. g x-10% cm?. g™
25 9 25
201 -4 20
15+ 415
10+ 1 10

5 % =D
0 1 1 i 1
0,2 0,4 0,6 0,8 1,0 P
—5r N, % NiSi, 1 -5
=10F 1-—10
Si NiSi,

Fig. 3. Specific MS values of Si-Ni alloys (straight line)

calculated theoretically by expression (1) and experimen-

tally obtained for MS after heat treatment for Alloys
at 800° C

on the mass part of NiSi,-phase (N) in each alloy
(straight line) and x magnitudes for the samples after
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heat treatment at 800" C (curve °) obtained experi-
mentally. One can see that MS magnitudes of the
samples after heat treatment cycles are satisfactorily
described by the law of additivity for MS compo-
nents. It should be noted once more that MS values
of the primary samples as well as of the samples
after heat treatment at 400" C essentially deflected
from the law of additivity. This phenomenon we
connect with the presence of considerable number
of structural defects in the polycrystals investigated.

Proceeding from the state diagram of the studi-
ed systems [2], one can see that during cooling of
alloys, crystallization of Si phase appears early than
crystallization of NiSi, phase does, and this leads
to the appearance of considerable mechanical ten-
sions in subsurface layers of phase separation that
has generated the great number of defects (disloca-
tions, donor-acceptor complexes etc.).

According to [3], donor-acceptor complexes are
paramagnetic, so it can explain the appearance of
considerable magnetism in the primary polycrys-
tals. Heat treatment of the given alloys at 400° C
lead to dissociation of donor-acceptor complexes [I],
which explains the increase of diamagnetism in all
samples after the said heat treatment without any
exception. '

It should be noted that the observed non-lineari-
ty of x(H) dependencies is connected with the exis-
tence of magnetic ordering in electron spins at dis-

o

location structures [4]. Heat treatment of samples
at T 790° C leads to nuclei reconstruction of dislo-
cations which is accompanied by «two-by-two» cir-
cuit of the broken bonds at the state with S =0 [5].
The pursued heat treatment of Si-Ni alloys at 800" C
really leads to the disappearance of non-linearity in
X(H) dependencies, which confirm that this investi-
gated non-linearity for dependencies of MS on H are
caused by non-grown dislocations.

the investigated polycrystals after heat treat

at 800° C has led to satisfactory description of
mentally contained MS values by the la i-
tivity (table and fig. 3).

Sharp separation of two phases (Si and NiSi,) EO

Basing on the pursued studies the osition

of ability to apply MS method has ade to exa-
. mine the character of separ distribution

in multi-component compeun iconductors.
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STUDY IN DEGRADATION MECHANISM
OF ADSORPTION SENSITIVITY AND INCREASE OF STABILITY
OF OXYGEN MICROELECTRONIC SENSORS

The degradation mechanism of adsorption sensitivity for thin semiconductor films
is investigated. On the base of the carried research it is established that thin films of
cadmium selenide and zinc oxide with doping surface of indiums’ atoms have high
adsorption sensitivity and stability to-oxygen adsorption. This effect is connected with

electronic and chemical properties of indiums’ clusters on surface of semiconductor film @

The semiconductor gas sensors have high sensi-
tivity to oxygen as a rule at high temperatures [1].
However, at the repeated recurrence of gas cycle, the
value of adsorption sensitivity (AS) B = GdG/dp [2]
(G — conductivity of semiconductor) continuously
decreases. On fig. 1 the changes of electrical conduc-
tivity and adsorption sensitivity to oxygen at time

2

® ] 1107

3

E -

s

3

K 0,1 o

0,01 L I N [ d
0,1 1 10

10? % 03
t, h
Fig. 1. The dependence of conductivi

sensitivity, B @m

magnification for thin f cadmium selenide
(curves / and 2 ac€ordingly) are shown.

It was possible e that as far as the tem-
perature of me¢asureiments was high the changes of
ADS are conngcted with structural transformations.
It took place beeatise at this temperature structure
changes %cubic to hexagonal form. To eliminate

fluefice of structural changes, the layers of
(m/selenide were subjected to additional an-
on air then the change of electric conduc-
of layers down to establishment of stable
alue was measured. The establishment of stationary
value G happens the faster, the higher the tempera-

@b ture of preliminary annealing.
At measurements on gas stand it was found out
that after annealing the layers have considerably
smaller by a factor of sensitivity B and by adsorp-

tion’s ability. However, stabilisation of AS not hap-
pens. It testifies that except for structural transfor-

G and adsorption

© Yu. A. Vashpanov, V. A. Smyntyna, 2001

mations, the other mechanisms, r ible for de-

gradation AS in time, exist
To establish the degrada%‘r?echanism at long
finding of CdSe films i oxy atmosphere, the
measurements of AS valde, électrical parameters,
and structures on ti were conducted. Semicon-
ductor films with i properties which had max-
imal sensitivit 1. units/vol. % were used for
research the rature of measurements 453 K
and oxygen congentration 45,6 vol. % in pure nitro-
gen was%l . The values f and G were measured,
without removing the samples from the chambers.
mperature dependencies of Hall effect were

W ed preliminary and after 100 and 1000 hours
-0l testing.
The long stay of CdSe films in oxygen atmosphere

results in reduction of b by an order of value. Thus
the AS value remained practically constant during
first 10 hours of stay in oxygen atmosphere. During
the first 100 hours it decreases approximately on

two about size and of minimum value is further in-

creased.

Simultaneously with changes of B and G the

reduction of electron mobility, the rule and concen-
tration of main donors were observed. In initial
sample at room temperature the mobility p was
60 cm?/Vs and it increased with activation energy
0,3 eV. The electron concentration in conduction
band was defined by levels 0,14 eV and 0,3 eV.

After stay of CdSe layer during 100 hours, the
value m measured at room temperature decreases

“to 7,8 cm?/Vs, and value of activation energy for

temperature dependence of mobility increases to
0,09 eV. At last film of cadmium selenide (after of

1000 hours in atmosphere of oxygen) finds out the
weak dependence of electrons concentration and
mobility from temperature. The layers have the or-

ange colour and contain CdO about than the data

X-ray of analysis testifies this.

As far as after 100 hours of layer stay in atmos-
phere of oxygen, the increase of barrier between
crystallite takes place, reduction B and G is possibly
is connected with diffusion of oxygen into intercrys-
talline grains. The oxygen atoms diffuse at the grain
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boundaries deeply into layer being moved on sele-
nium vacancies. Thus, free electron concentration
in surface area of crystallites decreases and the
barrier height between crystal grains grows.

The oxygen atoms on semiconductor surfaces are
formed as a result of molecule dissociation which is
stimulated by presence of [Se] at the surface. One
of oxygen atoms is built in the structure of seleni-
um vacancy surface, the second atom forms on
surface deep centre of electrons in band gap or re-
combining with the other atom forming again the
oxygen molecule. The participation in exchange with
gas phase of ions O~ causes the initial high sensi-
tivity to oxygen.

During the degradation process the reduction in
centre number 0,14 eV selenium vacancies stipu-
lated by the availability in CdSe lattice is observed.
The reduction of concentration [Se] can take place
as a result of oxygen atom diffusion deeply into the
layer and as a result of the exitance of donors [Se]
on surface under action of field of space charge area
where oxygen atom is built in on location of oxy-
gen vacancy. To reduce AS in time it is necessary
that the atom O was built irreversibly into the struc-
ture of semiconductor and, thus, did not participate
the interaction of surface with gas environment,
hereinafter.

The reduction of free electrons number in vol-
ume of semiconductor, which should take place as

a result of reduction of number of selenium vacan-
cies, is accompanied by approach of Fermi level to s<

the middle of band gap. The increase occurri
accordance to accounts {3 is possible, if in dilusj
process of oxygen ions in volume the numpbe Se
on surface (the adsorption’s centres of o @ ions)
remains constant one. The output of positive.donors
on surfaces of layer under electrical field created

negative charge of oxygen ions esulted in,
on one hand in reduction of d mber in vol-

ume of semiconductor, and& other hand, in
decrease of surface pote jer at the expense
of compensation in ne ative, charge of oxygen ions
by positively chargedrs Both these processes
are resulted in A W

Howevergth

tion of sensitivity in time is
experimeglt rved. To think that the filling of
s irreversibly, speed dissociation

f oxygen ions will be defined by speed

vacancies
and fo i
of form [Se] on surface for account of diffusion
The value of diffusion factor of Se atoms on
%m vacancies was 1012 ¢cm?/s [3] that more
d

iffusion factor of oxygen atoms on the grain

aace and in volume of layer. Therefore, the speed

of exit [Se] on surface was more then speed of ions
O~ deeply into material. Hence, on initial degrada-
tion stages, AS limited the process is the exit [Se]
on surface which stimulates dissociation of oxygen
molecules and supports the number of adsorption
centres, providing the high sensitivity to oxygen. It
is the reason that on initial stages of degradation
AS changes slightly. To measure the depletion of
semiconductor volume by selenium vacancies and
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reduction their concentration on surface for account
recombination with oxygen ions is observed the
reduction of centres connected with them. Thus, the
adsorption form of oxygen changes, and main by
donors condition is the level 0,3 eV. The increase of
concentration of interstitial cadmium on surface
happens for account of diffusion of Cd value of dif-
fusion factor at which below than at selenium vacan-
cies. The reduction of binding energy with surface
of material as a result of change in nature of ad
sorption centres is main reason for reduction AS gro

due course.

changes of semiconductor structures. JInifial films
mixed the phase structure with prevalemee’of cubic
improvement. Degradation pro observes the
increase of share of hexagon for account
temperature recrystallisati uctural changes
are accompanied by reduct number in main
of donors condxtlons at causes the changes of AS.

After stay of urs in oxygen atmosphere
the layers CdSe cgvered by CdO films which
has higher con uctivity than the initial layers. It re-

The long stay of CdSe layers at tempeta
453 K in oxygen atmosphere results@ ible

sults in shun igh-resistance crystallites and in
growth of ¢ ivity. The reduction of crystalline
mass of s observed. It takes place as a result

of rea
2CdSe + O, = 2CdO + 2Se.

is, interaction CdSe with oxygen is finalized
by formation cadmium oxide. Thus, usage of cad-
mium selenide films under increased temperatures
for registration of oxygen in area of macroconcen-
tration is not expedient one. It is necessary to note
that the formed CdO layers have sensitivity to oxy-
gen, though the value of such sensitivity much more
less. However, the stabilization of parameters of
semiconductor on time (fig. 1, curve 2).

The observed material shows that degradation of
AS is connected with physical and chemical pro-
cesses in which as the surface of semiconductor as
its volume are involved. The received data force to
think that diffusion of positive donors from volumes
on surface is main process responsible for change
AS on initial stages. The intensity of diffusion proc-
esses is sharp and increases with growth of meas-
urement temperature. Therefore, to reduce degra-
dation, AS follows to use the low temperatures for
measurements at which the processes of diffusion
proceed slowly. It is necessary also to accept the
meastures for reductions of number of metalloid va-
cancies. However, the fall AS to oxygen is thus ob-
served also. As at the end the use of metal oxides
for oxygen registration, transformation in-oxide takes
place expediently which do not observe the change
of chemical formula during finding in oxygen atmo-
sphere, and the change of structure and layer struc-
tures only happens. The decision of this task is
possible at surface doping by metal atoms which
enable to create the new adsorption centres of oxy-
gen and binding energy E is thus minimum. There-



fore it was possible to receive the high-sensitive
layers at low measurement temperatures.
We was undertake the approach to define the best
type of additive for reception of best stability AS.
. The samples thin films of zinc oxide received by
method of plasma sputtering of metal in argon and
oxygen atmosphere and surface doping by atoms Ag,
Cd, In, Sn, Pb, Bi were investigated. Table submits
the results of measurements of sensitivity B and drift
conduction in zero gas A for concentration 6,7 vol. %
of oxygen. .

Table

Quantities of adsorption sensitivity
and drift of electrical conductivity of the samples
with heavy metal atoms on the surface

Doping atoms | —B, rel. units/vol. % | A, rel. units/hour
Ag 0,12 —0,6
Cd 0,15 —-0,2
In ; 0,23 +0,03
Sn 0,19 —0,21
Sb 0,07 —0,13

The value A for samples by doping atoms of in-
dium is positive. In difference from the observable
changes of conductivity in part of reduction in area
of value N, = 10" ¢m~2 the samples had the positive
character of conductivity drift in zero gas. In fig. 2

A Ag, rel. units
0,010 -
0,008
0,006
0,004
0,002
0,000

—0,002 |-

—0,004

—0,006

—0,008

—0,010 |-

T

T

T

012 10% N, cm?

10£3
Fig. 2. Depende ft of electrical conductivity
from the doping d of surface by indiums’ atoms

the depen; @a from doping degree by atoms of
indium mitted. As it is seen for the given

fzﬁ%

conditions of measurements in areas of N, = 10"...
10'® cm~2 the drift had practically the zero value.
As it has been shown by electron microscopic
research of films, there were clusters of metal atoms
at surface. The availability of clusters is the neces-
sary condition for high sensitivity to gas. During
the long operation the disappearance of cluster struc-
ture on surface of semiconductor takes place initially.
As it is known, contact of metal surface with
oxygen is accompanied by its oxidation. The clus-
ters formation on semiconductor surface, at their
surface doped by metal atoms results in growth of
adsorption ability and AS to oxygen. But there ar
observed the changes of forms and sizes of clus
at finding in oxygen to environment. As the

structural analysis shows, the growth in r of
indium oxide is observed. And than more\ti 000
hours the contact of semiconductor: t tem-
perature 353 K with oxygen in area ncentra-

tion large 20,3 vol. %, the speed of growth of oxide
film. It is interesting to note that the conductivity
of phase indium oxide ap ore higher than
conductivity of matrix® The Oxidation of indium’s
clusters in this area of &perature proceed extra-
ordinarily slow [5]. T%re swelling of clusters at
oxidation should r, partial, and on late stages
to total merge sters structures. Results in
formation«of ctivity channels on surfaces of
material an wth of conductivity in time.

At optimum degrees, the action of oxygen will be
ted by increase of conductivity at growth
. It is thus possible equalisation of speeds
increase and reduction of conductivity under

co
f e

sorption of oxygen. The resource of work for such
nsors is defined by operating modes and consti-

tutes the some thousands of hours at temperatures
to 353 K.
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PHOTOSENSORS WITH Si—GaAs HETEROJUNCTIO

AS MEMORY ELEMENTS

The photosensors with non-ideal heterojunction, prepared by special technique, have

&

structure switching was found in dependence on intensity and duration of light signal

property of anode voltage independent accumulation and memory. The regularity of E

The mechanism of memory effects is proposed. The possibility of creating of ener&

independent memory devices is shown.

In this paper the realization of possibility crea-
tion p*(Si)—n(Si)—p(Si)—n*(GaAs) photohetero-
thyristors with memory effect is presented. The prin-
ciple of operation of these devices allows to exclude
negative influence of defects on interface of hetero-
junction and even to-use them [1].

The structures of the devices were made on the
base of n-Si substrates. On one side of n-Si wafer
with the help of diffusion method a homojunction
was produced. On the other side the GaAs layer was
grown with the help of LPE method by special tech- ¢
nology. Additional n(Si)—p(Si) homojunction was
formed during the epitaxy process.

»+ Current voltage characteristic of grown®stru
‘tures with region of negative differential ngsistagc

‘was able to vary under action of lig ptilse [2].
‘During the illumination of the struct @ switch-

ing voltage reduced. Independently Omuiile anode
ge characteris-
fter the light

voltage such feature of current
tics was kept some time at da
signal was switched ofi.

Every next switchin @ structure occurred
at voltage smaller th& st switching voltage

“at darkness. Such abi the device was preserved
certain time dep. @ .on duration of preliminary

the curves verifying this de-

illgmlination. x
L {n@%
49 @ ’

0 10 20 30 t, s

Fig. 1. The dependence of «memory» time on duration
switching of four-layered structure at different intensi-
ties of illumination:

1 — 500, 2 — 1000, 3 — 2000, 4 — 3000, 5 — 4000, 6 — 4500,
7 — 5000 lux
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pendence are shown. T rity of a course of

curves is that with increas&jn time of structure illu-

mination the time of U, switching voltage relaxation

increased. The ch&&f light intensity from 500

up to 5000 lux&t;];s in increase of storage time.
lish

It was estab , that the voltage of dark switch-
ing decrea ith increase of time and intensity
for preli illumination of photoheterothyristors
(fig. efore, the laws of dark switching voltage

ersus time and intensity of illumination

‘U“,,V
6'\
4-\\ 1
2
3
4
“ 5
6
0 1 1 L 1
0 1 2 3 4 t, min

Fig. 2. The dependence of switching voltage on duratior
of illumination at different intensities of lighting:

1 — 500, 2 — 1000, 3 — 2000, 4 — 3000, 5 — 4000, 6 — 5000 fua

The memory ability was estimated by driit of the
switching voltage U, after lighting the sample a
different temperatures and without voltage during
operation of a light signal. The drift of voltage U,
at zero shifts in the course of lighting was investi
gated in the interval of temperatures 253...303 K
At lower temperatures the switching voltage shift:
to the area of large voltage where measurement:
are difficult.

Dark switching voltage was determined at eact
stated temperature from a current—voltage charac
teristics. After that the sample was lighting during
3 minutes (maximum illumination). During this time
current—voltage characteristics of structure wa

© L. L. Terletskaya, V. M. Skobeeva, V. V. Golubtsov, 200



measured several times and the drift of switching
voltage (fig. 3) was observed. After the light was

Uy, V
10} ’
8 -
6 '/ g
i -/
4
— 5
2 " 6
m—
0 L " 1 !
0 5 10 15 20

Fig. 3. Drift of switching voltage after the illumination
of structure for different temperatures:

1 —253, 2—263, 3—273, 4—283, 5§ —293, 6 —303K

switched off, the voltage U,, was less, than before
illumination. However, in the course of time it in-
creased up to large values. It was established that at
low temperatures (fig. 3) relaxation Uy, was longer,
than at high temperature. Full relaxation of switch-
ing voltage for different specimens occurred 24 hours
to several month. The researches carried out allows
to establish the dependence of temporary drift Uy,
upon temperature and previous history of specimens.
The time constant of a relaxation T was determined.
At low temperatures of measurement the value t

changes from 2 up to 4 min correspondingly and at
higher heats (283...303 K) a time constant t=>5 min.

All observable effects can be stipulated by fact
that after switching off p—n—p—n of structure the
charge of exuberant carriers in bases does not dis-
appeared completely. There is a non-equilibrium
charge, which is less than threshold charge, neces-
sary for switching, but which makes easy the switch-
ing of the device by a next impulse.

The effect of storage, which photoheterothyris-
tors have, can be connected with trap centres with

a large relaxation time. In our case such centers%&

are the broken off bounds, which are formed by miz

match dislocations in a boundary layer of h -
junction. The concentration of trap centres ar@
N=2,5-10" cm~2 The memory effect i nded

on the change of a charge condition ntres
under action of incident light. The.s r effects
were observed in heterostructur the basis

of other «nonideal» heterojunctions,*for example,
ZnTe—ZnSe. ‘\.

The ability of photoh&erothyristors to accumu-
late and to store thesinforthafion allows to create
on their base highly %itive memory devices, in-
dependent of volta%
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REHYBRIDIZATION AT (110) FACES OF SnO,

Rehybridization of surface atoms and relaxation of (110) face of SnO, is theore-
tically examined. Using molecular mechanics and ab initio data for surface relaxation
we choose the best hybridization related force field for molecular dynamics (MD) simu-
lations. The most prominent feature of relaxation, surface in-plane oxygen displace-
ment of the reduced surface outwards of about 0,4 E relative to the bulk position, is
analyzed in details. This is done in terms of rehybridization of s and p orbitals of a

A
Q\ﬂ\

®

O

at reduced surface of SnO,.

1. Introduction

Tin dioxide (Sn0O,) is a wide-gap semiconductor
with applications as gas sensor material and catalyst.
The structure and electronic properties of its sur-
face have been experimentally studied in detail [1, 2].
Also theoretical investigations of oxide surfaces
based on an accurate first-principles calculations

this defines the hybridization of original atomic
orbitals and also reveals the remaining lone pair

electrons.
. o
2. Slab@ and Computational Method
The % tructure of SnO, is 6 : 3 coordinated

in the structure are centered in slight-

and
have been carried out [3—6]. Such approaches allow ly @Ed oxygen octahedron. (110) layers of the

to create the atomistic picture of sensing mecha-, s
nisms and methods to prognosticate gas response:

face based on utilizing the different comp
methods reveal diversity of bare surfa
data [3—6]. Therefore, calculations base
rent methods are welcome to establi?‘]E reliable struc-

properties of the semiconducting materials.
However, ab initio calculations of SnO@
na

ture of relaxed SnO, (110) atomic and to un-
derstand the related differences ‘in tehybridization
occurring at stoichiometric uced surfaces.

Recently, we have in ted the structure
of (110) face of rutile s&ure SnO, (cassiterite)
lations, the local-density

approximation (
ent approximatid
empirical a
and elegfr

initio data, we search for the best fitting Universal
fi ield (UFF) of Rappe et al. [8], where hybri-
ization is explicitly assigned to the atoms. Such
parison of the data from ab initio calculations
and results of molecular mechanics (MM) minimi-
zation allows to judge between the various presup-
posed hybridizations.

A more detailed analysis of hybridizations based
on our ab initio electronic structure results [5] has
been included here, too. The Mulliken population
analysis of LCAO electronic structure has been used
to project molecular or crystal one-electron wave
functions onto atomic orbitals, which were used as
the basis set. Together with the energy eigenvalues,

80

% e consist of neutral groups of three parallel
plartes O—Sn,0,—O and the cleavage cut between
these groups of planes breaks the least number of
cation—anion bonds. This results in (110) stoichio-
metric face, which is the most dominant surface of
the SnO, material. Removal of the surfacemost bridg-
ing oxygen layer of stoichiometric surface results
in the reduced (110) surface, see fig. 1, a.

Fig. 1. Orthorhombic supercell of the slab model of SnO,
(110) surface:

a — for stoichiometric surface (upper) with bridging oxygens
and reduced surface (lower), b — a schematic drawing of relaxa-
tions at the reduced surface

In the present study we examine the rehybridi-
zation of surface atoms. This is coupled with con-
sideration of force field, as many details of poten-
tial functions are hybridization dependent. We em-
ploy the Universal force field (UFF) which is suita-
ble for our purposes. It is a general purpose force.
field that has been parametrized from a set of rules
based on element, hybridization and connectivity.

© V. V. Golovanov, T. T. Rantala, T. S. Rantala,
V. Lantto, 2001



UFF has been carefully validated for many struc-
ture types. In UFF the hybridization is' explicitly
assigned to the atoms, defining the nearest neigh-
bour coordination attributes, such as equilibrium
bond lengths and angles. UFF has been developed
in conjunction with the Charge Equilibration me-
thod. This approach predicting charge distribution
in system makes it applicable for materials with
high ionicity [9].

For MM calculations we have adopted the same
periodic slab that was used for the ab initio calcula-
tions [5]. We adopt the slab model of (110) surface
with orthorhombic supercell with 16 atoms (redu-
ced, SngO,,) or 18 atoms (stoichiometric, (SnO,)s)
oriented as shown in fig. 1, a. Vacuum between the
surfaces was chosen to occupy half of slab super-
cell. The upper and the lower surfaces were treated
identically.

3. Results and Discussion

Total energy minimization of the bulk SnO, using
ab initio calculations and starting from the experi-
mental lattice constants with LCAO method leads
to about 2% expansion, whereas the expansion with
PWPP is somewhat less [5]. We were able to find a
force field for molecular mechanics calculations that
exhibited negligible shrinking of lattice constants
(0,001%), table 1. These bulk relaxed structures
were used as reference to surface relaxation.

Table 1
Bulk relaxation of cassiterite, SnQ, 7
Experi | ycag | pwpp |PWPP([3)| MM \
mental
a| 4,737 4,832 4,730 4,637 4,221
c| 3,186 3,266 3,212 3,060 3,&1‘@
ul 0,307 0,307 0,306 0,307 N 0,307
P

The bonding between atoms in :5;10? Has a rela-
tively strong ionic character. Atysstoichiometric sur-
face, tin atoms appear also*g he fivefold coordina-
ted with less ionic charactei, Removal of the bridg-
ing oxygen changes she Ggordination of tin atoms
from sixfold to fougfold; whieh in turn, change ionic
character of bondingyRedtiction of the surface leads
to rehybridizatidh of Surface tin atoms and oxy-
gen atoms that ceuples to surface reconstruction
or relaxatigh\Establishing the correct electronic
structugesoflreduced and stoichiometric SnO, sur-
faces_isNifnportant for the further investigations of
ads@rptioli/desorption and catalytic properties con-
nectéd#with construction of adsorbate-surface site
\conformations and understanding of the different
feaction paths at tin oxide surfaces.

The most prominent feature of surface relaxation
confirmed by two different ab initio methods is out-
ward displacement of in-plane oxygen of 0,4 E rela-
tive to perfect-lattice (or truncated bulk) positions.
On one hand, such surface deformation at reduced
surface may be connected with rehybridization of

in-plane oxygen environment. On the other hand,
strong outward displacement of in-plane oxygen not
connected directly with rehybridization of Sn and/or
O surface ions may be attributed to the changes in
electrostatic interactions between atoms, coupled
with changes in the ionicity of surface bonding.

Possible rehybridizations at the (110) surface of
SnO,, leading to the outward displacement of in-
plane oxygen ions, may be assigned to subbridging
tin atoms, in-plane oxygen itself, or both of those
at the same time.

Most of surface Sn*+ ions usually have the octa-
hedral valence state of hybrid sp?d? orbitals. At fully
oxidized surface Sn** ions carry two oxygen mong-
dentately coordinated on it. If these oxygens ‘aré
eliminated then the cations becomes four-cogfdifia®
ted. This arrangement is energetically less fayorable
owing to the relatively high degree of &aoﬂl{aate
unsaturation of the cation and cotftalgad to the
surface reconstruction. The possible mechanism of
the reconstruction is the charige in rehybridization
of cation into some inactive formpzjor example, into
distorted sp®. Usually [10, 1 W], ¢he surface recon-
struction resulted in sueh rehybridization displaces
the superficial cations dowmand causes oxygen raise
above the surface platie (fig. 1, ).

Another possitile’réason for the relaxation leading
to the outward\diSplacement of in-plane oxygen
atoms at Teduted surface is rehybridization of in-
plane @xygemifom bulk configuration, which is sp?
plus.non-bonding, lone-electron pair. At reduced
sutface, joxygen atoms are in effort to lower their
eleCtrgnic energies, attempt to move out from sur-
fdee into more tetrahedral sp® configuration.

It would be noted, that change in coordination
of subbridging tin from sixfold to fourfold at redu-
ced surface, generates unsaturated dangling bonds,
making rehybridization highly probable. In-plane
oxygen at reduced surface remains three-fold coor-
dinated and its rehybridization can take place only
if it is energetically more favorable.

The surface geometry of SnO, (110) face from ab
initio calculations and molecular mechanics (MM)
minimization with various hybridizations is shown
in table 2. For reduced surface both octahedrally and
tetrahedrally hybridized tin and oxygen are consi-
dered. For stoichiometric surface octahedrally hybri-
dized tin leads to a better description of relaxation.
According to previous predictions [10, 11] tetra-
hedral hybridization of subbridging tin atoms at re-
duced surface is accompanied by outward displace-
ment of in-plane oxygens. At the same time, sub-
bridging tin atoms move down significantly, that
displays main difference between the MM calcula-
tions and ab initio results, where an outward dis-
placement is found, instead. Such strong difference
between MM and ab initio results makes this choice
of FF rather unreliable.

As it follows from MM calculations (table 2),
assignment of tetrahedral hybridization to in-plane
oxygen ions is not enough to provide an outward
displacement of 0,4 E.
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Table 2

Vertical displacements of the surface atoms from their
original «bulk cut» lattice sites (in E) from the ab
initio calculations (LCAO and PWPP) and molecular
mechanics (zero temperature molecular dynamics).
Tin is considered in octahedral and tetrahedral, and
‘oxygen in trigonal and tetrahedral hybridizations

LCAO | PWPP | Sn-oct | Sn-oct | Sn-tet | Sn-tet
(GGA) | (GGA) | O-tri | O-tet | O-tri | O-tet
[5] [5]
Stoichiometric
Bridging
tin +0,13 | +0,21 |+0,043|+0,033
(6 fold)
Bridging | | 0 05 | 40,13 |—0,038|—0,050
oxygen
In-plane
arygeR +0,18 | +0,22 |+0,100{+0,124
Reduced
Bridging
tin +0,14 { +0,20 |—0,125|—0,147| —0,26 | —0,33
(4 fold)
In-plane
oxygen +0,39 | +0,49 [+0,0341+0,073| +0,38 | +0,50

Moreover, minimization of flexible outermost
surface layer of (110) SnO, face, consisted of local
environment of superficial Sn and O ions, reveals
antisymmetrical (110) surface for oxygen in tetra-
hedral state (fig. 2, b), and makes this setting less

a

Fig. 2. Model of the outermost surface
face for the hybridizatxo s

a — Sn-tet + O-tri, b O-tet
probable. The surface sy was restored, how-

ever, for more rigi s el (fig. 1, b). Neverthe-
less, applying the dral hybridization for tin

and oxygen sur ms leads to increase of slab

total energ@ ), which demonstrates that such

Table 3

Compa of the total energies of stoichiometric
% reduced slabs with different hybridizations

of (110) SnO,

Sn-tet
O-tri
—165,15

Sn-tet
O-tet

—166,38

Sn-oct
O-tet

—153,11

Sn-oct
O-tri

—151,12

choice is energetically less favorable. Such results
are also in good agreement with [10], where it was
concluded that oxygen atoms cannot fully rehybri-
dize, because of the large local strain field (i. e., the
large energy cost associated with significant accom-
panying changes in bond lengths).

Mulliken population analysis of LCAO electronic
structure gives information on rehybridization at
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tin oxide surface directly. Computed energy levels
from the stoichiometric and reduced surfaces of re-
duced, Sn,0,, or stoichiometric, (Sn0O,), slabs are
presented in fig. 3.

ST 110 AR R 7,
G111 11 e VP [ b@
of WUl

—4 — 0 2 4

2
eV
Fig. 3. Computed LCAO one- elect s for

«@ced SnGOm sur-
2,2 eV has been

(o]

S — stoichiometric (SnO,)g surface

faces, B — for the bulk. A scissor o

applied to make band gap close 10% value. The fractional

occupation numbers in the case ced surface are illus-

trated by the barlength. For bulk and Stoichiometric cases, VBM

is adjusted to 0 eV and reduced case it is adjusted to fit
he ba §l ref. 5b

*
Q{lgtion analysis performed for stoi-

uced surfaces of SnO, displays
ne-electron pair at in-plane oxygen
h surface states (fig. 3) indicating that
remain in trigonal hybridization state —
s?\o a non-bonding, lone-electron pair. Such con-
clusion is in agreement with results of our MM cal-
culations.

At stoichiometric surface d-orbitals are involved
in the bonding of subbridging tin ions, supporting
conclusion made from MM calculations about the
octahedral valence state of the hybrid sp®d? orbitals.
It is extremely significant that d-orbitals are still
involved in the bonding of subbridging tin atoms at
the reduced surface. Such results exclude capabili-
ty for tetrahedral sp® state of the superficial tin orbi-
tals and also go along with data of MM calculations.
Participation of d-orbitals in the bonding of sub-
bridging tin atoms allows to assume, for instance,
the distorted trigonal bipyramidal sp®d hybridization
state for such cations, where 5s—>5p hybrid lone pair
occupying stereochemical position on the vacuum
side of ions.

P. A. Cox et al [12] has suggested that, after
removal of bridging oxygen atoms at (110) face,
two electrons remains at subbridging tin making it
Sn?t. The defect states near valence-band maximum
(VBM) are due to rehybridization of Sn 5s—5p
states at reduced Sn?* sites adjacent to oxygen va-
cancies or in local SnO-like environments at sur-
face. An alternative suggestion explaining appear-
ance of Sn2-like ions is that the inert pair of 5s
electrons occupies the apex of tetragonal pyramid,
as it takes place in tetragonal SnO structure.

Mulliken population analysis performed on SnO,
structure allowed to attribute an occupied elec-
tron energy levels related to subbridging tin ions
with 5s—bp hybrid lone pair located near the VBM
(—4,33 eV), fig. 3. Removal of bridging oxygen atoms

Mulliken




results in strong dispersion at VBM, which has four-
fold tin 5s and 5p character. These levels do not
relate to the bonds to the neighbouring in-plane
oxygen atoms, however. Thus, these are loosely
~ bound electrons from bridging oxygen vacancies,
the levels which are experimentally seen in band
gap [12].

Muliiken population analysis allows one to under-
stand the ionic character of the bonding in crystal.
Localized orbitals may be constructed from hybrids
on both Sn and O and these overlap, forming occu-
pied bonding and unoccupied antibonding orbitals.
Because of the very different electronegativities of
Sn and O, the bonding orbitals are concentrated on
O atoms and antibonding — on Sn. The ionic crys-
tal can be, therefore, regarded as the case where
bonding and antibonding orbitals become completely
localized on oxygen and metal, respectively. It was
found, that at the reduced surface the bonding or-
bitals related to subbridging tin atoms were locali-
zed on the metal ions rather then on oxygens, dis-
playing covalent character of the bonding for such
tin atoms. This is in agreement with well-known
covalent character of the bonding in SnO crystal.

The results of the ab initio and MM calculations
indicate that two electrons left behind after removal
of bridging oxygen ions occupy orbitals (a mixture
of bs and 5p) on surface Sn ions, converting them
to Sn?t[12, 13] and abnormal stereochemistry with
inert electron pair at reduced surface of SnO, is
due to this s—p hybridizations. Therefore observed
strong outward displacement of in-plane oxygen ions
cannot be connected directly with tetrahedral rehy-
bridization neither superficial tin or oxygen atom
and may be attributed to the changes in electrosta
interactions between atoms, coupled with chang
in the ionicity of surface bonding.

As it has been mentioned SnO, must be

as essentially ionic crystal. On the other Y ap-
pearance of Sn?* atoms at reduced su SnO,
changes the character of the bondi e essen-

tially covalent. Therefore, bound between subbridg-
ing tin and in-plane oxygen® weaker at re-
duced SnO, surface. Atomi guration of the
surface is determine y%position of stretch-
ing surface bondin s%& Ision electrostatic in-
teraction with n g oxygen atoms. Weak-
ening of the su n—O bonding, due to the

reduction of tin i rom Sn* to Sn* leads to the
domination @strostatic repulsion interaction and

results i served outward displacement of
in—plan@en atoms.

O
(b%*%

4. Conclusion

Relaxation of (110) surface of SnO, occurs essen-
tially in the perpendicular direction, only. In-plane
relaxation is negligible. Symmetry breaking recon-
struction was found only in case where the in-plane
oxygen has been allowed to rehybridize. The most
prominent feature is the surface layer anion relaxa-
tion outwards with respect to their bulk positions
at the reduced surface. This appears to be strong at
the reduced surface, about 0,4 E. The mechanism
responsible for such relaxation is supposed to be re-
hybridization of the subbridging tin cation from
octahedral to tetrahedral state. Some arguments
were found to assume that in-plane oxygen remai
in trigonal hybridization state. &
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INTERACTION OF PARAMETERS IN DEGRADATION

OF OPTOELECTRONIC DEVICES

AS INTERACTION OF PARAMETERS IN COMPOSITE SYSTEM

The interaction of parameters in degradation of optoelectronic devices is consid-
ered from the viewpoint of parameter’s interaction in composite system.

1. Introduction

It is known, that the formalized mathematical
exposition of any management system includes such
concepts, as controllable quantities, assigning and
control actions, errors (deflections in real values of
parameters of controllable quantities from their
assigning actions) and others.

In this paper we picked optoelectronic devices
(OED) — light emitting diodes, photodetectors, op-
tocouplers, lasers as an object of control (OC), and
indexes of their degradation (see tab. 1 and [1]) as
controllable quantities. The assigning action — are
norms (reference values) for the controllable quan
tities of a degradation of OED, given by regulati
documents. The spectator (experimenter) ins
current values of controllable quantities a ()
pares them with reference values; as a geSult,ofithis
the errors are fixed. The signs and val @ these
errors are parsed and the relevant guidelines®on their
elimination are made. If it is ne y to do the
corrective actions of controllable §u ies, the con-

trolling system — the subje rol (SC) ensu-
res the relevant require @or its embodying.

The phenomenon of% dation of OED we
characterise as a comgpesite system (fig. 1), there-
fore, we investiga’tnteraction of parameters

in degradation ofsC rom a position orderness and
i posite systems.

ts

The comy e’systems are represented as sys-
tems & ¢ to the logic requirement, which
comb e'different aspects in complexity of their
operatio ultifunctionality of application, hierar-

%tructure, diversity of component, embodying
systems on different physical principles, com-

%xity of control and decision making). The special
t

tention is given to examination of the plan for the
compendency of a composite system and to defini-
tion of force of interaction between subsystems.
The expedient for integrating of subsystems in
a single unit determines streams of the information,
and, therefore, forces of action for one subsystem
on another. The forces of interaction between sys-
tem components and between levels of hierarchy de-
termine complexity of a system. This concept in the
literature [2, 3] is named, as the plan of interaction
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tities of a
‘de\ d ) 2.

X

@ency and it is
of the compos-

of subsystems or a plan for
one of the important characte

ite system.
* Table 1
Degradation o D§s he object of control (OC)
andgystemiindexes of a degradation
«®§
Hibakps ofl Sye NS Component of indexes of groups
indexe!
Controll - | 1. Radiation intensity of the light-emitting

device.
Electrical indexes:
2.1, Reverse current of a photodetector;
2.2. Threshold current of the laser.
3. Quantum yield:
3.1. Photometer parameters of a light-
emitter:
3.1.1. Light intensity;
3.1.2. Radiation power.
3.2. Responsibility of a photodetector.
4. Detectability of photodetector.

Exterior perturba- | 1.
tions

Temperature condition:

1.1. Storage without feeding an electri-

cal displacement;

1.2. Storage without an exposure;

1.3. Temperature mode of trials and ope-
ration.

2. Direct voltage on p-n-junction of a light-
emitter.

. Mechanical indexes (vibrating strength,
shock strength, action of pressure).

. Action of light radiations.

. Stability to moisture.

. Action of gas mediums.

. Action of magnetic fields.

w

1O Ul

. Constructive:
1.1. Geometrical sizes;
1.2. Shape.
2. Physical and chemical indexes.
3. Physical and technological:
3.1. Impurity concentration and dura-
tion of their diffusion;
3.2. Parameters of host materials (semi-
conductor) :
4. Electrical and electromechanical:
4.1. Resistance and electric capacity of
p-n-junction;
4.2. Shorting voltage;
4.3. Amplification factor.

Interior perturba-
tions (attributes of
OED)

Control actions 1. Provision of regulating requirements in
technical operation of OED. ‘
2. Monitoring of controllable quantities

3. Generation of control actions by SC

© V. L Borsch, V. L. Irkha, G. V. Makarenko,
V. E. Gorbachev, 2001



Noises

Hed

Noises Exterior perturba-

i, W,

Assigning - Analyser —
action of data | . 5 2 ek
Y .
The spectator,
experimenter

M

Fig. 1. Functional diagram for experiment to examine
a degradation of OED:

OED — optoelectronic device; OC and SC — object of control

and subject of control; / — error (diversion of controllable quanti-

ties); 2 — control actions; 3 — controllable quantities (indexes
of a degradation of OED)

Noises

Let’s reduce some mathematical research tech-
niques for interaction of subsystems of composite
systems. ;

2. The set-theoretical means

It is initially obvious, that it is necessary to apply
mathematical methods to examine the information
aspects in interaction of subsystems of composite
systems, operating sets of interacting connections.
The conspicuity of this fact consists that the essence
of the set-theoretic means makes concept a mathe-
matical set, and in turn concept «set» rather fre-
quently by many authors is identified with determi-

nation «a composite system». However, it is the
narrow explanation of the concept for compos

system: it does not take into account a genera
purposes for performance of the system, corre
of subsystems, velocity of process flow (di
time scales), qualitative modification for
of the system as a whole, hlerarchy@ cture,
information complexity etc. the fi mathe-

matical concept «set» by the a f composite
systems is possible only paﬁ'a@or example, by
introduction to it of partic cture of a geo-
metrical or algebraic p%he similar set with
particular interactio ber and character of

operations abovesth ermed as space.

We have app@x rt methods to join the ele-
ments of a set in bset.

If M(P, S) is a symmetric measure for con-
nection er a between subsystems W,S and
v,.S fro%ystem S, then it is equal to number a,
whi nsidered retrieved, in other words: the
s ms W,S and W,S are linked by a function

upling f¢ of an order a — W,S f* WS, if
For an arbitrary relation

dition: if ¥,S f* WS, than WS f* W;S. The asser-
tion: system S, which consists of subsystems, is

WAS, WBS) =a.
&‘P S f¢ W,S and ¥V WS € S should be satisfied con-

termed as linked system by n > 0 subsystems of an
order a, if for all couples W,S and WS € S the re-
quirement W,S f¢ W,S is satisfied even at one value

of number i from an interval 1 <i < n; otherwise
we have the unlinked system of an order a.

The class of compendency of subsystems of an
order a from a system S is a set K2, for which the
following properties are fulfilled:

1)if W,S € K¢ and WS € K2, than W,S f* W,S;

2) if WS € K2, than ¥,S € K? such, that the re-
lation W,S fe WS is not fulfilled.

The class of compendency of a rank j and an order
a— K?, is a class of compendency in relation to
function f¢ taking into account a membership K¢,
to one class or several classes K7, , ;. Internal links
between subsystems W,S and ‘I»’BS and the exter-
nal links of each of subsystems S; are termed a
contacts. Number of interior contacts in the ¢ Q
K2eW,S € K¢ we designate as P(K?). If x(,
number of subsystems, linked by a functio oup-
ling such as f* with ¥,S, than the nu l’@xte-
rior contacts of the class of connectivity ¥Wais equal

X(K?) =§A:.X(‘I’AS)'

L 4

2. The statistical corr otn of indexes

for degradation of lth indexes of

exterior and mt% tlons

The indexes f degradation of OED (see
tab. 1 and fig. both functions of quality of
OED, and o@lon of exterior and interior ac-
tions. tux ality of OED is determined both by
the progess engineering of their manufacture, and
b aterials for manufacture, i. e. indexes of

Thei‘efore, the degradation of OED we represent
xpression:

D(dew)=¢)[Q(qij)v F(fms)]’ (1)

where @ — functional, Q(g;) — quality of OED
as function for indexes of quality of OED g, for
Vi=1..N, j=1..J (i — number of the group of
quality indexes of OED, j — number of quality index
of OED in the group, N — number of groups, J —
number of quality indexes in the group); F(f,.) —
function from indexes of exterior and interior actions
fusfor Vm=1.M, s=1..T (m — number of index
group for perturbations and attributes, s — number
of an index in group, M — number of groups, I' —
number of indexes for exterior and interior perturba-
tions in the group).

On controlled quantities (indexes and character-
istics for degradation of OED) are superimposed
conditions of an aspect:

eer (2)

forVe=1.E,w=1.W,i=1.N,j=1.J, m=1.M,
s=1..I', where d,,, and d,,, — accordingly lower
and upper tolerance limits for modification of deg-
radation indexes of OED (e — number for the group
of controlling magnitudes, w — number of the index
in the group, E — number of groups, W — number
of controlling magnitudes in group).

ewl (qq ’ fms)
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The OED are considered efficient for an index of
the degradation, if all indexes d,, are in the regu-
lated boundaries (2); otherwise there is a degrada-
tion of OED.

The quantitative assessment of degradation lack

of OED we designate by P4} — observance proba-

bility for all indexes of the inequality (2) at their
mutual noncorrelatedness:

e=E m=M
w=W s=T

MD =

P =11 11 P
e=l m=1
w=1 s=I

©)

where P7s — correspondence probability for the

actual value of the index d7 to conditions (2) (cor-

respondence for the real values of controlled mag-

nitudes of OED degradation to the required values).
It is obvious, that:

(@ —nz
Pms — R 4
i o (4)

where ® — number of operated OED of one type
and of one batch; n — number of degraded OED
on the index dms at f,, external actions.

Having defined

”!:Is(qi]" fms) < dew}v

it is easy to develop a procedure of an estimation
for the correlation coupling between indexes of OED
degradation.

{ ewl

3. Optimisation of structure of com
systems

The structure of connectivity for\a posite

system of an aspect — = AX 1s termmed by a

f an order n
j [3)). This plan
iSes complexity of

degree in filling of a square matr
(presence of elements a
of the compendency

processes, happenmg tem, however, high
order of the matrlx t completely determine

a system as comﬁ ven the very major dimen-
sion n of the sy niquely does not determine it
as compo ample in the case of diagonal

(cano ic: cture — = AY or quasi diagonal

oi rarefied structure (there are not a lot

d1agor1al elements a;;+ 0 for i + j), the system
viour appears predicted, as the equations, which

@escnbe the system, are easily integrated, and the

structure is considered as simple.

The forces of interaction between system com-
ponents and between levels of hierarchy determine
complexity of a system. Sometimes interactions can
be converted in such a manner that the system
becomes simpler.

Determination: the matrix equation of an
aspect

= AQX@®) + KOUnw() + POFE)  (5)
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— it is possible to simplify, if it can be converted
to an aspect:

= BO)Y(t) + MU (1) + GR)F(1),  (6)
where Y(¢) = C(#)X(¢) — matrix-column of an order n
of new required variables; C(f) — the square trans-
formation matrix of order n is supposed nondegene-
rated (det C # 0 and X(f) = C-'(#)¥(¢)); C' — mat
inverse to a matrix C(¢); B(t) = C-'()A(¢)C(t) —{t
coagulated matrix (in that specific case B(f)
L(t) — diagonal (canonical) matrix); M(%) =
G(t)=C(t)P(?).

The solution of the task for simplifi @)f struc-
ture of composite systems is co retrieved,
if the following problems ar : a) conditions
superimposed on matrixe and P(#), which
display, whether the si tion of the equation
(5) is possible; b) procedurevof deriving of a matrix
C(t), which allows wuce the equation (5) in the

)

equivalent formy(6); 0 aspect of matrixes B(%),
M), G(1). "\0
The genesal view of original transiormation
matrixes d C-'(t), and also the simplified
(trian orms are retrieved in the monograph
t an algorithmic level it is possible to
onversions of structures and to calcu-
rrelations between indexes for the degrada-
of OED. The procedure for determination of
such correlations in quantitative calculus is reduced

in paper [4].

4. The qualitative correlation regression
analysis

The considerable number of correlations in hier-
archy of subsystems of composite systems has cor-
relation connection carrying qualitative character.
The determination of correlation between qualita-
tive indexes in comparison with quantitatively de-
fined indexes requires additional gains, or generally
it is impossible. For the partial solution of this prob-
lem we design the methodology of application quali-
tative correlation and regression of the analysis,
which purpose is to determinate the correlation
between subsystems of composite systems. The
examples for a similar solution of the task in the
analysis of the OED degradation are published in

papers [5, 6].

5. Conclusions

The uniform approach to the investigation of the
phenomena of OED degradation is offered on the
basis of the theory for composite systems. Within
the framework of this approach it is possible to con-
struct algorithmic model for investigation of inter-
action between parameters describing the degrada-
tion of OED.
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TO THE INVESTIGATION OF THE PROPERTIES
OF CUBIC MONOCRYSTALS

The definition of Green’s tensor is of the main problems of Solid State physics. The
attempts to definite it were made by various authors. Unfortunately the Green’s tensor
reserved expression for materials with cubic symmetry was not obtained before. It’s
first carried out a reserved expression of equilibrium equation Green’s function of cub1
single monocrystal. It has main important significance for the problems of electrom

material science.

Most of semiconductor materials used in photo-
electrons are the cubic crystals. That is why exact
prediction of their properties is very actually. The
Green function of the equilibrium equation plays
very important role while the properties of these
materials are investigated. Therefore the finding of a
reserved expression of equilibrium equation Green’s
function of materials with arbitrary symmetry is an
important task. Lifshshitc and Rozencveig [1] have
obtained the Green function reserved expression for
hexagonal monocrystal and showed that in case of
cubic monocrystal, when the elastic moduli are con-
sidered in relation to frame connected to the cr
tal lattice axes, reserved expression for Green fu
tion is not obtained. It is possible to obtain

served expression only in case of low ani§otropy\
this case. In the present paper the way o erved

Green tensor calculation for the basic equation of
the elastic theory for a cubic monoc is offered.
In [2] the method of texture pol properties

calculation with known tenso ion for a case
of cubic symmetry crystalli escribed on the
basis of one pole figure &). t is based on the
elastic properties 1sgtrmf rystallographic plane
(111) of cubic crys t uses the substitution

of effective hex rystallites for polycrystal

cubic ones ropriate properties. We have
applied this to the different cubic monoc-
rystals./The er calculation does not differ from

; @ | medium Green function calculation.
t’s consider an unlimited cubic monocrystal.
Le@nect frame X'Y'Z’ with crystallographic axes
010], [100]. This crystal has three indepen-
components of elastic moduli tensor, i. e. three

ot zero diagonal components in frame, in which
the axes coincide with the main axes of symmetry
of a monocrystal. It is known that crystallographic
plane (111) in a cubic monocrystal is isotropic one
concerning elastic properties. Let’s go from system
of coordinates X'Y’Z’ to system of coordinates XYZ,
connected with the given plane in such a manner
that the axis OZ coincides with perpendicular to her,
and the axes OX and OY are arbitrary focused in a
plane (111) and perpendicular to each other. Having

88
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transformed the componen astic moduli ten-
sor according to the law of transformation of the
fourth rank tensor .

tklm zpakq alramscpqrs ( 1 )

it is possible t ain five not zero components of
elastic mod r in system of coordinates XYZ
[1] anal to the case of hexagonal crystal

symm
11—Cu Yok, Ciy=Ch+ Yk,
b+ Yok, Chy=Ch— Yk,

r
13""

" Ciu Clu+ Y. 2)
+» — elements of a rotational matrix [3],
k=Ck — Ch—2C 3

is an anisotropy index of monocrystal.

Further we will not examine cubic monocrystal
with elastic properties C%,, but we will examine
hexagonal monocrystal with elastic properties Cf,.
These properties are calculated out of C¥%;, on the
basis of (2).

The displacement # arisen in the examined me-
dium under influence of force f is satisfied with

equation system
. O
ikim 0x,0%,,

= —8(7)f (4)

with boundary data u, — 0 if I — . Cj,, are the
components of cubic medium elastic moduli tensor
in the frame XYZ. It is known Green’s tensor of
equation (4) is a solution of system
. 0 G,,,
iklm ax ax

= —58(7)5,,.

It is possible to decompose &-function in Furie-
integral

8¢) = o § €V E. ®)

The solution of equation (4) is looked for in the
form of Furie-integral too

u,(F) = §o @) dE. (6)

© V. A. Drozdov, Yu. N. Ivanov, M. A. Drozdov, 2001
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Substituting (5) and (6) in (4), we will get the
equation system for Fourie-amplitude

w®o®=F, (=1,2,3) (7)

The coefficients u,.,(é) are determined by correla-
tions

wi(8) = (270)° CipynEeom. (8)

It is known the crystallographic elastic moduli
of hexagonal monocrystal (axis x; is hexagonal, axes
x, and x, are perpendicular to axis x5 and each other)
are determined by formula

Ciaim = 088y + b(884 + 8,1841) + V5384381383 +
+ X(8:384361m + 6148130 ,m3) o
+ (8843813 + 858,384 + 8:8438 3 + 648:3815).  (9)

Determining a, b, y, x and p from here and substi-
tuting elastic moduli C%,, in the obtained expres-
sions instead of Cy,,, we will get after elementary
transformations

Clo+ Yok, b=Ch+ Yok,
’/ak p=—"hk, y=—3Yk  (10)

Here & is determmed by formula (3). The calcula-
tion of hexagonal medium Green’s function is addu-
ced following [1]. Substitution of equation (9) in (7)
gives the equation system for definition of Furie-
amplitude v,(€). Its solution

1
3
(27I) u(g) bgz + pE? Det(z) %
(B (0t )6+ P + (@ + )Y+ IE —

—(X+p)°E] +(a +b+x+p)Eu§3fs},

@nvsE) = ——={(a+ b+ x + P)E + ngz)@

Det(¥)
+[—a+ 268 +(@+b—p)E3] &

where

Det(E) = (a + b+ X + p)EX(
+[—(a+26)E + (a+

In [1] it was shown t at
tion calculation is re
tion of six power
F(2)=aqa, + a2z4 +a328 + a2+
52' +ag=0,
where F (z@determmant of third order
(2)= | Cmar(2)an(2)|,
s function is defined by correlations

a‘i‘
3
o ___2_71_ fln(z)
Gu) == Z‘("‘(Z))zw'

where f,,(2) are algebraic additions of correspond-
ing elements of determinant F(z). The functions
a,(2) are defined by equalities:

2f2)§3 +
)&]fs.

k of Green’s func-
general to the solu-

a,(z) =sin@ — zcos 0 cos @,
ay(2) =—cos@—zcosOsin@, a;(z)=2sinb,

and z,, are root of equation F(z) =0, 8 and ¢ — polar
angles of radius-vector 7.

In our case this equation is fallen to two ones
(quadratic and bequadratic):

(b+ psin?8)22+b =0,
(msin*@ — Isin?0 — k)z* —
— (Isin?0 + 2k)2? — k=0,
where the coefficients &, [, m are
k=(a+2b)(b+p),
[=(a+2b)y+(26—x)(x+2p),
m=(a+b—p)y—(x+2p?.
The roots of equations (11) and (12) a

(11)

(12)

= =+ [— ————————
29 == b+ psin20’
3 . 2+ (x|l 4/m)sin2 0
3,456 — 2(k+ in?6,— msin‘6)

Further calculatxo e depended on correla-
tions, which the ela duli are satisfied with.
Let’s examine th when

\@ +V‘b+psm29

2+ (= VP2 + 4km)sin® 0
2(k + 1sin? 6@ — msin* 6)

e¥’s mean p,(n3), ps(ns), g(n;) the expressions

p(ng) =2k + (L + I + 4km)(1 — n3),
po(ng) = 2k + (I — 12 + 4km)(1 — nf),
q(ns) =2k + 1sin?0 — msin*0].
Let is 7i=7/r, B(n;) =b+p — pn3,
Ay(ra) = (@ +D)(b+p) s+
+ (a+B)by — p*) — b(X +p)? (1 —n2) \/p—p(@,

B(ny)pg(ns) — g(n3)
then the function 4,(7) of unlimited hexagonal mono-
crystal is defined by formulas

dnr(l — ndug(r) =

V() 8 B(ns) + bn?

[b b+ 4km 2( WA+ v (T

e ook i Nl o 2
T od@ T tomatnn) BZ-X( P Ag(q(ny) + py(ng)n3) +
s B(ny) + bn3 | na(mfi+mof)
(6+pWBb| 1-n
2
__atbtx+e N
T g( P nanfy[Pp(s),
a=1, 2, (13)
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8 i 1 task of Green’s tensor finding in the connected to
dnr(l = §)us(F) J& T dkm)q(ny) x crystallographic plane (111) of cubic monocrystal
frame and Green’s tensor can be obtained in re-

2
X{(@+b+X+0) Y, (~0s(75) ma(mify + mafy) +  served form.
B=1

2
+[(G+p) +(@+b—p)n} )Z (— 1P Jop(n5) — References
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INFLUENCE OF y-IRRADIATION ON PHOTOLUMINESCENCE
OF POROUS GERMANIUM OBTAINED

BY TREATMENT IN ELECTRIC SPARK DISCHARGE

The porous Ge layers are produced by spark discharge method. The photolumines-
cence spectra of these layers are compared with ones for porous Ge obtained by stain,
chemical and electrochemical etching. There are the data in references that for porous
Ge layers obtained by different methods the maximum for photoluminescence spe
trum may be localized by two different wavelengths depending on the production pro-

N
&

cedure. In contrast to it, our spectra consist of both peaks. Using the results of p
luminescence spectra studies, the comparison of aging effects for porous Ge laye
produced by different methods was made. The influence of y-quanta actioneon photo-
luminescence spectra of porous Ge layers was studied. n\ .

1. Introduction

The discovery of intensive photoluminescence
in visible range of spectrum from porous silicon
{1] is interesting to search the similar effects in
the other semiconductor nanostructures used in
electronics. The detection of photoluminescent pro-
perties in porous germanium obtained by chemi-

.
0\
2. Experimen hnique
As the ini erial, p-type germanium wafer
with speeif tance p =30 Q-cm was used. We

applied th e germanium as material for elec-
trode during the treatment of sample by spark dis-
a though it was of little importance [10—11].

T duction of porous layers was carried out by
e setup consisting of high-voltage source, contact

cal etching [2] and by anodization [3] gives t
basis to search the similar quantum phenomen maker and two-coordinate manipulator (fig. 1). The

the other porous materials and allows to hope
creation of the new optoelectronic devices
base of these materials. The above-menti
pectations are also confirmed by the

porous silicon carbide [4] and in ;@
arsenide [5]. However, the low i of photo-
luminescence for these structure “hampers their
practical application. This fact(forces the search for

methods to magnify lumi eriCe. One of them is
the development of d@ surface that can be
easily realized by, of nanoclusters in dif-

ferent porous s K hich are already known

the

gallium

[6—7].
In contrast ous silicon, only some papers
2, 3, 8— re devoted to porous germanium. In

our opigi may be explained mainly by comp-
lexit % production, by bad reproducibility of
ma@ nd by lower intensity of photolumines-
visible range of spectrum comparing to

s silicon. In the above-mentioned papers the

%mples obtained by different technologies, were

treated by various procedures (for example, laser
irradiation, thermal annealing, oxidizing on air of
in water vapour etc) during investigation. At the
same time, the studies of radiative effect on the
given nanostructures are practically missed. In
present paper we try to make up for this defi-
ciency.

treatment by electric spark discharge up to 20 hours
allows to obtain layers of noticeably luminescent po-
rous germanium with di-
ameter of a spot of about
5 mm. Just this size is the

minimal to dispense with 9
photon counter. During o 3
the process rather thick spark g

white scurf of germanium
oxide arises on wafer sur-
face, which is necessary
to remove periodically to
facilitate the formation of
porous layer. The growth
strength of porous germa-
nium layer allows to re-
move the referred «coat»
mechanically, without
any solvent, as it usually
takes place, while using chemical etching [2], when
porous layer is obtained thin and friable.

The distinctive feature for the treatment by elec-
tric spark is that the spark at each subsequent dis-
charge hits in a place with the lower resistance
because of porous layer and oxide on sample sur-
face. Thus, the rather uniform layer results in con-
tinuous treatment (even at — 100 pm of layer thick-
ness). This fact distinguishes favourably the spark

(==

Fig. 1. The scheme of set-

up to produce porous ma-

terial by electric spark dis-
charge:

I — sample; 2 — electrode;

3 — high-voltage source of
current
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treatment techniques of porous germanium from
that obtained by anodization. The investigation of
these layers by optical and electronic microscopes
(fig. 2, a and b) specifies the fundamental simila-
rity of porous silicon layers obtained by anodization

(fig. 2, ¢).

Fig. 2. Photos of porous Ge and porous Si surfaces:

a — Ge (optical microscope); b — Ge (electron microscope);
¢ — Si (electron microscope)

The obtained Ge sample with porous layer was
exposed to y-irradiation from ®Co isotope with dose
5.10%* rad. The photoluminescence spectra before
and after this irradiation were registered at excita-
tion with ultraviolet laser ILGI-501 (wavelength
A=2337 nm, pulse duration 10 ns, repetition frequen-
cy from 10.Hz up to 100 Hz, mean power 25 m W),
by the setup consisting of quartz monochromator
SF-4, photoelectric multiplier FEU-59, seleat"f%
amphﬁer U2-8 and xy-plotter H-307.

3. Results and discussion

As well as in case of porous silicon [13]the dis-
tinctive methods to obtain porousfgefmanium lay-
ers (and also the different regimes within the same
method) lead to the different=¢and 6iten the oppo-
site) effects. It is noted ip [2], fhat the white thin
coating, growing by chémical procedure to obtain
porous germaniurm filfn and removing in water, re-
sults in complete, disappearance of luminescence.
Thus, the authofs {2]¥make quite valid conclusion
that the givén thih coating consisted mainly of GeO,
is respartsible for photoluminescence.

Afgtesaid, white thin coating of oxide has also
appeared when the spark discharge method was
used. However, at its subsequent more and more
carefil mechanical removal, the photoluminescence
net*only does not disappear, but its intensity, on
the contrary, increases without change in shape of
spectrum and shift in the peaks (fig. 3).

Both results are not inconsistent if one takes into
account that the presence of oxide is only one of
the necessary requirements to appear luminescence.
The second necessary requirement consists in the
presence of nanoclusters provided the quantum con-
finement effect inside pores. It becomes obvious, that
in case of electric spark discharge treatment, the
nanoclusters of Ge and oxide will form more strong
structure, than in case of anodization [2].
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The similar explanation is also confirmed by the

‘results of paper [3], where the anodized layers of

porous germanium were oxidized at 600° C in oxy-

)
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Fig. 3. Photoluminescence spectra of porous germanium:

1 — with oxide layer formed'as tHe result of electric spark treat-
ment; 2 — after mechanical removal of thin oxide layer; 8 — after
morge complete removal of oxide layer

gen and nidrogen atmosphere in the ratio 1: 9, re-
spectivelyyThe results of this work show the strong
shift of photoluminescence maximum to the short-
waye direction. This phenomenon is accompanied
bysapproximately 150-fold increase in photolumines-
cende efficiency comparing to the initial value. This
effect is explained [3] as displacement of bound
hydrogen and as its substitution by oxygen. Thus,
the part of oxide increase that allows to make con-
clusion about the decisive role of localized states
on Ge—GeO, interface in shaping of photolumines-
cernce.

From results of [2] one can see, that in samples
obtained by stain-etching, there is photolumines-
cence peak with maximum near 420 nm (with wave-
length of exiting light 325 nm), whereas, for the
anodized samples, the peak lies within the range
560..580 nm (but at excitation by wavelength
488 nm). The necessity to use excitation at the great-
er wavelength in the second case is explained, ob-
viously, by abrupt degradation of photolumines-
cence. It prevents the possibility to compare the
results even within the paper. At the same time, in
our case, when electric spark discharge is used to
obtain porous germanium, both maxima (420 nm and
540 nm) are present in photoluminescence spectrum
under excitation with wavelength 337 nm (lig. 4).
Taking into account that in [2] excitation energy for
photoluminescence of anodized porous germanium
is lower than in present work, it is possible to as-
sert, that the corresponding maxima are identical
with the high probability.

The fact [2] that photoluminescence of chemi-
cally etched layers of porous germanium degrades
promptly and strongly enough under the influence
of laser excitation while the noticeable decrease of.
photoluminescence is not observed for our samples
under the same conditions, should be taken into
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account. This proof out of the photostimulated
changes we explain by the assumption that nano-

3

Iy, arb. units

N

400 500 600
Wavelength, nm

Fig. 4. Photoluminescence spectra of porous germanium:

1 — obtained by stain etching (A = 325 nm); 2 — obtained by
anodization (A= 488 nm); 3 — obtained by spark discharge
(Aexe =337 nm)

clusters of germanium (1) in our structure are im-
planted in solid bed of oxide (2) (fig. 5).

Fig. 5. Schematic image for dislocation of G sters
in oxide layer after electric spark discharg: ent:

1 — Ge clusters; 2 — oxide la

of Ge clus-
ters in porous silicon, the dimi in photolumi-
nescence intensity and shi n@ maximum to the
short-wave direction af year of storage was
demonstrated. Thisfesult,is stipulated by oxidation

through Ge cluste crease in width of oxide

layer and dimj tx germanium core of cluster.
The similar p non also takes place with Si
clusters in porotss”silicon during long-time storage
on air an@nnealing with saturated carbon (car-

nt) [14]. The absence of the noticea-

bonic
b @ for the given effect in our samples and

In the paper [7] devoted to &
ti

|

1 e absence of luminescence degradation un-
% citation by UV laser testifies to the initial
vention in them from the further oxidation of
anoclusters through oxide film. This «defence» may
e explained by the steeping of nanoclusters in rath-
er thick oxide layer that is stipulated by procedure

of sample preparation.
The research of the influence for the small doses
of y-irradiation has shown that it led to decrease in
photoluminescence efficiency with simultaneous

smoothing and broadening of spectrum (fig. 6). The
obtained effect can be explained by formation of

900 ™ 1
800 -

Ip;, arb. units
I R O - S
=1
8388 8 8
T T T T T
N

100 F

0 1 1 i Il L
360 410 460 510 560 61 0 760
Wavelength, nm

Fig. 6. Photoluminescence spectra of potous germanium:

I — initial spectrum; 2 — after storage on air during one month;
3 — after y-irradiation wit s€ 5. 104 rad.

i
.
additional centers for’light absorption. These centers

allow to recombine ively for donor—acceptor

pairs with low @

3. Co

1 The\ ive role of Ge—GeO, interface during

toluminescence of porous germanium is shown.

e absence of noticeable degradation in inten-

of photoluminescence of porous germanium

uring long-time storage is explained by prelimi-

nary good prevention of Ge clusters during material

production by using the electrical spark discharge
method.

3. The decrease in photoluminescence inten-
sity of porous Ge with simultaneous smoothing
and broadening of spectrum under influence of
small y-irradiation doses is explained by formation
of additional centers for light absorption in oxide
layer.
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ELECTRIC AND PHOTOELECTRIC PROPERTIES

OF CdTe:V CRYSTALS

Equilibrium electric and photoelectric properties of semi-isolating CdTe:V crystals,
obtained by Bridgman method were investigated. Impurity concentration C, in the melt
was in the limits from 2-10'8 to 1 - 1020 cm~3. From Hall coefficient temperature depen-
dences in the energies range of 0,67...0,85 eV a set of levels, ascribed to V2 defect in
the isolated state or in associate composition was determined. The bands of impurity
photoconductivity (at 1,1 eV and 1,35 eV) explained by the photoionization of V% defe
were revealed. The peculiarities of recombination processes in cadmium telluride deped

with V, Ge and Sn are compared.

Cadmium telluride is widely used in opto- and
microelectronics due to great number of its specific
properties. It is mostly applied in production of infra-
red (IR) elements, devices of ionizing radiation as
well as substrates for CdTe and CdHgTe epitaxial
layers.

Last years great interest in CdTe has grown as
the photorefractive material being suitable for ap-
plication in telecommunication systems. It becomes
possible because of a high value of CdTe electro-
optical coefficient which is three times greater than
the analogous one in A3B5 compounds, and also

owing to the possibility to widen the photosensitjfity
range in IR region by doping with certain impur @

The data in [1] show that CdTe:V crystals are
most perspective material in this trend.

Since the vanadium impurity has the @infilled 3d-
shell and intrinsic magnetic momen nsider-
able amount of investigations i crystals
were carried out by optical, ma optical and reso-
nance methods.

Theoretical calculation’@indicated [2] that
impurity of V takin ife created deep donor
levels near the mi e forbidden gap. It is
supposed that rigi g of Fermi level to the

position of these N is the reason for semi-iso-
lated state of '\CdTe:V crystals.

However, theré isn’t any divergence in the in-
terpreta f the results for many experimental
studi e:V properties. Particularly, for ener-

of V2+/V3 vanadium level, which stipu-

gY, RO
uilibrium characteristics of material, vari-
data were presented: E, — 0,67 eV [1, 3], E, —

eV [2], E.— 0,9 eV [4]. Authors of [4, 5] have

%evealed two traps with energies 0f 0,95 and 0. 78 eV

eing present in all samples with vanadium and un-
doubtedly they were the results of this impurity. The
nature of vanadium compensation effect in CdTe is
not clear so far as the general amount of impurities
dissolved in the crystal is much more greater than
their contents in cadmium sites (V2t, V3+).

"© P. M. Gorley, O. A. Parfenyuk, M. I. Illashchuk,
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problems. The results of electtic and photoelectric
properties research i crystals, doped with
different quantities ofntpurity in liquid phases C,:
from 2-10% ¢m 0 1-102 cm=3 are presented.
The crystals we wn by Bridgman method under
the IO\h‘p sstize of Cd vapour (pgy =~ 0,02 atm).
Initial ¢ nts (Cd, Te) were of 99,9999 purity.
Synthesizedmaterial was additionally cleaned by va-
ublimation method and impurity was put into
container directly before the growing process.
e treatment of the samples and putting of the
ntacts are standard [3]. Temperature measure-
ments of Hall coefficient (Ry), specific resistivity (r)
were carried out by direct current method using elec-
trometric amplifier with input resistance of ~ 102 Q.
Voltage on the sample was <5 V. To exclude from
the secondary signals, the measurements were per-
formed at two directions of current and magnetic
field at every temperature.

Photoelectric measurements were made in direct
field regime in the sample. Spectral (in 0,5...1,8 eV
energy interval) and temperature (at 80 < T < 295 K)
dependences of photoconductivity and IR-quenching
were investigated.

Equilibrium characteristics of samples at 295 K
are presented in the table. All the crystals were
semiisolated with electron-type conductivity. Intrin-
sic conductivity was observed in several samples
(example 2 in the table). Experimental temperature

This paper concerns w,r\losolutions of these
dTe:

Table
Impurity Carrier Carrier Energy
Ne | concentration | concentration mobility of level
Cy, cm~3 n, cm=3 Wy, cm?/V-s | AE, eV
1 2-1018 2,5-107 780 0,67
2| .5:10% 2,0- 108 711 1,60
3 1-10" 2,8-108 830 0,76
4 1-10% 6,2-108 126 0,67
5 1-10% 4,7-108 903 0,854
95

L
\2‘%\

O



dependences of p(T) and Ry(T) for this sample are
shown in fig. 1. Dashed line is a temperature depen-

1g (Ry, sm®Coul™)
lg(p, sm™ Q™)

15

il 1 1 1 Il L 1

2,4 2,6 2,8 3,0

3,2 1000/T, K™

Fig. 1. The temperature dependences of Hall coefficient
(1) and specifical resistance (2) in CdTe:V crystals

Dashed line is the calculated values of Ry at the intrinsic con-
ductivity

dence of Ry in intrinsic conductivity range calcu-
lated using the expression

r (1—b
R = ;;"(1—_‘*_—5).

here n;, — intrinsic carrier concentration [6]; r=1;
b= u,,/pp= 14. Repeated measurements of electro-
physical parameters during the cooling from 430 K
to room temperature have shown that in contrast
to the undoped CdTe [6], our crystals revealed great
thermal stability. The dependence between C, a

equilibrium carrier concentration was not obser
The depth of operating levels, caused the equili
um conductivity was in the interval of E 0,67...
0,85 eV. These values were equal or clt e
values obtained by the other authors [1—4)TIh€ rea-

son to appear such set of levels appears, in our
opinion, is that there is no majo 'anadium
% Du

impurity (V) in the isovalent t it enters
into the associates content w% ium vacancy.
Cadmium telluride like (& 5 compounds is
characterized with the high ‘degree of complex cre-
ation. Thus, the inves @ ed crystals were grown

at low cadmium v, pressure and had a lot of
its vacancies Jt i@w [7] that jonization energy
ar

of defect wpi t of the associate, decreased
compari e corresponding value for non-
interac . Taking the energy position of V3
isolated t as E, — 0,9 eV [4], such explanation

possible.
otoelectric investigations show that doping of
e with vanadium has caused the long-wave limit
hotoconductivity (PC) shift to the region of smaller
energies comparing with the undoped CdTe, where
only its proper maximum was observed (fig. 2).
When temperature decreases, the low-temperature
photosensitivity edge shifts from ~0,7 eV (295 K)
to ~ 0,9 eV (80 K) and photosensitivity slightly im-
proves. In PC spectrum at 80K it is possible to
distinguish two bands with spreaded maximums at
1,1 eV and 1,35 eV. Similar bands with close ener-

for@ig number of activation energies appeared

96

gies were observed in [4] where maximum at 1,3 eV
was connected with the direct V% defect photoioni-

80K

IR-quenching, %
e
o

8

2

08 09 hv, eV ¢
1 1 1 [} 1 1 1

0,7 0,9 1,1 1,3

uenching of pho-
ntrinsic excitation:

the spectral dependences of th
toconductivity for two intensitie
L, =1:1

.
zation and it was&’wsed that the band about
1,1 eV was caifsed by'photoionizing ion VZ} transi-
tion over its exgited state of 4T, (*P). An essential
difference een optical and themal ionization
energy of V& Wwas explained [4] by strong lattice

relaxat

* perature dependence without any pecu-

lia% monotonously decreases when temperature

rises irom 80 to 295 K. In the whole temperature
terval, photocurrent /, dependence on the intrin-
ic excitation level is expressed by power function

with index of 1,0<y< 1,1

At nitrogen temperatures, IR-quenching of PC
was observed in energy range of 0,75 < v < 0,95 eV
(insertion in fig. 2). Maximum magnitude of quen-
ching factor was more than 50%. When the light
was switched in and switched off, the transition pro-
cesses were observed displaying in short-time de-
crease of /; at IR-light
cut-off and following
increase in its initial
quantity of /; and vice 1070 ¢
versa — when the light 1
was switched in. These
precesses could be ex-
plained by the double
optical transition of
V& and V3. Data pre-
sented in fig. 2 also I
show that IR-quench- . .
ing is a reason that at 0 W
80 K long-wave PC li-
mit shifts at the higher
energies.

Practically impor-
tant peculiarity of
CdTe:V crystals is al-
most complete absence of long-wave «tails» damp-
ing of PC when excitation at switch-in (fig. 3) that
is characteristics for high-ohmic semiconductors.

']

1010 |

2

60 ¢, sec

Fig. 3. Time dependences of

photocurrent decrease after

excitation  switch-off in

CdTe:Sn (/) and CdTe:V (2)
crystals



Analysis of the results show that in CdTe:V, the
centres with sharp asymmetric capture cross-sec-
tions for electrons and holes [8] found in photosen-
sitive CdTe:Ge, Sn crystals are not created [9]. That
is why we may consider that deep centres created
by Ge and Sn impurities in CdTe have influenced
on recombination processes quite differently from
the analogous ones for CdTe:V.

As a conclution it should be noted that the do-
ping of cadmium telluride with vanadium caused the
production of semi-isolated n-type material. The
correlation between the quantity of impurity and
estimated parameters of CdTe:V was not founded.
To explain electric and photoelectric properties of
the material it should be taken into account a great
probability that vanadium may introduce into the
associates with cadmium vacancies. The wide spect-
ral range of photosensitivity and high speed of statio-
nary values, determined after switch-in and switch-
off the light, are of great importance for practical
use of this material.
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RESIDUAL PHOTOCONDUCTIVITY EFFECT
IN SEMI-INSULATOR FILMS ZnSe,Te,_,

The features of photoconductivity in semi-insulating layers ZnSe,Te,_, have been %
studied. The dependence of the photocurrent on applied voltage has been investigated.
It is observed that the voltage under which the space-charge-limited (SCL) current
flows the impurity maximum with Av = 1,4 eV appears in the spectra of photocurrent.
The residual photoconductivity is observed under illumination of impurity absorption
region. And the ratio of photocurrent to the dark one reaches of value 10°. The
served phenomena are explained by space inhomogeneity of the layers.
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1. Introduction

The epitaxial films ZnSe,Te,_, combine the high
resistivity with the high photosensitivity. However
there is no complete information on photoelectric
properties of solid solution in literature. Generally,
the available information concerns the researches
in the dependence of bandgap (Eg) on film compo-
sition [1]. In the present work the unknown effects,
being discovered in the semi-insulating ZnSe,Te,_,

films grown on ZnSe substrate are discribed. t
2. Experimental procedure s

The epitaxial films of solid ZnSe,Te tion
were produced by liquid phase epith gh-
resistant ZnSe (111) substrate. The gre took
place under the epitaxial temperature 980—1050 K

out of Bi melt. The geometry ic contacts
is presented in fig. 1, insertim%.

e films have
p-type conductivity and@ resistivity was

108 Ohm - cm. The value & vity for (ZnSe) sub-

O
) bQ\ %%ﬁ:‘“l—x
@\
D

3

hv, eV

Fig. 1. Photocurrent spectra of ZnSe,Te,_, for voltages
10 V (1), 20 V (2) and 30 V (3)
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strate are not more (ZnSe,Te,_,) than two or three
order. The compositien of solid solution ZnSe,Te,_,
was defined by mz&eﬁtroscopy [1]. The value x,
of growing filn%gges in the range 0,2—0,3,
that corresponds to E, = 2,14 eV. Photoconductivi-

14

ty spectra easured within the wavelength
range 0, m using DMR monochromator. The
PZh-1 andescent lamp was used as excitation
sour toconductivity spectra were taken with

number of light quanta being incident on
mple.

3. Results and Discussion

The spectral responce of photocurrent measured
under the different applied voltages and at T=500 K
are showed on Fig. 1. Figure | presents one intrin-
sic peak with maximum Av,, = 2,14 eV, under low
voltages (curve 1), which corresponds to the band-
to-band transitions ZnSe,Te,_,. The additional band
with Av,,,= 1,4 eV, corresponded to photoionization
of impurity centres, appears in spectrum (curves 2,
3) under voltage increase, beginning from the cer-
tain critical value (U.,,). The induced impurity photo-
current increases with the voltage more quickly than
the intrinsic peak. One more experimental fact, being
observered on ZnSe,Te,_, films, consists in the follo-
wing, if the samples, mounted in darkness under
the voltage U < U,,, are illuminated by light with
energy hv=1,4 eV, current increases to some va-
lue, which relaxes quickly to the primary one after
switching off the light. When U > U, current in-
creases slowly to its maximum value. The relaxa-
tion time depends on voltage, intensity and sample
temperature. The maximum value of ratio for the
impurity photocurrent to the dark one /; was equal
10%. When the turning off the light the impurity
photocurrent slightly decreases, but the state with
the large conduction is reminded for long time (10°...
108s). So, the phenomenon of residual photoresisti-
vity can be observed.

The current voltage characteristics (CVC) of dark
current and impurity photocurrent were measured.

© Malushin, V. M. Skobeeva,
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Figure 2 shows, that the dark current changes,
firstly, in accordance with Ohm law, and than is dis-

1, A
10—+
105 1
- 2 1
107 |
10—9 1 1 1 i
1 10 100 u,v

Fig.2. CVC dark current (/) and impurity photo-
current (2)

cribed by the responce, which is characteristic law
for the current-limited space (CLS). CVC of the
impurity photocurrent are also discribed by the law
of the monopolar injection (curve 2). The voltage,
threshold population traps V,,, equal

tht =3 4eNtL2/38,

here e — is electron charge, L — is distance between
cathode and anode, € — static dielectric constant,
N, — traps concentration. The evaluation of N, under

the given geometry of contacts shows the value
105 m—3. However, such very low concentratio @

not determined by general purity of films, b
shows that in our case (SCL) flows in small segi
of high resistivity and it regulates curr
films. At voltage increase, the resist
regions are equalized at the expens injection
currents. The investigations in & f inhomo-

.\O
o

geneities showed, that it is connected with the in-
homogeneity distribution of electrical defects in films
volume, but not with the inhomogeneities distribu-
tion of ZnSe,Te,_, composition. We suppose, that
the centres of extrinsic photosensivity are in the low
resistance regions. So the impurity peak appears in
photocurrent spectra under the high voltage. The
recombination barriers with height E,.., existed on
the boundary of electrical inhomogeneities and pro-
vided the space separation on nonequeilibrium car-
riers. Life time of nonequeilibrium carrier and re-

laxation time of residual conductivity (t) are deter- %
mined by the expression ¢
= Toexp(Erer/kT)a

here 1, — time of thermal quilibrium carnﬁ%
300K 1y=10"C, kT=0,025¢eV, t= 1@06 C,
obtained value E, . =0,5eV.

4. Conclusion
The ZnSe,Te,_, films_ of Mmlution growing
P

on ZnSe substrates sho%i otosencivity indu-
cing by electrical fieldand residual photoconductivity
exciting by light fro ’%orption impurity region.
The investigation % anism of current flow in
ZnSe,Te,_, sho t it contained the electric in-
homogeneity: sidual conductivity in films is
explained stance of recombination barriers
idi space separation of carriers on the
ry of inhomogenity. The received results in
uld be practically applied in optic switching
es. To these also promote that, the effects are

bsereved under the high temperature (300...350 K),
have the high value and the films have of the mecha-
nical durability and the high adhesion to substrate.
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STOCHASTIC DYNAMICS OF ATOMIC SYSTEMS
IN MAGNETIC FIELD.
ZEEMANE EFFECT FOR WANNIER—MOTT EXCITONS

A new method to calculate the structure of quantum states for complex atomic
systems in a static magnetic field is developed. The energies of the high-field ground
states for neutral atoms of hydrogen and carbon are calculated. It is obtained on the
basis of numeral finite differences solution of Schrodinger equation and operator per&
turbation theory for atoms in magnetic field. The energy intervals for regular and
otic dynamics of systems in magnetic field are found. Calculation of the Zeema
nances widths is carried out. The analogous method has been formulated fox, déschip-
tion of Wannier—Mott excitons behavior in magnetic field in semiconducto
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1.

The electron structure of atomic systems in strong
magnetic field can be drastically changed (f. e., white
stars, pulsars etc.). The interest to problem of hydro-
gen, hydrogen-like and multielectron atoms in static
magnetic field has been also stimulated during last

years by experimental observation of complicated , t

one (c. f. [1—18]). The hydrogen atom in static

.

representation for e& function of problem ha-
miltonian. It isobta&ifm the basis of the numeral
solution for S ﬂnger equation within the opera-
tor perturba% ory method and the well-known
«distorte » approximation in scattering theo-
ry (c. f %—-13]). It is shown that the wave func-
twn@pectrum structure are intermediate be-
gular structure and chaotic one. The esti-

alculate also the energies of high-field ground states

spectra with narrow resonances coexisting with broad !mates of the resonances widths are presented. We

netic field has been considered as a prototype of qu

tully chaotic system. Theoretical estimates of its'spec-
trum have been carried out on the basis ¢ t
approaches, in particular, Random Mat ory,
WKB approximation, two-dimensional™ mesh
Hartree—Fock method, 1/Z expans%beory (c. L
[1—18]). It has been shown that, the ‘predictions of
the theory in the immediate jigi of ionization

threshold are to be improved. Tejsame is regarding
Wannier-Mott excitons. D&well known that the
availability of excitons § D'ni onductors resulted in
the special form of t absorption band and ap-
pearance of digcrete Is structure (i. e. hydrogen-
like spectra ,0). Beginning from the known

papers of G aharchenya, Elliott and Loudon,
Thomag'and Hopfield et al (c. f. [18]), the calculation
of Zee @ ffect for exciton attracts a great interest.

In this paper we present a new method for exact
ca%on of the structure of quantum states for
x atomic systems and Wannier—Mott exci-

in semiconductors in static magnetic field is de-

Oveloped. The energies of high-field ground states for

neutral atoms of hydrogen and carbon are calculat-
ed. An effective representation for wave function of
problem hamiltonian is used in calculation. It is ob-
tained on the basis of numeral finite differences solu-
tion of Schrodinger equation for system in magnetic
field. We consider and calculate the structure for
quantum states of H-like atomic systems in static
magnetic field (Y = B/B,=0,01—10000; in units:
B, = m?e3c/h3Z?). We have constructed the effective

100

f neutral atoms of hydrogen and carbon. The com-
parison of obtained data with recent calculations
results is presented.

2.

The Hamiltonian in the cylindrical coordinates
(p, 2) is (the atomic units are used):

Hy(p, 2) = Ey(p, 2),
1/ o2 1 0 o2 m2
H=“§(Fp7+;a—p+gg—y>+V(p, 2),
V(p, 2) = —(p2+ 22)~/2 + 1/8w?p? +

+om/24 Vp, 2), (1)

here w denotes magnetic field (along the z-axis);
m is magnetic quantum number (m=0, 1, 2, ...);
V, is effective potential for an account of field for
electron shells of multielectron atom. The paramag-
netic term in (1) is dropped when one considers
L,=0. The diamagnetic potential 1/8w?p? confines
the motion in the direction which is transverse
to magnetic field. For solution of equation (1) we
use the finite differences method (c. f. [6, 15, 17]).
Under the differences solution (1), an infinite regi-
on is exchanged by rectangular region: 0 <p<L,,
0 <z < L,. It has sufficiently large size; inside it the
rectangular uniform grid with steps A, h, was con-
structed. The external boundary condition, as usu-
ally, is: (GW/0n), =0 The knowledge of the asymp-
totic behavior for wave function in the infinity allows

© A. V. Glushkov, A. P. Fedchouk, I. V. Kuklina, 2001



to get numeral estimates for L,, L,. When =0,
along axe z, wave function has an asymptotlc of the
kind as:

exp[—(—2E)"r],

where (—E) is ionization energy from stationary state
to lowest Landau level. Then L can be estimated as
L =9(—2E)~'2, The more exact estimate is found
empirically. The differences scheme is constructed
as follows. The three-point symmetric differences
scheme is used for second derivative on 2. The de-
rivatives .on r are approximated by (2m + 1)-point
symmetric differences scheme with the use of La-
grange interpolation formula differentiation. The
eigen values of hamiltonian are calculated by means
of the inverse iterations method. The correspond-
ing system of inhomogeneous equations is solved
by Thomas method. To increase an accuracy of the
calculated eigen values, Richardson extrapolation
method on the grid step is used (c. f. [6, 15, 17]).

To calculate the values of width G for Zeemane
resonance, we have used the operator perturbation
theory method (see details in ref. [1, 13—14]). Note
that the resonance width is defined by the imagi-
nary part of the state energy in the lowest PT order:

IME=G/2=n<Wg |H| W >2
with the total Hamiltonian (1).

3.

We have used our approach to calculate the ener-
gies for atoms of hydrogen and carbon in magnetic
field. Also we have carried out the estimates of the
resonances widths G for different energy interva
for hydrogen atom. In tables 1, 2, 3 we present t
results of our calculation of the energies for high-
field ground states of neutral atoms of hydro @
carbon. For comparison we also indicate d ch
are obtained on the basis of the calculati
expansion of the problem hamiltonia
as the linear superposition with th
like (in table it is designated as
tions: (in table — [**]) basis
we present the results of
gies of H and C atom
of two-dimension

in the
e junctions
of hydrogen-
nd Slater func-
n#[10]). In table 1
ions for the ener-
. [6, 10] on the basis
rtree—Fock method and
operator pertur eory. The static magnetic
field is changed interval: Y= B/B,=0,01—
10000, whergunits™ B, = m2e3/h3Z3. One can note
a great diﬁ% between presented data. This fact
confir mplexity of the problem considered.
: ata provide an information about the

of the neutral atoms of H and C in the
iplete high-field regime. For the energy interval
—1/2)w < E < (n+ 1/2)w] we have found that
resonances widths are ~0,003...0,005 in the
drogen atom. This is in good agreement with expe-

rimental data [4, 5] and theoretical predictions [7, 8].
For the energy interval of (—1/2 w <E < 1/2 w),

there is the regular dynamics behavior. However,
when E ~ w, there is the chaotic one. Landau levels

Table 1

Energies (in atomic units) of ground states
for neutral atom of H

Atom Rel.| Y=05 Y=1 Y=2 Y=5
H [*][-0,88996 |—0,66223 = -
[**]]—0,88910 [ —0,66049 — —
[6]]—0,69721 [ —0,83117 | —1,02221 | —1,38040
[10]|—0,78656 | —0,85980 | —1,16605 | —1,42620
this work [ —0,70965 | —0,83979 | —1,04486 | —1,40005
7 Y=10 Y=20 Y=50 | Y=100
H [6][—1,74780|—2,21540 | —3,01786 | —3,78980
[10] [—1,75821 [ —2,22890 | —3,04369 | —3,80322
this work [ —1,74998 | —2,22042 | —3,02682 | —3,7985
Y=200 | Y=500 | Y¥=1000
H [6][—4,72715]|—6,25709 | —7,66242
[10]]—4,73942 | —6,26854 | —7,6738
this work | —4,73002 | —6,25999 | —7 sm\,fasm
Table 2
Energies (in atomic u ) of round state
(ls2p_,3d~z4f_35546 _5 fifiguration)
for neutr atom of C
Atom Ref.| Y=0,5 Y=2 Y=5
C [*] — r),4ooo = 20
[6]]—25, 26,7843 | —29,4282 | 35,1815
this work {-26,4865 | —26,9856 | 29,6782 | —35,9884
V| %0 | v=20 | v=50 | r=100
- —42,0799 | 52,0890 | —71,6285 | —92,4552
thiSyworl | —42,7895 | —52,8619 | —72,5113 | —92,4571
» Y=200 Y=500 Y=1000 Y=10000
is work [~120,:9211/—169,3792|—218,0992|—481,7904

are strongly mixed [14]. In case of carbon atom, the
chaotic dynamics is more complicated.

4.

The analogous method can be formulated for
description of Wannier—Mott excitons behavior in
semiconductors (CdS, Cu,O). Schrodinger equation
for Wannier—Mott exciton has a standard form:

AR R e? ieh ieh
- O ALy
+2,,,02A2(r>+2.2A2(rh>]w EY. (@)

Here all notations are standard. The vector poten-
tial is as follows: A(r)=1/2 [Hr]. A transition to
system of exciton masses center by means of intro-
ducing the relative coordinates:

myr,+ mr,
r=r,—r =t
a d p (mz+mh)’

and canonic transformation for wave function in the

form:
W(p,r) = exp|i(K — = AC) | Fr)
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allow to rewrite the equation (2) as follows:

vz e ek (l _ L) A(r)V + 55;5.; A%(r)—

m, my

AT er &

s 'thz
e (E T om+ m;)) F @

Equation (3) then can be solved in cylindrical sys-
tem of coordinates by the method, described above.
Preliminary estimates show this approach in case
of strong magnetic field gives the results for Zee-
mane shift in a reasonable agreement with known
results of Elliott and Laudon.

2 ArK

- (m; + mj,
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NONHYDROGENIC ATOMS AND WANNIER—MOTT EXCITONS
IN DC ELECTRIC FIELD: PHOTOIONIZATION,
STARK EFFECT, RESONANCES IN IONIZATION CONTINUUM

AND STOCHASTICITY

DC Stark effect for non-hydrogenic atoms and Wannier—Mott excitons in external
uniform electric field is calculated within the modified operator perturbation theory.

of alkali atoms is proposed. The positions of high-excited resonances in ionization conti-

New adequate model for description of the unique especialitites in photoionization spectra @

nuum are calculated in good agreement with known experiment of Freeman et al. It is
noted that the analogous unique especialitites may possibly take place in Wannie
Mott excitons spectra in semiconductors (of Cu,O or CdS type) near threshold boundary.

1.

Observation of dc Stark effect near threshold in
alkali atoms led to the discovery by Freeman et al
(c. 1. [1—3]) of resonances extending into ionization
continuum. The unique distinctions in photoioniza-
tion spectra are connected with the presence of non-
hydrogenic core which produces the interference
dips below threshold and attenuates the modulations
above threshold. Though the known semi-empirical
approach of Harmin (c. f. [1—3]) is quite effective,

phenomena is absent hitherto. Calculation of ¢

.

thod of «distorted waves ap@ion» in the frame
of formally exact PT. The zeroth order Hamiltonian
H, of this PT possess ly stationary bound and
scattering states. T ome formal difficulties,
the zeroth order iltenian was defined by the set
of orthogonal EE without specifying the
explicit for corresponding zeroth order po-
tential, In the optimal zeroth order spectrum,
PT smallness parameter is of the order of G/E, where

are field width and bound energy of state

e can see that G/E < 1/n even in the vici-

ntum number). This method is called as operator

le
however, the full adequate consistent theory of thii y of the «new continuum>» boundary (» is principal

racteristics for atom in strong electric field remai

very important problem of modern atomic physics
[1—15]. As it is well known, external ele t@d
shifts and broadens the bound state atq% s.
The standard quantum-mechanical ap relates
complex eigen-energies (EE) E = ,0iG and
complex eigen-functions (EF) to the'shape resonan-
ces. The calculation difficulties i standard quan-
tum mechanical approach a nown. The WKB
approximation overcome difficulties for the
states, lying far fro continuum «boundary
and, as rule, is appli e case of relatively weak
electric field. T is regarding the widespread
asymptotic pha thod [2, 3], based on Breit—
Wigner parameterisation for phase shift dependence
on scatter@xergy. Some modifications of WKB
metho ntroduced by Popov et al and Ostrov-
sky etali(¢. I. [1—3, 5]). Quite another calculation
procedures are used in Borel summation of diver-
%.perturbation theory (PT) series and in the
urnerical solution of difference equations following

m expansion of wave-function over finite basis.

n ref. [1] it has been developed the consistent uni-
form quantum — mechanical approach to the non-
stationary state problems solution including Stark
effect and also scattering problems. The essence of
the method is the inclusion of the well known me-

© A. V. Glushkov, S. V. Ambrosov, V. M. Ignatenko, 2001

T (OPT) [1]. In ref. [5, 6] the modified versions of
OPT approach have been developed for solution of
isotopes separation problem and an account of non-
hydrogenic effects and also an improvement of con-
vergence procedure. Then it is very important to note
that hamiltonian H, is defined so that it coincides
with the total Hamiltonian H at € = 0 (e is electric
field strength). Note that perturbation in OPT does
not coincide with electric field potential though they
disappear simultaneously. An influence of the cor-
responding electric potential model function choice
on the values of Stark resonances energies and
widths does not significantly change the final re-
sults for resonances shifts and widths [1, 6]. The
abovesaid is regarding Wannier—Mott exciton in
semiconductors (c. f. [16]). It is well known that the
availability of excitons in semiconductors resulted
in the special form of main absorption band and
appearance of discrete levels structure (i. e. hydro-
gen-like spectra in Cu,0). Beginning from the known
papers of Gross—Zaharchenya, Thomas and Hop-
field et al (c. f. [18]), a calculation of Stark effect
for exciton attracts a great interest.

In this paper we present a new approach, based
on OPT method, for exact calculation of DC Stark
effect for non-hydrogenic atoms and Wannier—Mott
excitons in external uniform and the corresponding
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photoionization spectra in non-hydrogenic atoms.
New adequate model for description of the unique
distinctions in photoionization spectra of alkali atoms
is proposed. The positions of high-excited resonances
in ionization continuum are calculated in good agree-
ment with the known experiment of Freeman et al.
It is noted that the analogous unique peculiarities
may possibly take place in Wannier—Mott excitons
spectra near threshold boundary.

2.

As usual, Schrodinger equation for electron func-
tion with taking into account the uniform electric
field and the field of the nucleus (Coulomb units are
used: a unit is #2/Ze*m and a unit of mZ2e*/h? for
energy) looks as

[—(1 —N/Z)/r+ez—05A—Ejp =0, (1)

where E is electron energy, Z — nucleus charge,
N — number of electrons in atomic core. Our ap-
proach allow to use more adequate forms for core
potential (c. f. [10—15]), including the most con-
sistent quantum electrodynamics procedure for con-
struction of optimized one-quasi-electron represen-
tation and ab initio core potential, providing the
spectroscopic accuracy. After separation of variables
equation (1) in parabolic co-ordinates transformed to

and
oxB, E) ’
——=1 )]
with

fml+1

#(B, ) = lim|g

2(t)+( “))

These two conditions quantify bound energy E,

separation constant B,. The further procedure for this @

two-dimensional eigenvalue problem is resulted in
the solution for the system of ordinary differenti
equations(2, 3) with probe pairs of E, §,. The bo%
state EE, eigenvalue B, and EF for the zer e

Hamiltonian H, coincide with those for theNotal
Hamiltonian H at € = 0, where all the s %n be
classified due to quantum numbers@,, ny, m
(principal, parabolic, azimuthal) t e connected
with E, B,, m by the well kn essions. We
preserve the n, n,, m stat ication in e0

case. The scattering state fu
onal to the above defined bound state function and
)

to each other. According te OPT ideology [7], the
following form of ssible:

(t) ="g1(t) — 2282(%) (6)

with fg,, an ) satisfying the differential equa-
tions (2) . The function g,(t) satisfies the non-
homo differential equation, which differs

the system of two equations for the functions f, g fro ly by the right hand term, disappearing
‘m' 1 at . The coefficient z; ensures the orthogonality
Al ion and can be defined as:

+]0,5E + M g 0,258(t)t]f 1

g

coupled through the constramt on s
stants: B,+ B,=1. For the unifo
g(t) =e&. Potential energy in equati
rier. Two turning points for assical motion
along the n axis, £, and ¢ a@ given energy E
are the solutions of the atic equation (§ = B,,

E=E). In ref. [7], iform electric field € in
(3) and (4) was su by model function &(t)

with parameter w{t=1,5¢,). Here we use another
function, W% isfies to necessary asymptotic

conditio s’\ :
©OV-bfe-:2

inal results do not depend on parameter .
culate the width G of the concrete quasi-
ionary state in the lowest PT order it is neces-
ary to know two zeroth order EF of H: bound state
function Wg(e, v, @) and scattering state function
W..(e,n, @) with the same EE. First, one has to
define the EE of the expected bound state. It is
the well known problem of states quantification in
case of penetrable barrier. We solve the (2, 3) system
with the total Hamiltonian H under the conditions
[1, 5, 6]:

(4)

2+t2

f(t) -0 at t =
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I’"‘“g +I0, 5E+“2 +0 253(t)
r

_ (fatan@ + ni @gn e
* = @t + DB @enmem

The imaginary part of state energy in the lowest PT
order is: -
ImE=G/2=n<Wg|H| W >2 (7)

with the total Hamiltonian H (G-resonance width).
The state functions Wy, and W, are assumed to be
normalized to unity and by the 8(k—#’)-condition,
accordingly. Photoionization cross section can be
define as follows:

B 1n?hio
137
[<W | W >, <Y, |h [0>,

x2<0|r,,,}llf,,> (8)
where | 0> is initial state of the atom, r,, = 2 for t-pola-
rized light and r,, = (1/3/2)(x = iy) for o- -polarization;
<V, |¥>— overlap matrix of the set {¥} (see details
of its definition in [1] and cited ref. there). Note then
that the whole calculation procedure at the known
resonance energy E and separation parameter B has
been reduced to the solution of one system of the
ordinary differential equations. For its solution it is
used our numeral atomic code [1—3, 10—15].

3.

The calculation results for Stark resonances ener-
gies and widths for some states of H atom are pre-
sented in table 1. For comparison we have indicat-



ed the data, obtained within other approaches: WKB-
approximation, the summation of divergent PT se-
ries, numerical solution of differential equations,
standard OPT [1—3, 6]. In table 2 the calculated
and experimental energy positions of Stark resonan-
ces in the photoionization spectrum of Na 32P;, in
a field 3,59 £V/cm are presented.

Table 1

The energies and widths of Stark resonances
of hydrogen atom '

' E )
{6y 5 m} 2 Methiod (at. units) | (at. units)

2001 0,010 G 0,1342 |0,636-10"2
A 0,1345 |0,637-102

C 0,1345 |0,628-10

20101/1,8-10* G 0,2061 10,277-10-°
A 0,2062 {0,278-10°°

B 0,2062 {0,228-10-5

D 0,2062 |0,228-10-5

F 0,2062 |0,222-10-5
Table 2

Photoionization spectrum of Na 32P;,
in a field 3,59 £V /cm: energies positions
of resonances (in 10 cm™)

State Theory Experiment
22,2y m=0 2438,9 2439,3
(23,0) m=0 2439,5 —
(23,1) m=0 2440,2 2440,8
(23,2) m=0 2441,3 Eas
(24,0) m=0 2442,1 24424
(24,1) m=0 24427 2443,1
(25,0) m=0 24440 e [
(26,0) m=0 2445,8 ‘ 2446,3
(22,0) m=1 2438,7 2439@ Q
22,1) m=1 2439,8 ; [ &g
(23,0) m=1 2441,1 y M&L,S
(24,0) m=1 2443,3 _J—

4.

The analogous métlGd,can be formulated for de-
scription of Starkelfectin"Wannier—Mott excitons
in semiconduct@€(€dS, Cu,0). Schrodinger equa-
tion for Wannier=sMott exciton has standard form:

v (W e _ _

- % £ — eEr, — efr, W = E¥. (9)
Her¢ all\ri6tations are standard. A vector potential
is 8sYollows: A(r) =1/2 [Hr]. Transition to system
of‘exciton masses centre by means of introducing
the relative coordinates:

mr, + mn,
r=r—r, p=TLtmu
(m¢+mh)

! A — Glushkov and Ivanov (1992); B — Damburg, Kolosov
(1976); C — Kolosov (1989); D — Benassi, Grecchi (1988);
F — Popov et al (1992); G — present paper.

one can rewrite (9) as:

Bvr 2 hf 1 1
_W—;—E(E—;E)K p—eEr|F =
R2K?
—T]F

This equation then can be solved by the method,
described above. Preliminary estimates show the this
approach in a case of electric field gives the results
for Stark states in reasonable agreement with the
known results of Thomas and Hopfield (TH). Stark
shift for the 2S and 2Pz states of excitons in CdS
semiconductor at electric field strength 600 V/cm:
is 5,6- 10 eV (TH), our result — 5,2-10~* eV. The
states 2S and 2P, in CdS in electric field are mixing,
Under weak electric fields the quadratic Starkeefiect
takes place. Ionization of exciton ingelecifig field
occurs if a change of potential on a distarce (the
orbits diameter) is comparable withbend énergy of
particle on this orbit. According to data of Thomas
and Hopfield, the corresponding electric field is
500 V/cm. For CdS the absorption lines, which cor-
respond to exciton of large radius (n > 3), are broade-
ning and fusing. Near johization boundary, hydrogen
atom has the behavipuielquantum chaotic system,
including the diffusion mechanism of ionization.
Besides, for ngn<H atoms there are unique especi-
alitites in photoionization spectra (alkali atoms).
Probably,¢he\analogous unique especialitites may
take place in Wannier—Mott excitons spectra in
seffiieanductors (of Cu,O or CdS type) near thre-
shold boundary. One can suppose very interesting
wechanism of exciton ionization under different
walues of electric field strength.
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SELECTIVE PHOTOIONIZATION OF ATOMS AND MOLECULES
IN ELECTRIC FIELD: NEW MODELS

Within the consistent quantum mechanical approach we have studied the selective
resonance excitation of atoms by laser radiation and further ionization decay of excited
states under action of external electric field. New numeral models are proposed and
realized for ionization of alkali atoms (Na, Rb) in electric field. We also propose a new
method to calculate the energies and ionization characteristics for molecules in elec-

tric field.

One of the most effective approaches to the so-
lution of laser separation for isotopes and nuclear
isomers is a method of selective ionization of atoms,
based on the selective resonance excitation of atoms
by laser radiation into states near ionization boun-
dary and further photo-ionization of excited states
by additional laser radiation field or ionization of
autoionizative resenances by an electric field. It has
firstly proposed and realized in laboratory conditions
by Letokhov (c. f. [I—38]). Electric field changes the
electron spectra so that the part of discrete spectra
levels (near the ionization boundary) partly moves
into continuum and the other levels become the
autoionization ones. The probability of their auto-

N

nents is drastically differed from do @s The
error in description of these states i € approxi-
mation is >~ 15—20%. This is esséntially more
than the experimental inaccutracy.

We consider non-H-like (alkalbatoms) atom with
electron in excited state mirt electric field with
strength E. In ref. [4—%\)% have proposed a new
effective method o% n for Stark problem for
multielectron a electric field. Transition to
ates and separation of variables
model potentials of special form
gives the onding basis of atomic wave func-
tions Y. Probability of autoionization decay in elec-
triesfield is defined as follows:

W = S|1p|2V127trdr, (2)
0

ionization decay quickly increases with growt
the main quantum number. The most optimal s here V'is velocity of electron in z direction. Note

ation is when atom is excited up to the state, whic

it has autoionization probability more than r ion
decay one. To receive accurate informationtabout
optimal scheme for selective ionizati om by
light and electric field, it is neces carry out
the accurate calculation foe the ess of sequent
excitation of atoms by laser fi it is trivial task)
and probability of ionizati e highly excited
atoms by electric field. problem is exactly
solved for hydrogen ,‘but in case of multielec-
tron atom it is quit licated one. In this paper
we propose n rical models and their reali-
zations for ion of alkali atoms (Na, Rb) in
electric field,and also a new method to calculate
ization characteristics of molecules
. From the mathematical point of view

‘the ems are quite similar.
@fective potential energy of electron in elec-
eld is: ’

V(r) = —1/r—Ez. (1)

has maximum value on a distance r,, ~ E~"/2
along axe z and equal to V(r,,,,) ~—2E"2. Autoioni-
zation of H-like atom from down states of highly
lying terms is quite well described in hydrogen-like
approximation, but behaviour of the upper compo-

© 1. M. Shpinareva, 2001

that the analogous expression for probability in
H-like approximation is defined by the known ex-
pression [1]:

W 1 (4 )2n«;+|m|+l

n® \en?

;1;-!(”2+|m|)!]><

X exp

—% end + 3(n, — nz)]. 3)

In case of atomic ionization by pulsed field, the
probability of process is defined by the following
expression:

W(nim) = ¥ (azm)* W (mnym),
n
where W(n,n,m) is ¥, ., states decay probability;
a are the coefficients for expansion of y(nlm) func-
tions on parabolic functions y(n,n,m). To reach the
effective optimal situation, it is necessary to switch
on the field for time which is small in comparison
with excited state radiation decay time. To find the
expansion coefficients, we have elaborated the nu-
merical procedure for calculation of the correspond-
ing matrix elements and the matrice diagonaliza-
tion. In real multi-electron atom it is necessary to
account for the influence of electron shells, which
results in changing potential barrier and wave func-
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tions. To define the wave functions and electron
states energies in external electric field, one needs
to carry out the diagonalization of energy matrice,
calculated between states with the same n. In table
1 we present the calculated values for characteris-
tics of the most quickly decayed states for the Rb
atom (field strength 3-10* V/em; n=7—12).

Table 1
The characteristics

of the most quickly decayed states for Rb atom
(field strength 3-10* V/cm; n=7—12)

n 7 8 9 10 11 12
E,cm™'| 31405 | 31904 | 32229 | 32456 | 32614 | 32761
n; 4,7 58 7,0 8,0 8,9 9,0
af 0,27 0,26 0,14 0,14 | 0,015 | 0,13
a? <10%| <10 | <105 [ <105 |6-10-5| 0,024
a? <105 9-10-% {2,6-10-5 0,0002 | 0,0028 | 0,17
a} 0,00029( 0,0008 | 0,0038 | 0,016 | 0,047 | 0,009

Note that our results are differed from the analo-
gous data of ref. [8] (probably more exact data be-
cause of the use of relativistic model). The influence
of electron shells leads to more sharp dependence
of decay probability upon number n. Thus, one can
realize a scheme of the selective photo-ionization
of atoms by means of resonance excitation into
states near ionization boundary (the optimal scheme
requires the accurate estimates of atomic characte-
ristics); then these states undergo to autoionization
decay in a weak electric field (< 30 £V/cm). In fig. |
we present the results of calculation for dependefice,
of ionization velocity of excited atom upomrtheelec-
tric field strength for states with quantum numbers
n=38, .., 16 and m=0, n,=n—1. Innfigi'2 we
present our calculation results regarding critical
electric field strength in dependence/upon effective
quantum number r" for atomsgflN4, Rb (dots —
experimental data; line / is tifeoretical estimate from
classical relation E ~ 1/46n%without account of

\ W, ¢!

10 |
10”
10° f
ﬁ'y

10°

8 n’e, 1073 at. units

Fig. 1. Dependence of ionization velocity of excited atom

upon electric field strength for states with quantum num-

bers n=3_8, .., 16 and m =0, ny=n — 1; The dashed line
shows radiation decay velocity

108

Stark shift and electron tunnelling effect [1]; line 2
is calculation on the basis of expression (3); dashed

0,5
0,2
0,1

0,05 : e e
10 30 n'

Fig. 2. Dependence of critical eléctric field strength upon
effective quantum number n” for Na, Rb

dots — experiment; I — classieal theoretical estimate; 2 — calcu-
lation on the basis of (3); dashed line is corresponding to (2)

line is corresperiding to our results on the basis of
(2)). One_caif see that H-like approximation gives
the inacfufacy 15—20%. Consider in details the se-
lectiveNioniZation scheme for the Na (Na vapours at
terfiperature 450 K). The first ionization step: exci-
tatigr*of Na atoms to state 3p?P, , and then photo-
ionization by laser pulse: excitation cross-section
o, = 10~!! em?, ionization cross-section from excited
state: 0, =10""7 cm?, from ground state o, ~ 10~
cm? [1]. For selective photoionization scheme with
excitation to Rydberg S and D states with n=12...18
and further ionization by electric field (E=10 xV/cm)
our calculation (cross-section is defined in stand-
ard way) gave the values: for 3°P,;, — 152D, tran-
sition 0,=0,76 - 10~!* cm?, experimental value: 6, =
=0,7-10~"* cm?. So, selective photoionization sche-
me with use of Rydberg states is to be quite effec-
tive especially from energetic point of view (but the
ionization output here < 100%).

2.

Now we consider a new method to calculate
energies, widths and ionization characteristics of
diatomic molecules in electric field. Hamiltonian in
the cylindrical coordinates (p, 2) is (the atomic units
are used):

Hy(p, 2)=Ew(p, 2), 4)
1( @ 10 22 1
H it oo+ o~ et

1

T Ve 9)
Here E denotes an electric field; V, is effective po-
tential for an account of field of molecular electron
shells. For solution of equation (1) we use the fi-
nite differences method (c. f. [9]). Under the differ-



ences solution (1), an infinite region is exchanged
by a grid (p, L,-<2z<L,.). For 2<0 it is used the
condition of the smallness of wave function on the
boundary. For 2 > 0 the boundary condition has the
form of plane divergent wave: It has sufficiently large
size; inside it a rectangular uniform grid with steps
h,, h, was constructed. The differences scheme is
constructed in the same way as the known Ivanov
model [9]. The eigen values of hamiltonian are cal-
culated by means of inverse iterations method. The
corresponding system of inhomogeneous equations
is solved by Thomas method. To calculate the width
of energy state we use the standard operator per-
turbation theory formalism of Glushkov—Ivanov [2].
As the example, we present in table 2 the results of

Table 2

Energies and widths for molecular ion of H}
under electric field

Electric field Energy Width

(atomic units) [9] present [9] present
0,02 —0,6037 | —0,6041 — —
0,04 —0,6069 | —0,6072 — —
0,06 —0,6130 | —0,6135 {2,23-10-""(2,23-10-1

our calculation for energy and width for molecular
ion of Hf and also data of Ivanov [6]. Preliminary
results are also received for non-Hj molecules (hy-
drogen molecule) and will be published in the sepa-
rate paper. Here we only note that such an approach
for non-Hj systems is proposed at first.
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STRUCTURE OF GROUND STATE OF SUPERATOM.
IONIZED SUPERATOM AS SINGLE ELECTRONS COUNTER

Calculation of the structure for the ground state of superatom (spherical nucleus of
some semiconductive material, alloyed selectively by donors and surrounded by non-
admixtured matrice of the material with lesser forbidden gap) is carried out within a
new ab initio method [1—3]. It is based on QED and quantum mechanical perturbation
theory method and polarization functional formalism. It is shown for superatom (nucleus:

Aly35GaggsAs; nuclei charge Z=20; nucleus radius: 180 A; matrice: GaAs) tha
configuration 1s?2p®3d'%22 is corresponding to the ground state of system and\t

peratoms radius is ~ 420 A. Possible application of the ionized superatom as t
electrons requires to develop a model for superatoms ionization in externa
may be done by analogy with the theory for ionization of atoms. The value
tion energy of superatom considered is 1,3 meV.

In last years a great interest attracts the study
of bound states energies for the following systems:
superatom and 1D super-lattice (c. f. [1—3] and refs.
there). Superatom represents the spherical nucleus
of some semiconductive material, alloyed selectively
by donors and surrounded by non-admixtured mat-
rice of the material with less forbidden gap. All these

systems can be calculated on the basis of the same
unified quantum mechanical method. Especial4
at

terest attracts the calculation of configuration
is corresponding to the ground state of supe
under different values of nucleus radiu
potential parameters. In ref. [1—3] a ne
approach to calculations of energy chardeté
for systems above cited has been p ed. It based
on perturbation theory with effective (potential of the
zeroth order (energy approac %itio quasi-par-
ticle density functional for (Dirac—Kohn—
Sham—Ivanov schemes)/ the calculation of
superatom structure er*nucleus radius 120 A
(other parameters st @) has been carried out and
the configuratio Xgmund state as 1522p53d192s?
and value atom radius 390A has been ob-

tained. Inpt the calculation of ground state
confi 1 superatom is carried out within
[1—3 r'the other values of parameters and,
in particwdar, it is shown for superatom (nucleus:

a, 6sAs; nuclei charge Z = 20; nucleus radius:
;  Matrice: GaAs) that configuration
p°3d'°2f? is corresponding to ground state of
stem and superatoms radius is ~420 A.

Let us give the comments regarding calculation
method. The zeroth approximation is usually gen-
erated by effective ab initio model functional, con-
structed on the basis of gauge invariance principle.
(c. f. [6—9]). The wave functions zeroth basis can
be defined from Schrodinger equation with spheri-
cally symmetric potential which includes the poten-
tial of ionized donors, Hartree—Fock—Kohn—Sham
functional and the positive difference of minimums

110

ioniza-

.
for nucleus and m%etonductivity zones. The non-
relativistic S }Kdin er equation:

g +1”—‘[E—V(r)——_—“’“)]qr=0 (1)

h? r2 %

s radial part of wave function, E — energy
ox , | — orbital quantum number, r — distance
from, center of nucleus, the other designations are
standard. Effective potential V for super atom is
supposed to be by spherically symmetric and has
the following form:

V(r)=Vb(ro— 1)+ Vn(r) + Vi + Vielr),  (2)

where r, is nuclear radius, V, — the positive dif-
ference of minimums for nucleus and matrice con-
ductivity zones; 8(x)=0, x<0 and =1 if x>0,
Vy is ionized donors potential. For Hartree poten-
tial V}; and exchange-correlation potential V,, there
are usually used approximations known in atomic
structure calculations. The shape of potential (2) is
presented in Fig. 1 The correlation corrections of the
high orders can be taken into account within Green

where

E, 10*> meV
2 -

0 1 2 3 4

r 102 A

-1t
Fig.1. Potential of superatom, according the formula (2).
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functions method and relativistic polarization func-
tional formalism [8—10]. We take into account for
all correlation corrections of the second order and
dominated classes of the higher orders diagrams
(electrons screening, particle-hole interaction, mass
operator iterations). :

It is very important to note that nuclear diame-
ter in the superatom is compared with general size
of system and there is absent the singularity in
coordinates center in despite from the heavy atoms
case. That is why, the levels with large angular
moment (maximum of wave function is lying far from
nucleus than for s-states) become more energeti-
cally profitable. We have carried out the calculation
of superatom system (nucleus: Aly3;Gag gAs; nuclei
charge Z = 20; matrice: GaAs) and obtained the cor-
responding sequence of energy levels 1522p3d'02f?
under nucleus radius 180 A. The superatoms radi-
us is estimated as 420 A. It is differed form known
results of Watanabe—Inoshita and result of [3] for
superatom: nucleus: Alj35GaggsAs, nuclei charge
Z =20, configuration of ground state 1s22p634'92s?,
superatom radius 390 A.

In conclusion we note that quite possible per-
spective application of superatom system is to cre-
ate the single electrons counter on the basis of ion-
ized superatom and memory cells for computer sys-
tems on the basis of superatoms massive (c. f. [1-—3]
and refs. there). A model for ionization of superatom
system in external electric field may be naturally
developed on the basis of the corresponding theory
of ionization of atoms (c. f. [8]). Preliminary esti-
mate for ionization energy of superatom considere

here is 1,3 meV. Thus it is possible to change its
state by means of sufficiently little external field.
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SELECTIVE PHOTOIONIZATION OF ATOMS BY LASER FIELD:
" OPTIMAL SCHEME. AUTOIONIZATION RYDBERG RESONANCES
IN HEAVY ATOMS

Within the consistent relativistic quantum mechanical approach we have studied the
selective resonance excitation of atoms by laser radiation into states near ionization bound-
ary and further autoionization decay of excited states under action of external electric
field. We have carried out the theoretical study of autoionization resonances (AR) i

multielectron heavy atoms (rare earth atoms: Yb, Tm etc.) in the external electric

laser field. An effect of the giant AR widths broadening in relatively weak exte
is calculated within relativistic quantum approach to Stark effect for autoionizati
nances. Two AR decay channels (traditional Beutler-Fano channel and new
decay one) are examined. An appreciable dependence of the reorientation deca

toionization scheme presumes the compromise between the high excitat

r6bability and
R decay rate.

at the moderately weak (~ 100 V/cm) electric field is analyzed. The opxaiselective pho-
io
the

high decay rate that determines the lower and upper boundaries

The method of selective ionization of atoms,
based on selective resonance excitation of atoms by
laser radiation into states near ionization boundary
and further photo-ionization of excited states by
additional laser radiation, has been firstly proposed

and realized by Letokhov (c.f. [1]). This method
represents a great interest for laser separatiom.g%
n

isotopes and nuclear isomers. Due to the kn
significant disadvantage for two-step selective i

zation of atoms by laser radiation method i
perspective photoionization scheme bz @ I
usage of autoionization levels. Hitherto, detailéd data

about AR for many atoms are oft bsent. Leto-
khov—Ivanov (c. f. [1]) have co % the possi-
bility of selective ionization of &s based on se-
lective resonance excitation oms by laser radi-
ation into states near iopiza boundary and fur-
ther ionization decay okexcited atoms by external
electric field. Elecfric changes electron spect-
ra so that the p discrete spectra levels (near
the ionizatiofd bo y) partly moves into continu-
um and the vels become the autoionization
ones. The ility of their autoionization decay
quicklh es with growth of the main quantum
number. most optimal situation is when atom
is ited to state, which has the autoionization

ility more than the radiation decay one. To

%eive accurate information about optimal scheme

r selective ionization of atom by light and electric
field, it is necessary to carry out the accurate cal-
culation for the process of sequent excitation of
atoms by laser field (it is trivial task) and probabil-
ity of ionization of the highly excited atoms by elec-
tric field. Significant step in this direction has been
undertaken by Shpinareva (c. f. ref. [2]. The accu-
rate calculations of elementary atomic processes in
different photoionization schemes were carried out,
including photoionization schemes with the use of

112

g

AR. As a rul Xn—relativistic approximation has
been use re’consistent approach to solution of
such a must be based on relativistic mo-
dels most interesting elements for laser iso-
paration are heavy and the role of relativis-
tic ections is often very dramatic. In this paper
we have carried out the theoretical study of autoioni-
zation resonances (AR) in multielectron heavy atoms
(rare earth atoms: Yb, Tm etc.) in external electric
and laser field. An effect of giant AR widths broad-
ening in relatively weak external field is calculated
within relativistic quantum approach to Stark effect
for autoionization resonances.

The effect of electric field on autoionization states
(AS) is interesting from several points of view (c. I.
[1—10]). One can note a great role of AS in many
processes in plasma and gases. Their account is
important for correct determination of excitation and
de-excitation rates of ions in dense plasma and in
examination of dielectron recombination in plasma.
Especially interesting effects occur in the complex
heavy atom when its broad autoionization resonanc-
es mix with much narrower resonances of opposite
parity by means the external electric field. We con-
sider Tm atom, which represents the undoubted
interest for experimental spectroscopy, in control-
ling the population and decay kinetics of excited
states or the selective ionization under laser radia-
tion action [1—3, 10]. In ref. [2—4] calculation for
the behaviour of Tm AS in weak electric field and
effect of drastic broadening of reorientation type AR
(at first this effect has been discovered by Glushk-
ov and Ivanov; c.f. [4]) already in the field were
calculated. Here we will receive the more accurate
numeral data. We use here a new relativistic quan-
tum mechanical approach to Stark problem for heavy
atomic systems (c. f. [2]). The main autoionization
decay channels for Tm states are illustrated in fig. 1.
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Fig 1. Position of near lying first ionization limits 4f~'6snl
Tm and scheme of autoionization decay of 4f'%6snl Tm
autoionizing Rydberg states

The availability of two pairs of near-lying ionization
limits (with vacancy states 4f7'/2 and 4f5!/2) pro-
vides two main types of AD: ;

(BFD) 4f-15, 6s51/2 (J)p) nl— 4f=1, 5 651/2 [J75]
Tm+ + leje, ,
n7 Jyp=2; 3, J12/=3;: 4 -

(ROD) 4f~'j 6s1/2 (Jyy) nl—4f~Yj 6s1/2 [J,]
Tm+ + leje,
n>25 J,=3,7J,=24 j=5/2 7/2.

These AR decay channels are discussed in details
in [6, 10]. ROD means the reorientation AR decay,
and BFD means Beutler-Fano AR one. The states
4f~5/ 65, /,(J12 = 3)nl undergo simultaneously both
BFD and ROD. Remember that contrary to BFD,

observable even at moderately weak field. In case
of Tm we deal with reorientationally decaying ns
and np series, converging to the same ionization
limit, i. e. They are nearly degenerated states of
different parity. Among them one can find some pairs
of ns and np states with widths T, differing by several
orders. We consider the f-',, 6s(3)25s[5/2] state,
decaying due to quadruple interaction and f-!,
65(3)25p, 5[5/2] undergoing to monopole ROD. The
diagonalization of complex energy matrix leads to
complex energy correction: Re E —iI'/2, where Re E

is level shift, T is level width, including radiation %
and autoionization widths simultaneously. If thw

effects of AR decay are only included in the matr
M, then I' presents only autoionization wi
state. The results of relativistic [2] calculati

states widths are given in table 1 for di t val-
ues of field strength. For comparison, Its of
calculation [3] are also present ifference
between the results of both calcula is connect-

ed with the more accurate @ccount of relativistic
effects. Nin our work. Naturally'in weak electric field,
strong change of the Wi&)i@utoionization reso-
nance occurs. Optimdl scheme presumes a compro-

mise between high ekcitation probability and high
decay rate that detémfiintes the lower and the upper

boundaries for
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